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Abstract 

The use of RNA interference technology to silence specific genes of interest has 

been very successful over the years. Here, we use RNA interference technology to 

knock-down the serotonin 5-HT3 receptor in vitro. The 5-HT3 receptor is a ligand-

gated ion channel expressed on interneurons and Cajal-Retzius cells throughout 

the brain. Initially, three different siRNA cassette sequences were developed and 

transfected in 5-HT3 receptor-expressing HEK293 cells. The function of the 5-HT3 

receptor was tested 48 hours after transfection with whole-cell patch clamp by 

recording inward currents upon application of 5-HT. After selecting two of three 

cassette sequences which were able to suppress 5-HT3 receptor function, we 

converted these sequences into short hairpin RNA (shRNA) in order to introduce 

this into the expression vector pSilencer. The main advantage of these non-viral 

vectors is that after introduction into the cell they synthesize siRNA-like transcripts 

for a prolonged period of time. Again, the function of the 5-HT3 receptor was tested 

48 hours after transfection with whole-cell patch clamp. This time both sequences 

were able to reduce the average inward current upon application of 5-HT compared 

to the scrambled sequence, although one sequence was more efficient than the 

other. Western blots and immunohistochemical stainings confirmed the efficient 

knock-down of the 5-HT3 receptor. Together, these results show that we 

successfully developed a non-viral vector expressing a siRNA sequence which 

effectively silences the 5-HT3 receptor in transfected HEK293 cells. 
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Introduction 

The serotonin 5-HT3 receptor is a ligand-gated ion channel expressed on 

interneurons throughout the brain. So far, two functional 5-HT3 subunits have been 

cloned: the 5-HT3A subunit (Maricq et al. 1991) and the 5-HT3B subunit (Davies et 

al. 1999). Functional receptors can be formed either as homo-oligomeric 5-HT3A or 

hetero-oligomeric 5-HT3A and 5-HT3B subunit complexes. Recently, it was 

discovered that the 5-HT3 receptor is also expressed on Cajal-Retzius cells, were it 

controls postnatal dendritic maturation of cortical layer 2/3 pyramidal neurons 

(Chameau et al. 2009).  

 RNA interference is a process of post-transcriptional gene silencing in animals 

and plants induced by sequence specific double stranded RNA (dsRNA). In 1998, 

Fire and Mello observed this phenomenon for the first time in C. elegans (Fire et al. 

1998). Their initial discovery led to the development of short interfering RNAs 

(siRNA). A typical siRNA consists of a 21 base pair-long RNA duplex. In the 

nucleus, long double stranded RNA is processed by the endonuclease known as 

DROSHA. Once in the cytoplasm, dsRNA is cleaved by the cytoplasmic 

ribonuclease III-like protein DICER. Subsequently, the antisense or guide strand of 

the siRNA is incorporated into the multiprotein complex RNA-induced silencing 

complex (RISC) where it binds to a complentary RNA sequence which in turn 

becomes degraded or repressed. The other strand of siRNA is degraded in the 

cytoplasm (Elbashir et al. 2001; McManus and Sharp 2002; Leung and Whittaker 

2005). To date, siRNAs are extensively used to obtain sequence-specific gene 

silencing. Several reports describe how duplex siRNAs can be introduced into cell 

lines in order to induce a specific knock-down of the selected sequence (Elbashir et 

al. 2001; Elbashir et al. 2002). However, in mammalian cells this reduction in gene 

expression is transient which severely restricts its applications.  

