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ABSTRACT 
Introduction. Deep brain stimulation (DBS) stands as an alternative 

treatment for drug-resistant temporal lobe epilepsies. In this study, we 

investigated the effects of both low- and high-frequency stimulation (LFS and 

HFS) of the olfactory bulb on locomotor activity and preferences for spending 

time in the central or border regions. 

Methods. Rats underwent a kindling procedure involving semi-rapid 

electrical stimulation (6 stimulations per day) of the hippocampal CA1 region. 

Fully kindled animals received LFS (1 Hz) or HFS (130 Hz) at four time 

points: 5 min, 6 h, 24 h, and 30 h after the last kindling stimulation. 

Subsequently, rats were placed in the open field chamber and allowed free, 

uninterrupted movement within the respective quadrant of the maze for a 

single 10-minute period. During this time, tracking software recorded 

movement, and locomotor activity as well as preferences for spending time in 

the central or border regions were evaluated. 

Results. Overall, applying DBS in the olfactory bulb at both low and high 

frequencies decreased exploration time in the center and increased 

exploration time in the border for the rats. Furthermore, a higher intensity of 

HFS was more effective than a lower intensity of HFS in reducing anxiety or 

altering locomotor behavior. 

Conclusion. According to the results of the present study it may be suggested 

that applying DBS affects some aspects of the animals’ activity and therefore, 

the activity monitoring tests have to be done following DBS application. 
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INTRODUCTION 

According to the definition of the International 

Union against Epilepsy in 2014, epilepsy is a 

brain disease that is accompanied by multiple 

repetitive neurological and behavioral changes 

and often with cognitive disorders and 

psychological symptoms and social dysfunction. 

It is known that after stroke and Alzheimer's, it is 

the most common neurological disorder in 

humans (1, 2). Approximately 60 million people 

in the world (about 1% of the world's population) 

suffer from epilepsy (1, 3, 4), which seems to be 

more prevalent in poor and developing countries 

(5). In addition, approximately 20 to 30% of 

epilepsy patients do not respond to current 

antiepileptic drugs (6). The most common type of 

seizure in humans is complex localized seizures, 

which occur in about 40-50% of epilepsy patients. 

About 70-85% of complex localized seizures 

begin in the temporal lobe, especially in the 

hippocampus and amygdala, which is called 

temporal lobe epilepsy (TLE) (7). 

In epilepsy and in laboratory models of 

seizures, the excitability of the nervous system 

increases, and this increase in excitability is 

associated with abnormal synaptic strengthening, 

and if there is a solution to restore the excessive 

excitability of the nervous system and abnormal 

synaptic strengthening to the normal limit, it can 

be effective in the treatment of epilepsy. One of 
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these treatment methods is deep brain stimulation 

(DBS). 

Various areas of the brain are involved in 

seizures, among which the temporal lobe and the 

limbic system, including the hippocampus and its 

related areas, play a very important role (8-10). 

The hippocampus plays an essential role in the 

formation of long-term memory in humans (11) 

and spatial memory (12) in rodents. Severe 

damage to this area has been seen in temporal lobe 

epilepsy in humans (13) and rats (14). During a 

seizure, hippocampal neuronal connections with 

some brain regions play a role in the propagation 

and spread of convulsive attacks, including the 

olfactory bulb and the connecting areas between 

the hippocampus and the olfactory bulb. 

Anatomically, there is a bidirectional connection 

between the olfactory bulb and the hippocampus. 

A direct connection from the olfactory bulb to the 

hippocampus is established through the 

entorhinal cortex. Also, the connection from the 

hippocampus to the olfactory bulb is established 

both through the entorhinal cortex and through the 

projections sent directly from the pyramidal cells 

in the ventral hippocampus to the olfactory bulb 

(15). 

DBS quantities, which are selected based on trial 

and error methods or based on previous studies, 

include stimulation frequency, stimulation 

intensity, pulse duration, number of LFS 

stimulation packets, and stimulation application 

time (16-18) in different DBS protocols are 

different and play an important role in 

determining the effectiveness of DBS (6, 19, 20). 

