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Abstract 

Our previous studies found that Homer 1a, a scaffolding protein localized at the post-synaptic 
density (PSD) of glutamatergic excitatory synapses, is significantly down-regulated in the brain 
of spontaneous hypertensive rats (SHR), an animal model of attention deficit hyperactivity 
disorder (ADHD). Furthermore, a first-line treatment drug for ADHD, methylphenidate, can 
up-regulate the expression of Homer 1a. To investigate the possible role of Homer 1a in the 
etiology and pathogenesis of ADHD, a lentiviral vector containing miRNA specific for Homer 
1a was constructed in this study. Intracerebroventricular injection of this vector into the brain 
of Sprague Dawley (SD) rats significantly decreased Homer 1a mRNA and protein expression 
levels. Compared to their negative controls, these rats displayed a range of abnormal be-
haviors, including increased locomotor activity and non-selective attention and impaired 
learning ability. Our results indicated that Homer 1a down-regulation results in deficits in 
control over behavioral output and learning similar to ADHD. 

Key words: Homer 1a; RNAi; lentiviral vector; ADHD; behavior. 

Introduction 
Attention deficit hyperactivity disorder (ADHD, 

MIM143465) is a pervasive neurobehavioral disorder 
affecting approximately 5% of children and adoles-
cents and 3% of adults [1]. Children with ADHD are 
characterized by two or three core clusters of symp-
toms—impaired sustained attention and hyperactivi-
ty/impulsiveness that develop gradually in familiar 
situations, with impairment manifesting before the 

age of seven. Despite ADHD possibly being the most 
studied condition in child psychiatry worldwide, the 
exact causes and mechanisms underlying this disor-
der are not yet completely understood. Fortunately, 
animal models combined with modern molecular 
biology techniques provide powerful tools for inves-
tigating the pathogenesis of ADHD.  

Our previous studies found that Homer 1a, a 
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scaffolding protein localized at the postsynaptic den-
sity (PSD) of glutamatergic excitatory synapses, is 
expressed at a significantly lower level in the brain of 
spontaneous hypertensive rats (SHR), an ADHD an-
imal model, compared with control Wistar–Kyoto 
(WKY) rats [2-4]. Meanwhile, exposure to 
methylphenidate (MPH), one of the most commonly 
prescribed psychoactive stimulants for the treatment 
of ADHD, has been found to up-regulate the expres-
sion of Homer 1a [3,4]. Therefore, the regulation of 
Homer 1a may be closely related to ADHD. Homer 1a 
is the short form of the Homer protein, which is func-
tionally different from the long form due to lack of the 
C-terminal coiled-coil structure and leucine zipper 
motifs. Homer 1a competes with the long-form 
Homer proteins to combine with some PSD related 
components, such as metabotropic glutamate recep-
tors (mGluR1, mGluR5), inositol trisphosphate re-
ceptors (IP3Rs) and Shank, thus behaving as a domi-
nant negative in PSD remodeling and may represent a 
mechanism of synaptic plasticity and a putative target 
for both pharmacotherapy and pharmacogenomics of 
behavioral disorders [5]. Converging preclinical ob-
servations have indicated a potential role of Homer 1a 
in behavioral pathologies associated with neuropsy-
chiatric disorders, such as addiction and/or alcohol-
ism, depression, anxiety, epilepsy and schizophrenia 
[6]. Homer 1 knockout mice exhibit pronounced 
learning deficits during acquisition in both the Morris 
water maze and radial arm maze tests, indicating 
poor reference and working memory [7,8]. Mean-
while, Homer 1a overexpression can improve cogni-
tive function in rats [9]. Environmental enrichment 
reverses the impaired exploratory behavior of rats 
with early life seizures and increases Homer 1a ex-
pression in the hippocampus [10]. Synaptic long-term 
potentiation is an acknowledged cellular model of 
learning and memory in the hippocampus which can 
also induce Homer 1a expression [11]. Therefore 
Homer 1a is a critical gene for regulating behavior. 
Accordingly, we speculate that Homer 1a may con-
tribute to the etiology and development of ADHD. 

RNA interference (RNAi) has recently emerged 
as a useful genetic tool for silencing gene expression 
by triggering post-transcriptional degradation of 
homologous transcripts through a multi-step mecha-
nism involving double-stranded small silencing RNA 
[12]. Several types of small silencing RNAs have now 
been discovered, including small interfering RNAs 
(siRNAs), microRNAs (miRNAs) and 
PIWI-interacting RNAs (piRNAs) [13]. As ADHD is a 
behavior disorder related to brain development, the 
primary technique used in this study was in vivo de-
livery of an RNAi vector to neurons. Traditional direct 

transfection of siRNAs achieves only a transient re-
duction in target gene expression in cell culture mod-
els [14]. In order to improve the efficiency of RNAi, 
we designed artificial miRNAs with 100% homology 
to our target sequence, which can more efficiently 
cleave the target than traditional siRNA [15]. We also 
chose a lentiviral vector, which is an efficient trans-
ducer for a wide variety of primary cells, whether 
proliferating or quiescent, to achieve long-term cell 
modification in vivo [16]. Lentiviral vector can effi-
ciently integrate the objective gene into the host cell 
genome, and is divided with the splitting of the cell's 
genome. In addition, it can infect and integrate into 
non-dividing cells. Thus, lentvirus vector-mediated 
expression of RNAi can achieve effective, stable gene 
silencing in biological systems. Therefore, in this 
study a lentiviral vector containing an artificial 
miRNA specific for Homer 1a was constructed and 
delivered into the rat brain via intracerebroventricular 
injection, which resulted in seven days silencing of 
Homer 1a. The behavioral phenotype of these rats and 
expression of Homer 1a in the brain was observed in 
order to confirm our previous assumptions that 
Homer 1a may be related to ADHD. 