 Recently, another tool to knock-down specific sequences both in vitro and in 

vivo has been developed by introducing short hairpin RNA (shRNA) into an 

expression vector that directs the synthesis of siRNA-like transcripts after 

introduction to the cell (Brummelkamp et al. 2002). In this case, a stable knock-

down for up to several months can be accomplished. Depending on the target cell 

or species, a choice can be made between a non-viral, retroviral, lentiviral or 

adenoviral vector system for shRNA delivery (Leung and Whittaker 2005).  
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In the current study, our main objective was to develop a siRNA that successfully 

silences the mouse 5-HT3 receptor in transfected HEK293 cells, also when 

converted into shRNA and introduced into the non-viral vector pSilencer. To 

analyze the efficacy of the selected siRNA cassette sequences we used several 

approaches. First we tested the function of the 5-HT3 receptor 48 hours after 

transfection with whole-cell patch clamp by recording the inward current upon 

application of 5-HT. Subsequently, we analyzed 5-HT3 receptor expression levels 

48 hours after transfection with Western blotting and immunohistochemical 

staining.  
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Materials and Methods 

Design of siRNA 

Three different siRNA cassette sequences against the mouse 5-HT3A receptor 

were designed using the software tool siRNA design software (SDS) and 

synthesized by Invitrogen. The following three siRNA cassette sequence pairs 

were tested:  

pair 1 (sense: 5′ GGATGAGAAGAACCAGGTTCT and antisense:  

5′ AGAACCTGGTTCTTCTCATCC)  

pair 2 (sense: 5′ GAAGTGAGGTCTGACAAGAGC and antisense:  

5′ GCTCTTGTCAGACCTCACTTC)  

pair 3 (sense: 5’ GTGCATCATCGAGGTGAAGTT and antisense: 

5’AACTTCACCTCGATGATGCAC ).  

The most effective siRNA cassette sequences were converted into shRNA 

sequences (Invitrogen) and cloned into the pSilencer 2.0-U6 vector (Ambion). The 

negative scrambled control was designed and synthesized by Invitrogen. Also this 

sequence pair (sense: 5’ GATCCAGCTGAGTGAAGAGAT and antisense: 5′ 

ATCTCTTCACTCAGCTGGATC) was converted into shRNA and cloned into the 

pSilencer 2.0-U6 vector (Ambion). 

Transfection of HEK293 cell line  

The cell cultures were maintained according to Noam et al. (2008). Briefly, Human 

embryonic kidney 293 (HEK293) cells were maintained in minimum essential 

medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine 

and 100 µg ml-1 penicilline-streptomycin at 37°C in a humidified incubator with 5% 

CO2 . Cells were passaged weekly and medium was refreshed every 2-3 days. The 

lipofectamine transfections of siRNA were carried out one day after HEK293 cells 

were transfected with a vector encoding the mouse 5-HT3A receptor subunit 

(provided by Dr John Peters, University of Dundee, UK) and a vector encoding 

EGFP (a kind gift of Dr. J Goedhart, University of Amsterdam, the Netherlands) to 

permit detection of transfected cells by standard epifluorescence using a protocol 

from the manufacturer (Invitrogen).  

 Briefly, for each well of a 24 well plate, 5 µl of 20 pmol/µl siRNA duplex was 

used and mixed with 50 µl of Opti-MEM. In a second tube, 1 µl of lipofectamine 

reagent was mixed with 50 µl of Opti-MEM and incubated for 15 min at room 

temperature. The two solutions were then combined and gently mixed.  
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After incubating for another 15 minutes at room temperature the solution was 

added to a well containing 400 µl of medium and gently mixed by rocking the plate 

back and forth. After transfection cells were incubated for 48 hours at 37°C in a 

humidified CO2 incubator. Culture medium was refreshed one day after 

transfection. 

 For the transfections with the shRNA-expressing vectors another protocol from 

the manufacturer was used. In this case, the shRNA-expressing vectors were 

cotransfected with a vector encoding the mouse 5-HT3A receptor subunit and a 

vector encoding EGFP. Briefly, for each well of a 24 well plate, 600 ng (0.5 µg/µl) 

of the shRNA-expressing vector was used and mixed with 50 µl of Opti-MEM. In a 

second tube 1 µl of lipofectamine reagent was mixed with 50 µl of Opti-MEM and 

incubated for 5 minutes at room temperature. The two solutions were then 

combined and gently mixed. After incubation for 20 minutes at room temperature 

solutions were added to each well containing HEK293 cells with 500 µl of medium 

and gently mixed by rocking the plate back and forth. After transfection cells were 

incubated for 48 hours at 37°C in a humidified CO2 incubator. Culture medium was 

refreshed one day after transfection. 