In most of the studies, DBS is applied to the center 

of seizures (21-23), but other areas that are 

anatomically or functionally related to the center 

of seizures can also be considered as the place of 

DBS application and anticonvulsant effects can 

also be seen. However, so far, no area has been 

introduced as the best area for DBS application, 

and in this research, considering the role of the 

hippocampus in the development of seizures and 

its anatomical and functional relationship with the 

olfactory bulb, we considered the olfactory bulb 

as a potential location. The open field maze was 

initially developed in 1934 as a test to measure 

emotionality in rodents (24). It has attained the 

status of being one of the most widely used 

measures of behavior in animal psychology (25). 

It provides an easy and fairly rapid assessment of 

well-defined behaviors requiring no training to 

the test subject and little to no specialized training 

for the human administering the test. The open 

field test was first proposed to evaluate feelings 

and emotions, but this test is also used to evaluate 

behavioral responses such as motor activity and 

exploratory behavior and also to measure anxiety. 

Considering the possibility of DBS may change 

the animal movement activity, in this research, the 

effect of applying olfactory bulb DBS on the 

animal's behavioral characteristics in the open 

field test was investigated. 

MATERIALS AND METHODS 

Animals 

Under 12-h light/12-h dark cycle (lights on from 

8:00 a.m.–8p.m.) and free water and food, 39 

male Wistar rats (200-280 g, 2-4 months old) 

were held at temperature range of 22–25°C. They 

were kept separately after surgery. In accordance 

with the "NIH Guide for the Care and Use of 

Laboratory Animals", all experimental and 

animal care procedures were approved by the 

"Tarbiat Modares University Ethical Committee 

for Animal Research" (ethical approval code 

IR.MODARES.REC.1399.088). 

Surgery 

Rats were deeply anesthetized with a mixture of 

ketamine (100 mg/ kg) and xylazine 

hydrochloride (20 mg/kg) injected 

intraperitoneally. Each subject’s head was fixed 

carefully in a stereotaxic instrument and the skull 

exposed. Then a tripolar electrode, consisting of a 

bipolar stimulating electrode and monopolar 

recording electrode, was implanted in the CA1 

region of the right hippocampus (3.2 mm anterior 

to the bregma; 2 mm lateral to the right; and 2.3 

mm below dura) according to the Paxinos and 

Watson Atlas (26). Both left and right olfactory 

bulbs were implanted with bipolar stimulating 

electrodes (8.5 mm anterior to the bregma; 1.1 

mm lateral to both left and right; and 1.6 mm 

below dura). Electrodes were made from stainless 

steel, Teflon-coated wires with 127-micrometer 

diameter (A-M Systems, USA) and were 

insulated except for their tips. A monopolar 

electrode, which functioned as a reference 
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electrode, was connected to a stainless-steel screw 

positioned at the back of the left parietal bone. 

The outer end of the electrodes was soldered to 

the metal pins connected to a plastic multi-

channel socket as head stage. The socket was 

fixed to the skull with dental acrylic. Three 

stainless steel miniature screws were bolted to the 

skull as anchors. After surgery, rats were kept in 

separate cages for 10–15 days to pass the recovery 

period. 