Materials and methods 
This study involved three steps experimental 

stages: (1) Construction of a lentiviral vector contain-
ing an artificial miRNA specific for Homer 1a; (2) In 
vitro validation: The primary neural cells obtained 
from the Sprague Dawley (SD) rat’s cortices was cul-
tured for two days and then transduced with the len-
tiviral vector containing Homer 1a-specific miRNA 
(Homer 1a-RNAi-LV) or negative control (NC-LV) at 
the appropriate multiplicity of infection (MOI) de-
termined pre-experimentally. The expression levels of 
Homer 1a mRNA and protein were then evaluated 
using quantitative real-time RT-PCR (qPCR) and 
Western blot. (3) In vivo validation: 24 SD rats were 
divided into two groups of 12 in each and given 
Homer 1a-RNAi-LV (RNAi group) or NC-LV (NC 
group) by intracerebroventricular injection to exam-
ine the effects of Homer 1a RNAi on behaviors in the 
Làt maze and the Morris water maze tests. After 
completing the behavioral assessments, we randomly 
selected four rats from each of the two groups. The 
mRNA and protein expression level of Homer 1a was 
detected by qPCR and Western blot, respectively.  

Construction of a lentiviral vector containing 
an artificial Homer 1a-specific miRNA 

Four pairs of artificial single-stranded DNA oli-
gonucleotides were designed and synthesized: one in 
each pair encoding the target pre-miRNA (“forward 
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strand” oligo) according to the Homer 1a reference 
sequence (Genbank accession no. AB003726.1), and 
the other was its complement (“reverse strand” oligo). 
After annealing each pair of oligos, the four double 
chain miRNAs were inserted into the miRNA expres-
sion vector pcDNA™6.2-GW/miR from the 
BLOCK-iT™ Pol II miR RNAi Expression Vector Kit 
(Invitrogen, Carlsbad, CA, USA). The four miRNA 
expression plasmids were transformed into Escherichia 
coli DH5α and confirmed by sequencing. The four 
miRNA expression vectors and negative control vec-
tor were then transfected into rat H9c2 cells separately 
to evaluate their RNAi efficiencies by qPCR. 
Homer1a-1 miRNA induced the greatest 
down-regulation of about 50% (see Figure 1). There-
after, the rat Homer 1a-1 miRNA expression cassette 

vector and viral packaging system (Invitrogen, con-
taining an optimized mixture of the two packaging 
plasmids) were co-transfected into 293 cells to gener-
ate competent lentiviruses, designated as Homer 
1a-RNAi-LV. The viral supernatant was harvested 48 
h after transfection and filtered through a 0.45-mm 
cellulose acetate filter and frozen at -80°C. The aver-
age titer was 3.38 ×107 infectious units (ifu) /mL. The 
negative miRNA plasmid was also packaged and 
used as a negative control, designated as NC-LV. The 
NC-LV is generally applicable of the control, and is 
particular for this vector. This control theoretically has 
no effect on any gene; therefore it was used as a neg-
ative control. The sequence is 5’-TGCTGAAATG 
TACTGCGCGTGGAGACGTTTTGGCCACTGACTG
ACGTCTCCACGCAGTACATTT-3’. 

 

 
Figure 1. Design of Homer 1a-specific miRNA. (A) Sequences of four pairs of artificial Homer 1a-specific miRNA oligos. (B) miRNA 
expression vector map. (C) Homer 1a-1 miRNA was the most effective sequence among the four candidates. (F=3.94, P<0.05). miR-NC 
indicates cells transfected with negative control miRNA. H1a-1, H1a-2, H1a-3 and H1a-4 indicate cells transfected with Homer 1a-1, 
Homer 1a-2, Homer 1a-3, Homer 1a-4 miRNA, respectively. H9c2 indicates cells without transfection.  
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Intracerebroventricular injection of lentivi-
ruses 

24 rats (aged 4 weeks) were obtained from the 
Experimental Animal Center of Nanjing Medical 
University. The animal holding room was illuminated 
on a 14-h/10-h light/dark cycle, and the temperature 
was maintained at 22–24°C. Water and food were 
available ad libitum. The animals were allowed 1 week 
to acclimate to their new surroundings before the ex-
periments began. The experimental procedures fol-
lowed the guidelines for animal care and experiments 
of Nanjing Medical University. Weights of the rats 
were measured weekly, ranged from 70-80g (4 weeks 
old) at the beginning to 210-230g (7 weeks old) at the 
end (see body weight curve in figure 2). Rats were 
anesthetized using 20% urethane (1 ml/100 g) and 
placed in a stereotaxic apparatus. The skull was ex-
posed by a midline incision, and a hole was drilled in 
the appropriate location using specific coordinates 
((anterioposterior (AP) = -1.2 mm; mediolateral (ML) 
= 1.3 mm; and dorsoventral (DV) = -3 mm) with re-
spect to the Bregma) [17]. The concentrated virus was 
injected into the lateral ventricles (10 µl per side for 
each rat, at the rate of 1 µl/min). The microinjector 
was removed 5 min later, and then the scalp was su-
tured and disinfected. The rats were kept warm until 
recovery.  

