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	ABSTRACT

	
	[bookmark: _Hlk94014869][bookmark: _Hlk94014580]Introduction: Olfactory system may be considered as a target for deep brain stimulation. In experimental researches, it is difficult to insert an electrode in the olfactory epithelium (OE) of laboratory animals, including mice, through nasal cavity. Therefore, it is necessary to find a method for insertion of electrodes in the OE. In the present study, we introduce a new method for electrode implantation in mice OE. 
Methods and Results: Male C57BL/6 mice, aged 3-4 months were used. Animals were anesthetized and a bipolar electrode was inserted into the OE through a hole on the nasal bone. Field potential recordings were made from right olfactory bulb and confirmed the electrode positions in OE, so that OE stimulation led to field excitatory post synaptic potentials (fEPSP) in olfactory bulb. In addition, considering the connection between olfactory system and hippocampus, the fEPSPs were also recorded from the right hippocampus after a longer synaptic delay. 
Conclusion: On the whole, we introduced a method for OE stimulation in mice as a common laboratory animal. This method may be suitable in deep brain stimulation (DBS) experiments in different animal models of neurological diseases.
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[bookmark: _Hlk90455871][bookmark: _Hlk73275145]INTRODUCTION
DBS is a surgical technique used to address various neurological conditions by implanting electrodes into specific brain regions [1]. DBS was first utilized primarily for treating movement disorders [2]. The FDA granted initial approval for DBS to manage essential tremors in 1997. Subsequently, it was approved for Parkinson’s disease in 2002, dystonia in 2003, and obsessive-compulsive disorder (OCD) in 2009 [3, 4]. Recently, researchers have explored its potential for the treatment of other neurological diseases [5]. In the past decade, DBS has been utilized to target various brain regions to treat a range of disorders, as detailed in Table 1. Given that several areas of the brain have been used as targets for DBS, in this study, we assessed the potential of the OE as a new DBS target.
The OE, located in the nasal cavity, contains sensory neurons that express approximately 1200 different olfactory receptors that detect odorant molecules. These olfactory receptor neurons innervate neurons in the olfactory bulb (OB), where odorant signals are initially processed before being relayed to higher brain centers. Neurogenesis takes place throughout life in both the OE and OB of rodents to replace neurons damaged by trauma or undergoing natural degeneration [6-11] .
Olfactory receptor neurons are bipolar neurons with cell bodies located in the middle layer of the OE, and their dendrites extend to the OB in the brain [12]. These neurons have a dual function, responding not only to olfactory stimuli but also to the airflow passing through the nose. They are capable of detecting both chemical and mechanical stimuli caused by airflow. The signal transduction pathway for both types of stimuli to the OB is the same, creating synchronicity in the activity of the OB and the breathing cycle [13]. Table 1. The DBS target for neurological disorders