 Electrophysiology 

Forty-eight hours after RNAi transfection, plated cells were transported to the 

recording chamber of a Zeiss FS2 microscope and maintained in extracellular 

recording solution containing in mM: 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2 and 5 

HEPES, pH was set to 7.3 with NaOH. Patch pipettes were pulled from boroscilate 

glass and had a resistance of 3.7-6.7 MΩ when filled with internal solution 

containing in mM: 105 potassium gluconate, 30 KCl, 0.5 CaCl2, 2 Mg Cl2, 5 EGTA, 

10 HEPES, pH = 7.3 with KOH. Only EGFP-positive cells were selected. After the 

selection of a cell, a picospritzer containing 100 μM of 5-HT was positioned close 

to cell. Cells were voltage clamped at -60 mV. Inward currents upon application of 

100 μM of 5-HT were recorded using an EPC9 patch clamp amplifier and PULSE 

software (HEKA Electronic GmbH, Germany). Signals were filtered at 1-5 kHz and 

sampled at 2-10 kHz. Series resistance ranged from 6-24 MΩ and was 

compensated for approximately 60%.  
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Western Blotting 

After washing the medium from the cells by rinsing them twice in PBS, cells were 

scraped from the flask and collected in ice-cold homogenization buffer containing in 

mM: 10 HEPES and the EDTA free protease inhibitor cocktail (Roche, The 

Netherlands), pH=7.4 with KOH. After homogenisation on ice with a pestle in a 1 

ml glass tube, the homogenate was centrifuged at 800 rpm for 5 min at 4˚C, and 

the supernatant was centrifuged again at 13500 rpm for 45 min 4°C. The pellet was 

resuspended in 100 µl homogenization buffer and stored at -80˚C. The amount of 

protein was estimated via the Bradford method using a BCA protein assay reagent 

kit (Pierce, Rockford, IL). Samples of 40 μg were loaded in triplicate and proteins 

were separated by SDS-PAGE using 12% gels, ran at 150 V for 60 min and were 

rinsed in transferbuffer. Subsequently, proteins were transferred to nitrocellulose 

membranes and ran at 10 V for 30 min. Dry membrane was treated with blocking 

solution in TBST (0.05% Tween 20) containing 4% skim milk, overnight incubated 

in 1:300 anti-5-HT3 antibody (Abcam, UK) at 4°C, rinsed with TBST, incubated in 

1:1000 HRP conjugated goat anti-rabbit IgG (Biorad, Hercules, CA) in blocking 

solution for 1 hour, rinsed with TBST and visualized using a chemiluminescence 

detection system (ECL kit and HCL hyperfilm, Amersham bioscience, UK). Optical 

density measurements were normalized using β-actin to control for the amount of 

protein loaded on the gel. The, membrane was stripped with stripping buffer 

containing in 100 mM glycine, pH 2.5 with HCl for 30 min. Subsequently, 

membrane was rinsed in TBST and and reprobed with a β-actin antibody 1:2000 

(Sigma, The Netherlands). β-actin immunoreactive bands were visualized 

according the procedure described above. After development of the film, the image 

was scanned and the optical density of the bands was determined using the 

ImageJ software and Gel analyzer plug-in software. 