 

Table 2. Body weight curve of rats after intracerebroventricular 
injection of Homer 1a-RNAi-LV (RNAi) or negative control 
NC-LV (NC). 

 4 weeks 5 weeks 6 weeks 7 weeks 
NC (g) 77.08±8.20 149.67±19.54 215.00±20.16 226.17±19.10 
RNAi (g) 76.58±5.09 145.08±16.56 223.75±24.19 230.25±20.33 

 
 

 
Figure 2. Body weight curve of rats after intracerebroventricular 
injection of Homer 1a-RNAi-LV (RNAi) or negative control 
NC-LV (NC). No difference was observed between RNAi group 
and NC group (4 weeks: t=0.18, P>0.05; 5 weeks: t=0.62, P>0.05; 
6 weeks: t=0.96, P>0.05; 7 weeks: t=0.57, P>0.05). 

 

Behavioral assessments 
A Làt maze was used before and after intracere-

broventricular injection of lentivirus to evaluate the 
behavior changes on both the locomotor activity and 
non-selective attention (NSA) of rats due to 
down-regulation of Homer 1a expression by RNAi 
compared to the negative control. The Làt maze [18] 
consisted of a 60×60×40 cm black plastic box with a 
30×30×40 cm transparent smaller box inserted in the 
middle. Rats were allowed to explore the resulting 
corridor (60 cm long, 15 cm wide and 40 cm high). The 
experimental box was illuminated by a white, cold 
4-W lamp placed 60 cm above the floor in the center, 
providing illumination of 0.1-0.2 mW/cm2. All lights 
except the cold lamp were turned off at the beginning 
of the experiment. The behavior was monitored using 
a CCD camera, and a set of infrared photocells was 
fixed surrounding the box to detect rearing. Hori-
zontal (ambulatory) and vertical (rearing) activities 
were defined as the distances the rats traveled as rec-
orded by a video tracking system and the number of 
times the rats stood upright on their hind limbs, re-
spectively. The distance of individual ambulatory in 
the Làt maze was used to evaluate the locomotor ac-
tivity levels. The frequency or duration of individual 
rearing episodes on the hindlimbs by rats in a spatial 
novelty situation has been shown to index NSA. Here 
we used frequency of rearing in the fixed time in the 
Làt maze to evaluate the NSA level [19]. 

A Morris water maze was used to evaluate the 
behavior differences on spatial learning in rats due to 
down-regulation of Homer 1a expression by RNAi 
compared to the negative control. The Morris water 
maze consisted of a cylindrical tub (130 cm diameter, 
50 cm depth) that was filled with water (23 ± 2°C) to 
11 cm below the rim. The water was rendered opaque 
by the addition of black, non-toxic paint. The pool was 
divided into four quadrants of equal areas, which 
were arbitrarily called northeast, southeast, southwest 
and northwest. A circular platform (9 cm diameter) 
was submerged 1 cm below the water surface in the 
middle of one quadrant (the target quadrant) with its 
center located 30 cm from the perimeter of the maze. 
A closed-circuit television camera mounted onto the 
ceiling directly above the center of the pool was used 
to record swim trajectories and other parameters, 
which were then processed by an electronic image 
analyzer (HVS Image Ltd., Twickenham, Middlesex, 
UK). Testing was conducted in two phases: cued and 
acquisition. Cued trials tested the animals’ ability to 
see and use proximal cues. Animals underwent an 
acquisition trial consisted of 3 trials/day for 3 con-



Int. J. Med. Sci. 2013, Vol. 10 

 
http://www.medsci.org 

94 

secutive days as they learned to find a hidden plat-
form that was consistently placed in one quadrant of 
the maze. Animals began each trial in a different car-
dinal position of the maze, requiring the use of con-
stant extra maze spatial cues to find the platform. A 
maximum latency of 60 sec to find the platform was 
allotted for each trial, and there was a 30 min rest pe-
riod between trials. Rats that failed to locate the plat-
form within the allotted time were manually guided 
to it and placed on the platform. All rats were allowed 
to remain on the platform for 30 sec at the conclusion 
of each trial. A daily latency for each rat was calcu-
lated as the average of the 3 acquisition trials from 3 
different directions for that day. Latency and the total 
swim distance were used to evaluate spatial learning 
ability [20]. 

Quantitative real-time RT-PCR  
Expression level of Homer 1a and Homer 1b/c 

mRNA were detected, with actin as a normalizing 
control, using the following specific PCR primers de-
signed by Primer premier 3.0 software: Homer 1a 
forward: 5’-TGATAGCCGGGCAAACACT-3’; Homer 
1a reverse 5’-TCCTCCTGCTGATTCCTGTG-3’; 
Homer 1b/c forward: 5’-TTGTCTGCCTCGTTGA 
GTTG-3’; Homer 1b/c reverse: 5’-TAGGTTGTTCC 
CCCATTTTG-3’; actin forward: 5’-TCCTTCCTGGG 
CATGGAGT-3’; actin reverse: 5’-CAGGAGGAG 
CAATGATCTTGAT-3’. After completion of the re-
al-time quantitative PCR, the amplification product 
was immediately conducted electrophoresis in the 
agarose gel. Confirm the target gene according to the 
position in the DNA marker. Total RNA was isolated 
using Trizol reagent (Invitrogen, USA), and cDNA 
was acquired according to the Roche procedures 
(Roche, Switzerland) with 2 µg of total RNA. 
Two-step qPCR reactions were performed using the 
ABI 7500 Real-time PCR system (ABI, USA), and the 
conditions were 50°C for 2 min; 40 cycles of 95°C for 
10 min, 95°C for 15 s; and a final hold at 60°C for 1 
min. Absorbance data were collected at the end of 
every extension, and cycle threshold (Ct) values were 
used to analyze expression data by the 2-ΔΔCt method. 