The OB is a key brain region critically implicated in a range of cognitive functions [14-16], especially memory [17-19]. The OB is anatomically connected to other brain structures associated with memory processes; it is linked to hippocampal formation through the entorhinal cortex [20] and reciprocally receives direct synapses from the ventral region of the hippocampus [21]. Furthermore, OB and medial prefrontal cortex (mPFC) have structural and functional connections during cognitive performances [22, 23].
Anatomically, the lateral entorhinal cortex receives inputs from the OB and piriform cortex. The perforant pathway through the entorhinal cortex excites the dentate gyrus, CA1, and CA3, establishing a link between olfactory sensory regions and the hippocampus [24]. 
Disrupted connectivity in the olfactory bulb‑entorhinal cortex‑dorsal hippocampus circuit is associated with recognition memory deficit in Alzheimer’s disease model. On the other hand, Olfactory bulb has been considered a pivotal regulator of neural activity in the brain during cognitive performances [22]. Given the connection between the OE and the OB, as well as the association between the OB and the hippocampus - an area vital for memory and learning that is commonly affected by seizures and Alzheimer’s disease - our research explored the potential feature of electrically stimulating the OE. This study aimed to devise treatments for conditions linked to neurodegenerative diseases that do not require the implantation of electrodes in deep brain areas. 
MATERIALS AND METHODS
Animals 
Five adult male C57BL/6 mice, aged 3-4 months and weighing 20–25 g, were procured from the Tarbiat Modares University in Tehran, Iran. They were housed in a controlled environment with a temperature of 21±2°C, a 12-hour light-dark cycle, and unrestricted access to food and water.
Stereotaxic surgery 
Mice were anesthetized with an intraperitoneal injection of ketamine/xylazine (100 mg/kg ketamine and 10 mg/kg xylazine). An additional dose of anesthesia was administered 45– 50 minutes after the initial dose in response to the reduced anesthetic effect of ketamine/xylazine. The booster dose consisted of half the original amount, specifically ketamine at 50 mg/kg and xylazine at 5 mg/kg. The anesthetic booster dose did not cause cardiorespiratory arrest in any of the subjects.
The stereotaxic frame and necessary materials were prepared and sterilized. After evaluating the depth of anesthesia using withdrawal reflexes from tail and toe pinches, the animal was securely positioned in the stereotaxic frame by fixing its head between ear bars. Mice were securely held in a stereotaxic frame (Stoelting, USA). Next, the tongue of the mice was gently retracted to the side using forceps, and the incisor bar was carefully placed between the upper and lower jaws. To expose the skull, the top of each animal’s head was shaved using sharp scissors. The surgical site was rubbed with ethanol. Finally, an ophthalmic ointment was applied to prevent dry eye.
A surgical incision was made with a blade from the back to the front, starting at the base of the skull and extending between eyes. The incision for clearance of the OE continued to the front of the nasal suture. Holders were then used to carefully remove the skin from the incision site. Sterile swabs were used to expose the skull (Figure 1A). The exposed skull surface was then dried to improve the visibility of the bregma and other cranial sutures.
A syringe needle tip was used to identify and mark two reference points: bregma, located at the intersection of the sagittal suture with the coronal suture, and lambda, situated at the intersection of the sagittal suture with the lambdoidal suture (Fig1A). The coordinates for the anteroposterior (AP) and mediolateral (ML) positions of both points were documented. To determine the AP difference between bregma and lambda (APBregma − APLambda), the AP coordinates of bregma were subtracted from the AP coordinates of lambda. If the resulting value is 4.21±0.51, no correction coefficient (CC) is necessary. However, if the value falls outside this range, CC should be applied to ascertain the desired location coordinates.
The desired location for recording was the right hemisphere. According to Paxinos and Franklin's Mouse Brain atlas, the coordinates for the right dorsal hippocampus (CA1) was AP= -2, ML= +1.7, DV= 1.6; for the right ventral hippocampus (CA1), the coordinates were AP= -3.8, ML= +3.6, DV= 3.4; for the OB, the coordinates were AP= -4.7, ML= +1, DV= 1 (all coordinates from the dura mater). According to Karalis et al., 2022 [48], the coordinates for OE was AP: + 3 mm from the nasal fissure, ML: + 0.5 mm from the midline (Fig1). In this study, we confirmed the coordination of the OE by 1) Pontamine sky blue injection, 2) evoked field potential recording, and 3) histological study.
Electrode insertion procedures
First, we determined the coordinates of the dorsal hippocampus, ventral hippocampus, OB, and OE and then inserted the reference electrode. The coordinates are determined and marked according to the location of the original bregma. A hole was created at the marked site by using a dental micromotor hand drill (Fig1B). Saline was used to maintain hydration of the exposed dura mater.  
Next, the syringe needle tip was replaced with a monopolar stainless-steel electrode on the right arm of the stereotaxic frame. The electrode was positioned at the right dorsal hippocampal CA1 region. Using the dorsoventral axis (DV), the electrode holder was lowered until the tip of the electrode touched the dura mater surface. The DV values were recorded and calculated. The recording electrode was slowly advanced into the brain until it reached the calculated depth, and then secured with a small amount of epoxy glue. The procedures for the ventral hippocampus and OB were identical (Fig1C and D). However, after inserting the electrode into the OB, we intentionally did not secure it using epoxy glue. This decision was made to accurately calculate the correct site of the OB electrode, particularly after applying stimulation to the OE. 
A stimulation electrode (bipolar electrode) was placed in the OE. However, we inserted the electrode on top of the nasal bone, and the determination of the exact placement of the electrode depended on the fEPSP magnitude in the OB and the dorsal and ventral hippocampus. Figure 1. Coordination of the specific area in the brain. The presentation of lambda, bregma, and nasal sutures (NS) (A). The placement of the reference electrode (a), and electrodes in the dorsal hippocampus (b), ventral hippocampus (c), OB (d), and OE (e) (B and C). Positioning of mice on the stereotaxic device during evoked field potential recording (D).