Electric kindling model 

After the recovery period (10 days), the animals 

were placed in the registration box (30 cm x 30 

cm x 30 cm, made of transparent Plexiglas). A 

telecommunication socket implanted on the 

animal's head was connected to a flexible cable 

with a protective cover against noise, and then the 

animal was allowed to move freely in the 

recording box. Semi-fast kindling method is used 

to stimulate the animal. First, the threshold of 

subsequent discharge waves was determined for 

each animal. For this purpose, the CA1 area was 

first stimulated by a strong current of 30 μA. If 

subsequent discharge waves recorded (for at least 

15 seconds), this current intensity was known as 

the threshold current intensity. Otherwise, with 

10-minute intervals, the intensity of the current 

was gradually increased by 10 μA each time until 

the stimulation threshold was reached. This 

intensity was considered as the threshold intensity 

for creating subsequent discharge waves, and 

until the end of the kindling process, animals 

received stimulations with this intensity. In this 

method, the animals were stimulated with a 

monophasic square wave with a frequency of 50 

Hz, a pulse duration of 1 millisecond and for 2 

seconds (48). These stimulations were applied to 

the animal 6 times every day with time intervals 

of 20 minutes, and the convulsion phase and 

subsequent discharge waves were recorded at the 

same time. The behavioral stages of seizures were 

divided into five stages based on the classification 

of Racine (1972), which are: (1) mouth and face 

movements, (2) head movement up and down, (3) 

clonus of the front limb on the side Opposite to 

the stimulation site, (4) clonus of the front limbs 

on both sides and standing on both legs (5), 

standing on both legs and the animal falling. An 

animal that showed stage 5 seizures for three 

consecutive days was considered as a completely 

kindled animal. The intensity of the threshold for 

the generation of discharge waves following the 

actions and its effect on the convulsive quantities 

was investigated. Brain waves were recorded on a 

computer. 

Application of DBS in the olfactory bulb 

To examine the effect of DBS in the olfactory 

bulb on locomotor activity in open field test, 39 

fully kindled rats were randomly separated into 

three groups. The kindled rats in sham group only 

obtained kindling stimulation without any DBS, 

while kindled rats in other two DBS groups 

received 4 DBS packages at frequencies of 1 Hz 

(each package contained 4 trains of 200 pulses, 

0.1-ms monophasic square-wave pulses) or 130 

Hz (each package contained 4 trains of 26000 

pulses, 0.1-ms monophasic square-wave pulses) 

immediately after the last kindling stimulation 

when after-discharges were finished. The first and 

the second DBS packages were applied with 6-h 

interval. Then after 16-20 h later, the third and the 

fourth DBS packages were applied again with 6-

h interval. One day after DBS open field test was 

assessed.  

Open field test 

To investigate anxiety and locomotor behavior, 

we conducted the open field test using a device 

comprising a Plexiglas box with dimensions (60 

cm x60 cm x40 cm) and featuring a black floor 

and walls. The bottom of the box is segmented 

into 25 equal areas through square grid lines. 

Specifically, the area is divided into two regions: 

the center and the border. Traditionally, the 

central area consists of the middle 9 squares, with 

the remaining squares considered peripheral. 

The rats were introduced to the open field 

chamber, where they were given unrestricted 

movement within the designated quadrant of the 

maze for a duration of 10 minutes. Throughout 

this interval, tracking software captured their 

movements, encompassing total distance 

traveled, average speed, and preferences 

regarding time spent in the central or border 

regions. 
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Experimental groups 

  The groups used in different tests are as follows: 

A) Kindled group: the animals first undergo 

electrode implantation surgery and after ten days 

of recovery, they receive electrical stimulation 

with a threshold dose until they show stage 5 

seizures three times in a row, and the recording of 

field potentials after recovery, during Kindling 

takes place. Seizure quantities were also checked 

after kindling was completed. The open field test 

was performed after achieving a fully kindled 

state. B) Kindled + DBS group: animals first 

underwent electrode implantation surgery and 

after ten days of recovery, they received electrical 

stimulation with a threshold dose until they 

showed stage 5 seizures three times in a row. 

Field potentials were recorded after recovery, 

during kindling, after full kindling and after 

applying DBS. After 18 to 24 hours after applying 

DBS, seizure quantities were checked. Open field 

test was perfumed after fully kindled state.  