Western blot 
Cytoplasmic proteins were extracted from cells 

or tissues by using the NuclearCytosol Extraction Kit 
KGP150 (KeyGEN, CA). 1ml tissue was homogenized 
in ice-cold PBS and centrifuged at 500 g for 3 min. 20 
uL tissue was resuspended in 200 uL ice-cold lysis 
Buffer A (10mM Hepes, pH7.9, 500mM NaCl, 0.1mM 
EDTA, 0.1mM EGTA), per ml Buffer A added 1uL 
dithiothreitol (DTT), 0.5 uL phenylmethylsulfonyl 
fluoride (PMSF), 1 uL protease inhibitors), surged 

15sec and incubated for 10-15 min., then added 
11uLBufferB(10% NP-40), surged 5sec and incubated 
for 10-15 min. The lysate was centrifuged at 16,000 g 
for5 min. The supernatant was transferred into 
ice-cold sample tubes and stored at −80 °C until use. 
Protein concentrations were determined using the 
BCA assay. Equal amounts of protein (100 μg in 20 μl 
per lane) were then separated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis 
(SDS/PAGE) (Invitrogen, USA). Proteins were sub-
sequently transferred to a polyvinylidene fluoride 
(PVDF) membrane (Bio-Rad, Hercules, CA) in stand-
ard transfer buffer (25 mM Tris, 192 mM glycine, and 
20% methanol).and exposed to blocking buffer (5% 
nonfat dry milk in PBS with 0.1% Tween-20) at room 
temperature for 1 h. The blots were incubated over-
night at 4°C with the following primary antibodies in 
buffer containing bovine serum albumin: goat anti-rat 
Homer 1a (1:100 dilution; catalog number sc-8922, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 
Homer 1b/c (1:100 dilution; catalog number sc-8923, 
Santa Cruz)[21,22] or rabbit anti-rat β-actin (1:2,000 
dilution; Beijing Biosynthesis Biotechnology, Beijing, 
China). The membrane was then washed with TBST 
for 5 min. This step was repeated 3 times. Subse-
quently, the blots were incubated for 1 h at room 
temperature with the following secondary antibodies: 
donkey horseradish peroxidase-conjugated anti-goat 
antibody (1:2,000 dilution; Santa Cruz Biotechnology) 
for Homer 1a and Homer 1b/c or goat anti-rabbit 
antibody (1:2,000 dilution; Santa Cruz) for β-actin. The 
membrane was then washed with TBST for 5 min. 
This step was repeated 3 times. Bands were visualized 
with Western Lightning ECL (Perkin–Elmer Life Sci-
ences, Inc., Waltham, Massachusetts, USA) and ana-
lyzed using Image Lab version 2.0.1 (Bio-Rad) and 
quantified by densitometry or by quantification on a 
Kodak Image Station 2000R (Eastman Kodak/SIS). 
Density values of the Homer 1a or Homer 1b/c pro-
tein bands were each expressed as a percentage of the 
density of the β-actin internal standard. 

 

Statistical analyses 
Statistical analysis of the data involving three 

groups for in vitro validation was performed using 
one way ANOVA, and post hoc tests (LSD or SNK) 
were used following the one way ANOVA. While the 
data involving two groups for in vivo validation was 
analyzed using an independent samples t-test. For all 
analyses, significance was assigned at the P≤0.05 level. 
All data are presented as the means ± standard devia-
tion (S.D.) 
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Results 
Homer 1a-RNAi-LV down-regulates expres-
sion of Homer 1a mRNA and protein in the 
primary neural cells  

The primary neural cells obtained from the rat’s 
cortices was cultured for two days and then trans-
duced with the lentiviral vector containing Homer 
1a-RNAi-LV or NC-LV at the appropriate MOI de-
termined pre-experimentally. The expression levels of 
Homer 1a mRNA and protein were then evaluated 
using qPCR and Western blot. After 72 hours trans-
duction with Homer 1a-RNAi-LV, the primary neural 
cells showed a significant reduction in the level of 
Homer 1a mRNA expression (vs. control groups, 
F=5.93, P<0.05), as well as protein expression (vs. 
control groups, F=6.40, P<0.05) (see Table 3, Figure 3). 
Therefore, Homer 1a was successfully 
down-regulated in cultured neural cells after RNAi 
using a lentiviral vector containing an artifical Homer 
1a-specific miRNA. 