[bookmark: _Hlk168148600]Pontamine sky blue (PSB) injection 
PSB is used as a marker in physiological and pharmacological experiments in biomedicine, and for histological applications [49]. In this study, PSB was initially injected into the OE. To determine the location of the OE, we utilized the coordinates provided by Karalis et al. [48]. After injection, the mice were decapitated and the injection site was confirmed (Figure2A and B).
RESULTS
Field potential recording 
Field potentials were recorded from the OB, dorsal hippocampus, and ventral hippocampus. For stimulation, we used a bipolar stainless-steel Teflon-coated electrode (A–M Systems, USA) placed on the OE. Additionally, three monopolar recording electrodes (stainless steel, Teflon-coated, A–M Systems, USA) were positioned in the OB, dorsal, and ventral hippocampus. The signals from the recording electrodes were amplified using an ME208300 amplifier (Nihon-Kohden, Japan) and visualized using a custom-made software called Potentialize (developed by ScienceBeam Co., Iran). Initially, we stimulated the OE and recorded it in the OB. The optimal placement of both the OE and OB electrodes was determined using a paired-pulse protocol. We adjusted the position of the OB electrodes and placement of the OE electrodes until we observed the best fEPSP (Fig3). Figure 2. Sagittal view of olfactory epithelium and injection place. The representation of OE after PBS perfusion and schematic placement of OE electrode (A). Confirmation of OE coordination by pontamine sky blue injection (B).
Figure 3. Evoked field potential recording of the olfactory bulb through olfactory epithelium stimulation. After insertion of the electrode into the OE, we recorded fEPSP from the OB. Initial OE coordination was confirmed, followed by a change in the placement of the OB electrode to confirm its position.

Lidocaine administration into the OB
[bookmark: _Hlk168149731]After confirming the placement of the stimulating and recording electrodes, 1 μL of lidocaine 2% (Caspian Tamin, Iran) was injected into the OB. The infusion was administered using a micro-syringe pump (WPI, UK) via a 30-gauge cannula attached to the OB electrode (Fig4A) for 5 min. Before lidocaine infusion, we stimulated the OE and recorded fEPSP in the OB as a baseline for 20 min. Following lidocaine infusion, we continued recording for an additional 35 min after turning off the micro syringe pump (Fig4B). 
Recording fEPSP in OB, dorsal and ventral hippocampus after olfactory epithelium stimulationFigure 4. Lidocaine administration into the OB. A stainless steel electrode connected to an injection needle (A) was inserted into the OB. The stimulated electrode was placed on the OE. Initially, baseline fEPSP was recorded, followed by the injection of Lidocaine 2%, 1 μl into the OB over 5 minutes. As shown in part B, the fEPSP slope decreased. The effect of Lidocaine was reversed after 15 minutes, and the recording continued for 35 minutes.

OE was subjected to stimulation once more after the effect of lidocaine had dissipated, and the response magnitudes returned to baseline levels. Concurrently, the OB and dorsal and ventral hippocampal responses to OE electrical stimulation were recorded. In addition to OB, we observed fEPSP in the ventral and dorsal hippocampi after OE stimulation. The figure clearly illustrates that the latency in the dorsal hippocampus exceeds that in the ventral hippocampus, which in turn is longer than the delay observed in the OB (Fig5). Figure 5. Evoked field potential recording of the OB, dorsal, and ventral hippocampus through olfactory epithelium stimulation. fEPSPs were simultaneously recorded from the OB, dorsal, and ventral hippocampus by OE stimulation.