Statistical methods 

Data were expressed as mean ± SEM. Statistical 

analysis was performed using GraphPad Prism 

version 6.01 for Windows (GraphPad Software, 

USA). A one-way ANOVA with a Tukey’s post 

hoc test was done to compare the measured values 

from locomotor activity between different groups 

of animals. A Kruskal-Wallis test for 

nonparametric values was done to compare the 

measured parameters in the open field test 

between different groups of animals. For all 

analyses, p < 0.05 was considered the level of 

significance. 

RESULTS 

Effects of DBS of the olfactory bulb on 

locomotor activity 

Figure 1 has been shown the effects of low and 

high intensity of LFS and HFS on velocity and 

total travel distance of moving during the 10-min 

open field test. Analysis of ordinary one-way 

ANOVA of velocity (cm/s) (Kindled =3.52±0.53 

s, KLFS (Low Int) =4.20±0.78 s, KLFS (High Int) 

=4.02±0.46 s, KHFS (Low Int) =3.99±0.64 s, 

KHFS (High Int) =4.41±0.56 s) (Figure 1. A) and 

Travel distance (cm) (Kindled =2042±308.5 s, 

KLFS (Low Int) =2410±458.5 s, KLFS (High Int) 

=2332±269.8 s, KHFS (Low Int) =2401±340.9 s, 

KHFS (High Int) =2537±327 s) (Figure 1. B). 

Obtained results showed no significant 

differences between groups was done. 

Effects of DBS of the olfactory bulb on 

exploration time spent in the open field test 

Figure 2 has been shown the effects of low and 

high intensity of LFS and HFS on exploration 

time spent in center and border during the 10-min 

open field test. Results of Kruskal-Wallis test for 

nonparametric values of Center time (s) (Kindled 

=201.2±62.39 s, KLFS (Low Int) =112.1±64.60 s, 

KLFS (High Int) =126.9±52.94 s, KHFS (Low 

Int) =150.7±63.53 s, KHFS (High Int) 

=84.03±67.99 s) (Fig2. A) and Border time (s) 

(Kindled =398.08±62.39 s, KLFS (Low Int) 

=487.9±64.60 s, KLFS (High Int) =473.1±52.94 

s, KHFS (Low Int) =449.3±63.53 s, KHFS (High 

Int) =516±67.99 s) has been shown in Figure 2B. 

These results indicated no significant differences 

among experimental groups. Although, the effect 

Figure 1. Effects of DBS of the olfactory bulb were tested by the open field test. (A) The velocity moved. (B) The total 

distance moved. Results indicated no significant difference between groups. The Data are shown as mean ± SEM. 
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size showed large difference of exploration time 

spent in center between Kindled and all other 

experimental groups (K and KLFS (Low Int) 

cohen’s f =2.72, K and KLFS (High Int) cohen’s 

f =2.58, K and KHFS (Low Int) cohen’s f =1.59, 

K and KHFS (High Int) cohen’s f =1.98). 

Comparison of the low and high intensity of 

DBS in OB on exploration time 

Figure 3 has been demonstrated the comparison 

of low and high intensity of LFS and HFS with 

percent of Kindled, on exploration time spent in 

center and border during the 10-min open field 

test. Analysis of Kruskal-Wallis test for 

nonparametric values of Center time (s) (KLFS 

(Low Int) =51.62±33.12 s, KLFS (High Int) 

=63.09±26.31 s, KHFS (Low Int) =74.89±31.57 

s, KHFS (High Int) =41.76±33.79 s) (Fig3. A) and 

Border time (s) (KLFS (Low Int) =122.3±16.20 s, 

KLFS (High Int) =118.6±13.28 s, KHFS (Low 

Int) =112.7±15.93 s, KHFS (High Int) 

=129.4±17.05 s) (Figure 3. B) indicated no 

significant differences. Although, the effect size 

showed large difference of exploration time spent 

in center between both intensity of KLFS and 

both intensity of KHFS groups (KLFS (Low Int) 

and KLFS (High Int) cohen’s f =0.79, KHFS 

(Low Int) and KHFS (High Int) cohen’s f=2.30).  