Effects of Homer 1a-RNAi-LV on behaviors of 
SD rats 

24 SD rats were divided into two groups of 12 in 
each and given Homer 1a-RNAi-LV (RNAi group) or 
NC-LV (NC group) by intracerebroventricular injec-
tion to examine the effects of Homer 1a RNAi on be-
haviors in the Làt maze and the Morris water maze 
tests. Prior to intracerebroventricular injection of the 
lentivirus vectors, no significant difference was found 

in the horizontal activities and frequency of rearings 
of the two groups in the Làt maze (horizontal activi-
ties: t=0.01, P>0.05; frequence of rearings: t=0.16, 
P>0.05). Seven days after intracerebroventricular in-
jection of lentiviruses, rats given Homer 1a-RNAi-LV 
(RNAi rats) exhibited significantly higher levels of 
both horizontal activities and frequency of rearings in 
the Làt maze than the control rats given NC-LV (NC 
rats) (horizontal activities: t=2.41, P<0.05; frequence of 
rearings: t=2.37, P<0.05) (see Table 4, Figure 4). After 
three days of training in the Morris water maze, RNAi 
group rats performed significantly worse in the Mor-
ris water maze than the NC group rats, as displayed 
by longer latency times before locating the platform 
and longer total swim distances from the first day to 
the third day, but only on the third day the results 
were statistically significant (D1, latency: t=1.46, 
P=0.16, distance: t=0.82, P=0.42; D2, latency: t=2.00, 
P=0.06, distance: t=2.05, P=0.05; D3, latency: t=2.95, 
P=0.01, distance: t=3.75, P=0.01) (see Table 5, Figure 
5). Therefore, in this study the RNAi group displayed 
a range of abnormal behaviors. First, significantly 
higher levels of both horizontal activities and fre-
quency of rearings in the Làt maze were observed, 
which meant the locomotor hyperactivity and NSA of 
SD rats were increased after Homer 1a RNAi. Second, 
these rats showed longer latencies before locating the 
platform and longer total swim distances, which in-
dicated that the learning ability of rats was damaged 
after Homer 1a down-regulation. 

Table 3 Reduction of Homer 1a mRNA and protein expression by Homer 1a-RNAi-LV transduction in the primary cultured neural cells. 

 Ctr NC RNAi 
mRNA 1.00±0.43  1.00±0.04 0.35±0.16 * 
protein 1.00±0.25 0.92±0.19 0.49±0.10 * 
* P<0.05, Ctr, non-transduced cells; NC, NC-GFP-LV group; RNAi, Homer 1a-RNAi-LV transduced group. 

 

 
Figure 3. Reduction of Homer 1a mRNA and protein expression by Homer 1a-RNAi-LV transduction in the primary cultured neural 
cells. Ctr, non-transduced cells; NC, NC-GFP-LV group; RNAi, Homer 1a-RNAi-LV transduced group (A) Homer 1a mRNA expression 
decreased significantly in cells transduced with Homer 1a-RNAi-LV (vs. control groups, F=5.93, P<0.05). (B) By Western blot, Homer 1a 
protein expression decreased significantly in cells transduced with Homer 1a-RNAi-LV (vs. control groups, F=6.40, P<0.05). Data are 
expressed as means ± SD. n=3. *P<0.05. 
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Table 4. Locomotor activity levels and non-selective attention in Làt maze test of rats before and after intracerebroventricular injection 
of Homer 1a-RNAi-LV (RNAi) or negative control NC-LV (NC) 

Group Before RNAi After RNAi 
horizontal activities (mm) rearing frequency  horizontal activities (mm) rearing frequency  

NC (n=12) 63456.62 ± 9225.86 61.08 ±21.52 53700.48 ± 8010.11 35.33 ± 12.11 
RNAi (n=12) 63473.94 ± 7466.82 62.42 ± 18.98 61865.2 ± 8583.27* 46.17 ± 10.22* 
*P<0.05. 

 

 

 
Figure 4. Locomotor activity levels and non-selective attention in Làt maze test of rats before and after intracerebroventricular injection 
of Homer 1a-RNAi-LV (RNAi) or negative control NC-LV (NC). (A) No significant difference was found in the horizontal activities and 
frequency of rearings of the two groups in the Làt maze (horizontal activities: t=0.01, P>0.05; frequence of rearings: t=0.16, P>0.05). (B) 
Seven days after intracerebroventricular injection of lentiviral vectors, RNAi rats exhibited significantly higher levels of both horizontal 
activities and frequency of rearings in the Làt maze than NC rats (horizontal activities: t=2.41, P<0.05; frequence of rearings: t=2.37, 
P<0.05). Data are expressed as means ± SD. n = 12. *P < 0.05. 

 

Table 5. Spatial learning performance in Morris water maze of rats after intracerebroventricular injection of Homer 1a-RNAi-LV (RNAi) 
or negative control NC-LV (NC). 

Group total swim distances (mm) Latency (s) 
D1 D2 D3 D1 D2 D3 

Nc (n=12) 17159.04±5749.81 9133.38±4192.88 6252.57±2200.11 138.25±47.59 82.42±33.20 57.75±25.40 
RNAi (n=12) 15267.06±5506.77 12560.77±3985.62 11237.97±4050.40 167.17±49.16 110.35±35.90 91.58±30.51 
*P<0.05. 
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Figure 5. Spatial learning performance in Morris water maze of rats after intracerebroventricular injection of Homer 1a-RNAi-LV (RNAi) 
or negative control NC-LV (NC). D 1-3, days 1-3 of training. (A) RNAi rats showed significantly longer latencies before locating the 
platform on the third day (D1, t=1.46, P = 0.16; D2, t=2.00, P = 0.06; D3, t=2.95, P = 0.01). (B) RNAi rats had significantly longer total swim 
distances on the third day (D1, t=0.82, P = 0.42; D2, t=2.05, P = 0.05; D3, t=3.75, P = 0.01). Data are expressed as means ± SD. n = 12. 
*P < 0.05. 