Immunohistochemistry 

Per well cells were washed in PBS for 5 x 8 minutes. After washing cells were 

treated with blocking solution containing 0.3% Triton X100 and 10% Normal goat 

serum in PBS for 1 hour. Again cells were washed in PBS for 5 x 8 minutes and 

subsequently overnight incubated in 1:30 anti-5-HT3 antibody (Abcam, UK) in 0.3% 

Triton X100 and 3% Normal goat serum in PBS at 4°C. The next day, cells were 

washed in PBS for 5 x 8 minutes and incubated in 1:50 cy3 anti-rabbit (Sigma) in 

0.3% Triton X100 and 3% Normal goat serum in PBS for 2 hours. 
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After washing in PBS for 5 x 8 minutes cell were mounted in moviol and images 

were captured using a Zeiss Axioscope fluorescent microscope and Image Pro 

software. 
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Results 

Electrophysiology 

Three different siRNA cassette sequences directed against the mouse 5-HT3A 

receptor were compared with a scrambled sequence by recording the inward 

current upon application of 100 μM 5-HT in EGFP and 5-HT3 receptor transfected 

HEK293 cells 48 hours after transfection. Typically, scrambled transfected cells 

showed a large inward current upon 5-HT application whereas in most of the 

siRNA transfected cells this inward current was reduced or absent (Figure 1A). In 

95% of the recorded scrambled transfected cells an inward current upon 

application of 5-HT was observed. For the siRNA transfected cells this inward 

current was observed in 40% of the recorded cells that were transfected with 

siRNA sequence 1, in 57% of the recorded cells that were transfected with siRNA 

sequence 2, but in 90% of the recorded cells that were transfected with siRNA 

sequence 3. Cells that were transfected with the scrambled siRNA (n = 19) showed 

an average inward current of 212.89 ± 47.4 pA. Cells that were transfected with 

one of the other siRNA’s showed an average inward current of respectively 5 ± 

3.87 pA in cells that were transfected with siRNA sequence 1 (n = 5), 50 ± 23.7 pA 

in cells that were transfected with siRNA sequence 2 (n = 7), but 202.5 ± 49.2 pA in 

cells that were transfected with siRNA sequence 3 (n = 10) (Figure 1B).  

 For further testing of the shRNA-expressing vectors only siRNA sequences 1 

and 2 were used. Again, the inward current upon application of 100 μM 5-HT in 

EGFP and 5-HT3 receptor transfected HEK293 cells 48 hours after transfection 

was recorded. Here, 100% of the recorded scrambled transfected cells showed a 

large inward current upon 5-HT application. In line with the previous results, cells 

that were transfected with a shRNA-expressing vector showed either a reduced or 

no inward current upon application of 5-HT (Figure 2A).  

 In only 68% of the recorded cells that were transfected with sequence 1 and 

40% of the recorded cells that were transfected with with sequence 2 an inward 

current upon application of 5-HT was observed. Cells that were transfected with the 

scrambled shRNA-expressing vector ( n = 22) showed an average inward current 

of 333.95 ± 68.9 pA. Cells that were transfected with one of the other shRNA-

expressing vectors showed an average inward current of respectively 152.73 ± 

48.4 pA after being transfected with sequence 1 (n = 22) and 63.6 ± 28.8 pA after 

being transfected with sequence 2 ( n = 15) (Figure 2B).  
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Figure 1. Reduced 5-HT3 receptor function 48 hours after siRNA transfection. (A) Typical example of an 

inward current (pA) upon application of 100 µM 5-HT in 5-HT3 receptor and EGFP contransfected 

HEK293 cells 48 hours after transfection with a scrambled siRNA (upper trace) or a siRNA directed 

against the mouse 5-HT3A receptor (bottom trace). (B) Average inward current (pA) upon 100 µM 5-HT 

application is reduced in 5-HT3 and EGFP contransfected HEK293 cells 48 hours after transfection with 

siRNA cassette sequence 1 and 2, but not after transfection with siRNA cassette sequence 3 as 

compared with the scrambled siRNA sequence.  