DISCUSSION 

The results of this research showed that DBS of 

olfactory bulb at both frequencies decreased the 

exploration spent time in center zone and 

Figure 2. Effects of DBS of the olfactory bulb on exploration time spent in the open field test. (A) The exploration time spent 

in center. (B) The exploration time spent in border. Both frequencies decreased the exploration spent time in center zone and 

increased the exploration time in border zone in comparison to Kindled group. The Data are shown as mean ± SEM. 

Figure 3. Comparison of the Low and High intensity of DBS in olfactory bulb on exploration time. (A) The exploration time 

spent in center. (B) The exploration time spent in border. Higher intensity of HFS was more effective than lower intensity of 

HFS. The Data are shown as mean ± SEM. 
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increased the exploration time in border zone in 

comparison to Kindled group. However higher 

intensity of HFS is more effective. The data 

presented that using locomotor activity patterns 

might be a useful adjunct and an objective 

approach to assess distress. In the current study 

spending time in center zone in the open field 

paradigm was increased in kindled group. 

Appling DBS decreased this parameter. The 

center time maybe consider as an index of anxiety 

behavior, DBS may decrease the anxiety in 

kindled animals. Future studies need to determine 

the precise mechanism of DBS. 

The anatomical relationship between the 

olfactory bulb and piriform and the hippocampus 

is of special importance (27). The piriform cortex 

is a very prone area for epilepsy and has a lot of 

connection with the limbic and other areas of the 

cortex; therefore, specific anatomical and 

structural connections between these areas can 

lead to excessive abnormal synchrony as a result 

of seizures. The piriform cortex is part of the 

primary olfactory cortex and plays a role in 

olfactory processing and memory encoding. Also, 

the endopiriform nucleus is a multicellular mass 

inside the piriform cortex that plays a role in the 

production and propagation of seizures. Olfactory 

information from the olfactory bulb is mainly 

transmitted to the piriform cortex (28). 

Projections from the subiculum connect the 

piriformis to the hippocampus by forming a loop 

that returns to the piriform through the entorhinal 

cortex (29). As mentioned, the piriform cortex 

projects to the entorhinal region, and since the 

entorhinal region is the main source of afferents 

to the hippocampus, it confirms the close 

connection of the hippocampus with the olfactory 

system (30). Past studies show that in people 

whose epileptic focus is located in the 

hippocampus, there is a kind of dysfunction in 

smell processing, which is compared to people 

whose epileptic focus is outside the hippocampus. 

It is more significant and can be a result of 

disturbance in other areas prone to extra-

hippocampal epilepsy, such as the piriformis. 

Neuroimaging findings show the relationship 

between the piriform cortex and the 

pathophysiology of temporal lobe epilepsy (31, 

32). Studies show that high frequency stimulation 

(HFS) with a frequency of 60 Hz in the piriform 

cortex has an anticonvulsant effect (33). 

The observation of olfactory auras, meaning 

the false perception of smells that can be 

accompanied by cognitive and motor disorders, 

before the onset of behavioral manifestations of 

seizures in epileptic patients is proof of the 

importance of temporal lobe structures in human 

olfactory function (34). In a 2015 study by Jiang 

et al. on mice, it was shown that bilateral olfactory 

bulb ablation led to the development of epilepsy 

and spontaneous seizures (23). The function of 

the olfactory bulb is impaired in patients with 

temporal lobe epilepsy, and the volume of the 

olfactory bulb in these people is less compared to 

the control group. These results confirm the 

importance of the function of the olfactory system 

in epilepsy (35). Studies show that harvesting the 

olfactory bulb leads to disruption of cell growth, 

reduction of neuroplasticity in the hippocampus, 

as well as disruption of memory and learning (36). 

CONCLUSION 

According to the results of the present study it 

may be suggested that applying DBS affects some 

aspects of the animals’ activity and therefore, the 

activity monitoring tests have to be done 

following DBS application. 
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