 

Effects of Homer 1a-RNAi-LV on the mRNA 
and protein expression of Homer 1a and 
Homer 1b/c 

After completing the behavioral assessments, we 
randomly selected four rats from each of the two 
groups. The mRNA and protein expression level of 
Homer 1a and Homer 1b/c were detected by qPCR 
and Western blot, respectively. As shown in Table 
6/Table 7 and Figure 6, significantly decreased Homer 
1a mRNA expression level in the striatum and was 
observed in the hippocampus of RNAi group rats 
compared with those of the NC group (striatum: t 
5.25, P<0.01; hippocampus: t=5.80, P<0.01). However, 
we found no significant difference between the 
groups with respect to Homer 1a mRNA expression in 
the prefrontal cortex (PFC) (t=1.82, P>0.05). Western 

blotting further revealed the significant effect of 
Homer 1a-RNAi-LV on Homer 1a protein expression 
in the striatum and hippocampus (striatum: t=3.95, 
P<0.05; hippocampus: t=3.48, P<0.05), while there was 
no effect in the PFC (t=1.03, P>0.05). Meanwhile, no 
significant difference between the groups with respect 
to Homer 1b/c mRNA or protein expression was found 
in the striatum, hippocampus or PFC (mRNA: stria-
tum: t=1.02, P>0.05; hippocampus: t=0.45, P>0.05: 
PFC: t=1.02, P>0.05; protein: striatum: t=0.87, P>0.05; 
hippocampus: t=0.18, P>0.05: PFC: t=0.62, P>0.05). 
Therefore, the RNAi group, which displayed a range 
of abnormal behaviors, exhibited a significant de-
crease in Homer 1a expression in the striatum and 
hippocampus compared to the NC group. 

 

Table 6. mRNA and protein expression of Homer 1a in rats after intracerebroventricular injection of Homer 1a-RNAi-LV (RNAi) or 
negative control NC-LV (NC). 

 mRNA  protein 
Str Hip PFC Str Hip PFC 

NC 1.00±0.10 1.00±0.07 1.00±0.23 1.00±0.17 1.00±0.27 1.00±0.21 
RNAi 0.45±0.19** 0.59±0.12** 0.75±0.16 0.52±0.18** 0.51±0.07** 0.84±0.22 
**P < 0.01 

Table 7. mRNA and protein expression of Homer 1b/c in rats after intracerebroventricular injection of Homer 1a-RNAi-LV (RNAi) or 
negative control NC-LV (NC). 

 mRNA  protein 
Str Hip PFC Str Hip PFC 

NC 1.00±0.13 1.00±0.35 1.00±0.11 1.00±0.07 1.00±0.13 1.00±0.20 
RNAi 0.89±0.19 0.91±0.27 1.14±0.24 1.04±0.06 1.01±0.07 0.94±0.09 
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Figure 6. mRNA and protein expression of Homer 1a in rats after intracerebroventricular injection of Homer 1a-RNAi-LV (RNAi) or 
negative control NC-LV (NC). (A) RNAi rats showed significantly decreased Homer 1a mRNA level in the striatum (Str) (t=5.25, P<0.05) 
and hippocampus (Hip) (t=5.80, P<0.05) vs. NC group, but no difference in the prefrontal cortex (PFC) (t=1.82, P>0.05) vs. NC group. (B) 
No difference of Homer 1b/c mRNA in the striatum (Str) (t=1.02, P>0.05), the hippocampus (Hip) (t=0.45, P>0.05) and the prefrontal 
cortex (PFC) (t=1.02, P>0.05) was observed between the RNAi group and the NC group. (C) RNAi rats showed significantly decreased 
Homer 1a protein level in the striatum (Str) (t=3.95, P<0.05) and hippocampus (Hip) (t=3.48, P<0.05) vs. NC group, but no difference in 
the prefrontal cortex (PFC) (t=1.03, P>0.05) vs. NC group. (D) No difference of Homer 1b/c protein in the striatum (Str) (t=0.87, 
P>0.05), the hippocampus (Hip) (t=0.18, P>0.05) and the prefrontal cortex (PFC) (t=0.62, P>0.05) was observed between the RNAi group 
and the NC group. Data are expressed as means ± SD. n = 4. **P<0.01. 

 

Discussions 
In vitro and in vivo validation of the lentiviral 
vector containing an artificial Homer 1a spe-
cific miRNA as an RNAi tool 

Homer 1a was a down-regulated target gene 
screened out by gene expression profiling in the 