 

 

 

 

 

 

  

Figure 2. Reduced 5-HT3 receptor function 48 hours after shRNA-expressing non-viral vector 

transfection. (A) Typical example of an inward current (pA) upon application of 100 µM 5-HT in 5-HT3 

and EGFP contransfected HEK293 cells 48 hours after transfection with a shRNA-expressing vector 

containing a scrambled sequence (upper trace) or a shRNA-expressing vector containing a siRNA 

sequence directed against the mouse 5-HT3A receptor (bottom trace). (B) Average inward current (pA) 

upon 100 µM 5-HT application is reduced in 5-HT3 and EGFP cotransfected HEK293 cells 48 hours 

after transfection with sequence 1 and 2 as compared with the scrambled sequence.  
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Western Blotting 

Another way to investigate the efficacy of our designed shRNA-expressing vectors 

in silencing 5-HT3 receptor expression in transfected HEK293 cells was by 

performing a Western blot. A typical 5-HT3 receptor immunoreactive band of 55 

kDA could be distinguished in all cases (Figure 3A). Cells that were transfected 

with one of the shRNA-expressing vectors containing either sequence 1 or 2 both 

showed a reduction in optical density as compared to the scrambled shRNA-

expressing vector 48 hours after transfection (Figure 3B).The average optical 

density was 0.50 ± 0.054 for cells that were transfected with the scrambled shRNA-

expressing vector (n = 3). Cells that were transfected with the shRNA-expressing 

vector containing sequence 1 (n = 3) showed an average optical density of 0.37 ± 

0.018 and thus a reduction of 24%. However, cells that were transfected with a 

shRNA-expressing vector containing sequence 2 (n = 3) showed an average 

optical density of 0.17 ± 0.047 and thus a reduction of 66%. 

 

 

 

 

 

 

 

 

Figure 3. Reduction in 5-HT3 receptor expression 48 hours after shRNA-expressing non-viral vector 

transfection. (A) Western blot immunoprobed for the 5-HT3 receptor showing typical immunoreactive 

bands of 55 kDA corresponding to the 5-HT3 receptor. (B) 5-HT3 receptor immunoreactivity expressed 

as a ratio in optical density for 5-HT3 / β-actin shows a reduction in 5-HT3 receptor expression after 

transfection with one of the shRNA-expressing non-viral vectors containing a sequence directed against 

the mouse 5-HT3A receptor as compared to the scrambled sequence. 
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Immunohistochemistry 

Finally, we performed an immunohistochemical 5-HT3 receptor staining to visualize 

the efficacy of our designed shRNA-expressing vectors in silencing 5-HT3 receptor 

expression in transfected HEK293 cells. Only cells that were also EGFP-positive 

were taken into account. In the negative control, the primary antibody was not 

added to the cells. Cells that were transfected with the scrambled shRNA-

expressing vector showed an intense 5-HT3 receptor staining in EGFP-positive 

cells. On the other hand, cells that were transfected with one of the other shRNA-

expressing vectors containing sequence 1 or 2 showed a faint and in some cases 

even no 5-HT3 receptor staining in EGFP- positive cells (Figure 4).  
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Figure 4. Immunohistochemical 5-HT3 receptor staining shows a reduction in 5-HT3 receptor expression 

48 hours after shRNA-expressing non-viral vector transfection. HEK293 cells that were cotransfected 

with the 5-HT3 receptor and EGFP show an intense 5-HT3 receptor staining in scrambled transfected 

cells versus a faint staining in cells that were transfected with one of the shRNA- expressing non-viral 

vectors containing a sequence directed against the mouse 5-HT3A receptor. The negative control shows 

that staining is absent when removing the primary antibody. Examples are indicated with arrows. Scale 

bar: 50 µm.  
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Discussion 

In the current study, we designed and tested several siRNA sequences directed 

against the mouse 5-HT3A receptor since no reports exist of such siRNA’s. All 

chosen siRNA sequences were based on the guidelines that exist in order to 

design an effective siRNA, yet many unpredicted factors can affect the success of 

gene silencing (Elbashir et al. 2001). Therefore, we first tested three designed 

siRNA cassette sequences before we converted these sequences into shRNA and 

introduced them into a non-viral shRNA-expressing vector. 