DISCUSSION
In this study we used three methods to confirm and optimize the placement of stimulating electrode in the OE. We first injected pontamine blue to verify the coordination of OE. Next, we achieved the optimal coordination of OE and OB using a paired-pulse protocol and adjusting the electrode placement to achieve the highest fEPSP slope. Furthermore, we verified that fEPSPs were evoked in response to OE neuronal activation using lidocaine injection into the OB and reducing the fEPSP slope.
DBS is a surgical technique that involves implanting electrodes into specific brain regions to treat various neurological conditions. DBS received FDA approval for essential tremors, Parkinson’s disease, dystonia, and obsessive-compulsive disorder. Recently, researchers have explored DBS for other neurological diseases, targeting different brain regions [1, 42].
This study focuses on the OE as a potential new target for electrical stimulation. The OE is connected to the OB which plays a role in cognitive functions, memory, and learning associated with the hippocampus. Sensory neurons in the OE have olfactory receptors that respond to odorant molecules and airflow, signaling to the OB for processing. The OB, in turn, is linked to memory processes and connected to brain structures like the hippocampus [6-11].
Anatomical and electrophysiological findings indicate a functional relationship between the OB and the hippocampus, which is mediated by the lateral olfactory and perforant pathways. The fibers from the lateral OB project to the molecular layer of the lateral entorhinal cortex, where they synapse with pyramidal and stellate cells. These fibers then continue into the hippocampus [50]. Mitral cells in layer I of the entorhinal cortex send axons that synapse with the apical dendrites of stellate cells in layer II, pyramidal cells in layer III, and non-pyramidal GABAergic cells in layer I. Stellate cells in layer II of the entorhinal cortex project to the molecular layer of the dentate gyrus via the temporoammonic pathway, while pyramidal cells in layer III reach the CA1 region through the perforant pathway [50].
Considering that the entorhinal region receives input from the piriform cortex (PC) and is a major source of hippocampal afferents, these observations support the longstanding view that the hippocampus is closely related to the sense of smell [51]. Additionally, ventral hippocampus is connected to circuits related to emotion, as it receives olfactory inputs [52]. The CA1 region of the hippocampus sends numerous fibers to the anterior olfactory nuclei and the OB on the same side [53]. In rat brain, direct fibers from pyramidal cells in the ventral CA1 region of the hippocampus and the entorhinal cortex project to the granule cell layer of the OB, forming a single-synaptic feedback pathway [54]. Furthermore, the OB has a direct connection with the PFC and the peri-limbic part of the PFC through the anterior olfactory nuclei in the olfactory pathway [55].
By investigating electrical stimulation of the OE, this research aims to develop treatments for neurodegenerative conditions without the need for deep brain electrode implantation. This approach could offer a less invasive alternative for patients with such disorders.
CONCLUSION
Given that electrical stimulation of the OE induced field excitatory fEPSPs in the OB, dorsal hippocampus, and ventral hippocampus, it is possible that OE stimulation may alter synaptic plasticity and, subsequently, impact learning and memory in rodents with memory deficits or seizures.
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Target s  Disorder s  Ref .  

Globus pallidus internal segment (GPi)  or subthalamic nucleus (STN)  Alleviating motor symptoms of some neuromotor  disorders including Parkinson’s disease.  [25, 26]  

Thalamus (VPM, MCS, VPL, CM, PLIC,  PVG), anterior pulvinar, VTA  Reduce (chronic) pain  [25 - 31]  

Nucleus accumbens (NAc)  Trea tment - resistant depression , addiction, anorexia,  obsessive - compulsive disorder (OCD), and schizophrenia  [32 - 36]  

The internal capsule and the caudate,  s ubthalamic, accumbens  Nuclei  obsessive - compulsive disorder  ( OCD )  [37 - 39]  

The lateral habenula and subcallosal  area  Anorexia, Treatment - resistant depression   and  schizophrenia  [40]  

The amygdala  Post - traumatic - stress - disorder (PTSD )  [40]  

Globus pallidus external segment (GPe)  Insomnia  [41]  

The fornix  Alzheimer’s disease, traumatic brain injury, Rett  syndrome and epilepsy  [1, 42]  

Ventral posterolateral nucleus of the  thalamus (VPlN), the periaqueductal  and   periventricular grey matter (PAG,  PV G)  Neuropathic pain  [43 - 45]  

Globus pallidus internal segment GPi  Huntington’s disease and Tourette’s syndrome  [46, 47]  
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