ADHD animal model and verified by RT-PCR and 
Western blot in our previous studies [2-4]. In this 
study we investigated the functional relationship 
between Homer 1a and ADHD using RNAi. Homer 
1a was successfully down-regulated not only in cul-
tured neural cells but also in the brain of SD rats after 
RNAi using a lentiviral vector containing an artifical 
Homer 1a-specific miRNA.  
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RNAi has recently emerged as a useful genetic 
method for silencing gene expression by triggering 
post-transcriptional degradation of homologous 
transcripts and has become an invaluable tool for 
understanding diverse biological processes, both 
normal and pathological. We first screened for the 
most efficient RNAi target sequence among the four 
candidate miRNAs using H9c2 cells. A Gate-
way-adapted expression vector that enables the ex-
pression of engineered miRNA sequences from Pol II 
promoters was chosen in this study instead of siRNA 
or shRNA [23-25]. Our results showed that the engi-
neered miRNAs fully complemented their target site 
and cleaved the target mRNA. As our target gene was 
in the brain of rats, we needed a vector that could 
introduce the miRNA sequence into nerve cells and 
sustain the knockdown effect for a sufficient amount 
of time for molecular and behavior assessments. 
Lentvirus vector-mediated expression of RNAi can 
achieve effective, stable gene silencing in biological 
systems, with the reason of that the objective gene is 
integrated into the host cell genome, and is divided 
with the splitting of the cell's genome. In addition, 
lentiviral vector can efficiently infect and integrate 
into non-dividing cells [26,27]. Therefore, we chose 
such a system to package the above target vector for 
transfer into primary cultured neural cells, to further 
verify the interference efficiency in vitro. The results 
showed that lentivirus mediated RNAi could effec-
tively transduce primary cultured neural cells. Fur-
thermore, this lentiviral vector was further transferred 
to the brain tissue of rats by intracerebroventricular 
injection to verify the interference efficiency in vivo. 
The results indicated that was Homer 1a expressed at 
a lower level in the striatum and hippocampus of 
RNAi rats. All these results indicated that lentivi-
rus-mediated miRNA was an effective RNAi way of 
modulating Homer 1a expression not only in vitro but 
also in vivo, which was important to validate before 
subsequent experiments. However, no change in ex-
pression of Homer 1a was found in the PFC. We 
measured the range of the viral infection using im-
munofluorescence 7 days after the injection. The flo-
rescence of striatum and hippocampus were strong 
and full vision distribution, while it was scattered in 
prefrontal cortex. We speculate that the distance be-
tween the structures and the lateral ventricle affected 
the viral tranduction efficiency. The striatum and 
hippocampus are anatomically located more closely 
to the lateral ventricle than the PFC. Although it is 
possible that the PFC could have been infected by the 
injected lentiviral vector via circulating cerebrospinal 
fluid, any effect would have been weakened. Maybe 
infusing virus directly into the PFC will be helpful for 

us to research the behaviors of the rats with the de-
tection of Homer 1a in this region in the future.  

Effect of down-regulation of Homer 1a ex-
pression by RNAi on behaviors of SD rats 

In this study we found that the RNAi group, 
which exhibited a significant decrease in Homer 1a 
expression in the striatum and hippocampus com-
pared to the NC group, displayed a range of abnormal 
behaviors. First, significantly higher levels of both 
horizontal activities and frequency of rearings in the 
Làt maze were observed, which meant the locomotor 
hyperactivity and NSA of SD rats were increased after 
Homer 1a RNAi. Attentive processes can be of the 
selective (SA) or non-selective (NSA) type. The major 
pathology of attentive processes is represented by 
ADHD that is characterised by attentional problems 
accompanied or not by hyperkinesis, compulsiveness, 
restlessness, and disturbances in timing (DSM-IV [28]. 
The frequency and duration of individual rearing 
episodes on the hindlimbs by rats in a spatial novelty 
situation has been shown to index NSA [18,19]. In fact, 
the animal model of ADHD, such as SHR and NHE 
display high frequency of rearings which is inter-
preted to reflect defective NSA, since it leads eventu-
ally to impaired long term behavioral habituation to 
novelty (cognitive defect)[18,19]. Therefore, the be-
haviors of the rats after Homer 1a RNAi was similar to 
that of the animal model of ADHD in Làt maze. Sec-
ond, these rats showed longer latencies before locat-
ing the platform and longer total swim distances in 
the acquisition trials, which indicated that the learn-
ing ability of rats were damaged after Homer 1a 
down-regulation. When placed in the maze the ani-
mal's task is to find the hidden platform, the experi-
menter can chart the "learning" of the animal by the 
time it takes to find the platform over a number of 
trials. However, there are many alternative explana-
tions for this hypothetical data set, such as decreased 
vision or anxiety in the water, which could impair the 
animals' ability to learn the task or decreased the de-
sire to escape from the water, respectively. Therefore, 
a cued trial was performed between the RNAi and NC 
groups before acquisition trial. No difference was 
found in latencies between the two groups, which 
mean the animals' vision and the motivation to escape 
the water were not impaired in this study [29]. Nei-
ther a probe trial nor a reversal of platform location 
was conducted in the water maze trials of the current 
study. Such information may have been helpful in 
further interpretations of the difference between the 
RNAi and NC rats [30]. All these abnormal behaviors 
(increased locomotor and NSA, impaired learning) 
are reminiscent of ADHD [28].  
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Fronto-striatal, fronto-cerebellar and fron-
to-parietal neural networks disorders have been re-
ported in ADHD. The striatum is best known for its 
role in the planning and modulation of movement 
pathways, but it is also involved in a variety of other 
cognitive processes involving executive function. 
Meanwhile, it is activated by stimuli associated with 
reward. The important role of the striatum in ADHD 
has been illustrated by neuroimaging studies showing 
decreases in blood flow in regions of the striatum [31], 
and changes in dopamine transporter binding [32] 
have been described in the human striatum in ADHD. 
In a number of paradigms, functional magnetic reso-
nance imaging (fMRI) techniques have shown re-
duced activation in prefrontal and striatal regions in 
ADHD during specific cognitive and behavioral tasks 
as well as reduced activation of the ventral striatum in 
reward anticipation relative to controls [33]. Neuro-
psychological research also has revealed prefron-
tal-striatum defects in ADHD, including executive 
functioning defects mediated by fronto-striatal, fron-
to-cerebellar and fronto-parietal neural networks [34]. 
In addition, the role of the hippocampus in ADHD is 
gaining increased attention. A widely accepted hy-
pothesis for ADHD involves dysfunction of the PFC 
[35-37], which is connected directly to the ventral 
hippocampus and indirectly to the dorsal hippo-
campus via the thalamus. The PFC-hippocampal cir-
cuit regulates a variety of processes that have been 
implicated in the pathophysiology of ADHD, includ-
ing attention, memory and emotion [38-40]. For in-
stance, Plessen et al. found that children and adoles-
cents with ADHD have larger hippocampal volumes 
than healthy controls, primarily due to increases in 
the anterior portions of the hippocampus. As larger 
hippocampal volumes tend to be associated with less 
severe ADHD symptoms [41], the enlarged anterior 
portions of the hippocampus may represent neural 
compensation for dysfunctional PFC activity. In addi-
tion, rats with X-ray-induced hippocampal damage 
show cognitive improvement in response to am-
phetamine, a stimulant used to treat ADHD [42]. As 
Homer 1a was a down-regulated target gene screened 
out by gene expression profiling in the ADHD animal 
model and verified by RT-PCR and Western blot in 
our previous studies [2-4] and the rats become hy-
peractivity, attention deficit and learning impaired 
after Homer 1a RNAi. Therefore, we speculated that 
the effects of Homer 1a down-regulation in these 
brain structures are related to movement, executive 
function and learning ability, thereby causing certain 
behavioral changes similar to ADHD. However, we 
believe that there are still something more need to do 
to find the positive correlation between the levels of 