 By recording the inward current upon application of 100 µm of 5-HT we could 

test whether the 5-HT3 receptor transfected into HEK293 cells was still functional 

48 hours after siRNA transfection. To ascertain that the transfection with the 5-HT3 

receptor encoding vector was successful, HEK293 cells were cotransfected with 

EGFP. For testing, only EGFP-positive cells were taken into account. Since 95-

100% of the EGFP positive recorded scrambled transfected cells showed a typical 

inward current upon application of 5-HT, we confirmed that neither the 

lipofectamine transfection procedure or the scrambled sequence itself affected 5-

HT3 receptor function. Out of the three designed siRNA cassette sequences only 

two appeared to be effective in suppressing 5-HT3 receptor function. However, in 

both cases a reduced population of the recorded cells still showed an inward 

current upon application of 5-HT, although these inward currents were reduced in 

amplitude as compared to the control. These findings suggest that in a number of 

cells functional 5-HT3 receptors were still present on the membrane after 

transfection with one of the siRNA’s. An explanation for this observation is that 

RNA interference techniques exclusively target at the mRNA level, thus proteins 

that already have formed functional channels remain unaffected. For a stable 

knock-down of the gene of interest siRNA’s need to be introduced into an 

expression vector that directs the synthesis of siRNA-like transcripts after 

introduction to the cell (Brummelkamp et al. 2002).  

 However, in order to introduce a sequence of choice into an expression vector, 

it is highly preferable to convert siRNA into shRNA based on the method described 

by Brummelkamp et al. 2002. In this study, we choose the introduce the shRNA’s  

into the non-viral vector pSilencer 2.0 - U6, which has been described to be 

effective in both mammalian cells lines and in the brain after in utero 

electroporation (Miyagishi et al. 2002; Xie et al. 2007; Tuoc et al. 2008). Another 

advantage of this type of vector is that its use does not require special precautions 

which are common for the use of viruses.  
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However, when necessary to obtain an efficient transfection in another cell type of 

interest, shRNA’s can be easily introduced into a viral vector (Leung and Whittaker 

2005). 

 Again, we performed a number of tests to investigate whether the two selected 

siRNA sequences were still effective after being converted into shRNA and 

introduced into an expression vector. The electrophysiological results showed that 

transfection with the scrambled sequence again did not affect 5-HT3 receptor 

function. Also, after transfection with one of the shRNA expression vectors 

containing either sequence 1 or 2, the results were similar as compared to the 

previous electrophysiological results. Only a small discrepancy was observed when 

comparing the amount of cells that still responded after applying 5-HT to the cells. 

Together, these results suggest that both sequences are effective in knocking-

down 5-HT3 receptor function both as a siRNA or when converted into an 

expression vector. 

 The shRNA expressing non-viral vectors were also tested by performing 

Western blots and immunohistochemical staining for the 5-HT3 receptor. Although 

the antibody directed against the 5-HT3 receptor was not highly sensitive, we were 

able to detect differences between the scrambled sequence and siRNA sequences 

after transfection with the shRNA-expressing non-viral vectors. Although both 

sequences caused a reduction in 5-HT3 receptor expression, sequence 2 appeared 

to be the most effective sequence.  

 Eventually, we would like to use RNA interference technology to investigate the 

functional role of the 5-HT3 receptor in vivo. Although a 5-HT3A receptor knockout 

mouse has been developed (Zeitz et al. 2002), a siRNA directed against the mouse 

5-HT3A receptor could be helpful when studying the functional role of the 5-HT3 

receptor in a specific subset of cells or during development. In vivo transfection 

with our described shRNA-expressing vector could suppress the mouse 5-HT3 

receptor in the area or cell type of interest for a prolonged period of time and at the 

time point of choice. Nevertheless, it remains challenging to obtain a successful in 

vivo transfection and further research is necessary to investigate whether the 

siRNA sequence is efficient in suppressing 5-HT3 receptor function in vivo and 

whether it does not interfere with other genes. Also, the method of transfection 

needs to be taken into consideration when these in vivo studies will be planned. In 

summary, our results show that we successfully developed a shRNA- expressing 

non-viral vector containing a siRNA sequence directed against the mouse 5-HT3A 

receptor which successfully silences the 5-HT3 receptor in vitro. 
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