Homer-1a silencing and the behavioral performance 
of animals. 

Cellular mechanisms involved in the behavior 
changes of SD rats induced by Homer 1a RNAi 

As a short isoform, Homer 1a is functionally 
different from long-form Homer proteins, because it 
lacks the C-terminal coiled-coil structure and leucine 
zipper motifs. In basal conditions, long-form Homer 
proteins homomultimerize with these structures and 
bind the C-terminus of mGluR I (mGluR1, mGluR5) 
via the N-terminal EVH1 (Enabled/VASP homology 
1) domain. In detail, long-form Homer proteins bridge 
mGluRs I with intracellular Ca2+ storage pools by 
interacting with IP3Rs and possibly with ryanodine 
receptors (RyRs) [43]. Thus, as a prominent scaffold-
ing molecule concentrated in the PSD of excitatory 
synapses, Homer crosslinks group I mGluRs to other 
targets in a specific subcellular microdomain to regu-
late a specific signaling activity. Moreover, long-form 
Homers form a quaternary complex, 
Homer-Shank-GKAP-PSD95, that crosslinks mGluRs I 
with NMDA-Rs, and the interaction of Homer with 
Shank is involved in cytoskeleton rearrangement 
within the PSD [44,45]. Although Homer 1a lacks the 
structure for self-assembly, it can compete with 
long-form Homers to bind ligands, thus behaving as a 
dominant negative. Homer 1a disrupts the preformed 
bridge connecting mGluRs I with IP3Rs, and the 
quaternary complex cross-linking mGluRs I with 
NMDA-Rs [45]. Moreover, Homer 1a, as an immedi-
ate early gene, is constitutively expressed at a low 
level, but is highly inducible in response to stimula-
tion [46,47]. These actions cause rapid changes in in-
tracellular Ca2+ and may modulate PSD remodeling. 
While the PSD is a specialized ultrastructure of the 
glutamatergic excitatory synapses, at the cytosolic 
surface of the postsynaptic membrane of dendritic 
spines is a highly organized transductional machinery 
that tunes the excitatory signaling from presynaptic 
terminals [48]. Therefore, Homer 1a plays a critical 
role in modulating excitatory post-synaptic signal 
transduction. In addition, due to the involvement of 
mGluRs I in multiple transduction pathways through 
activation of a broad range of intracellular effectors, 
such as adenylate cyclase, tyrosine-kinase or mito-
gen-activated protein kinase (MAPK), mGluRs I have 
been linked to synaptic plasticity, neuronal develop-
ment [49-51] and pathological conditions such as epi-
lepsy or Parkinson’s disease [52-54]. The 
down-regulation of Homer 1a expression by RNAi 
may reduce functional targeting of mGluRs to the 
synaptic membrane, decreasing the fidelity of synap-
tic transmission through affecting the clustering, tar-
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geting and functional activity of neurotransmitter 
receptors by synaptic density proteins. Therefore, in 
future work, we will further explore the expressions 
of the long-term Homer and some related genes like 
mGluRs and Shank to investigate if the significantly 
lowered expression of Homer 1a may affect modula-
tion of excitatory post-synaptic signal transduction or 
the plastic dendritic remodeling of the striatum and 
hippocampus, thereby producing a series of 
ADHD-like behavior changes. 

In conclusion, down-regulation of Homer 1a re-
sulted in some behaviors similar to ADHD in rats. All 
of these will help us gain a better understanding of the 
role of these molecules in neurological changes in 
ADHD. 
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