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Investigation of protective effects of olanzapine on impaired learning and memory using behavioral tests in a rat model of Alzheimer’s disease
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Introduction: Evidence suggests that oxidative stress plays a critical role in the pathogenesis and progression of Alzheimer’s disease (AD). Consequently, antioxidants may mitigate neurotoxicity induced by beta-amyloid (Aβ) and potentially reduce cell death. Previous research has demonstrated that olanzapine (OLZ) possesses antioxidant and neuroprotective properties. In this study, we investigated the protective and therapeutic effects of OLZ on an animal model of AD induced by Aβ using behavioral assessments.

Methods: Rats were randomly assigned to one of five groups (n = 10 rats per group): a control group, a sham group that received an intracerebrovascular (ICV) injection of phosphate-buffered saline (the solvent for Aβ), an AD group that received an ICV injection of Aβ, an OLZ group that received OLZ via gavage for two months, and an AD + OLZ group that received OLZ for one month before and one month after AD induction.

Results: We used the Elevated Plus Maze (EPM), Novel Object Recognition Test (NORT), Barnes Maze (BM), Passive Avoidance Test (PAT), and Morris Water Maze (MWM) to assess behavioral performance in the experimental rats. Aβ administration impaired cognition and increased anxiety-like behavior. Treatment with OLZ improved cognitive decline and reduced anxiety-like behavior in Aβ-infused rats.

Conclusion: Our findings suggest that OLZ can restore cognitive performance and alleviate anxiety-like behavior following Aβ injection. Thus, OLZ may have both preventive and therapeutic potential for AD and could be considered a viable pharmacological option.
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Introduction

Alzheimer’s disease (AD) is the most common type of memory impairment that leads to damage to the nervous system (Zhu et al., 2013). AD is the sixth leading cause of death and the fifth leading cause of death in people over the age of 65 (Reitz, 2012). A study of the prevalence of AD in the United States showed that the number of older people with AD increased from about 4.7 million in 2010 to almost three times in 2015, which will also face an increasing trend by 2025 because the population of the elderly is increasing (Weuve et al., 2015). AD is a chronic neurodegenerative disease that slowly causes irreversible damage to neurons, resulting in a gradual decline in cognitive and memory abilities (Zhu et al., 2013). The disease worsens over time and is the cause of 60–70% of dementia. The most common symptom of the disease is difficulty in remembering recent events (short-term memory loss). As the disease progresses, the symptoms include language problems, impaired awareness of the three dimensions of time and place and person, mood swings, loss of motivation, inability to take care of yourself, and behavioral issues (Brown et al., 2009). Although the pathological and clinical signs of AD have been identified, the exact cause remains unknown, and this uncertainty hinders the effectiveness of preventive or curative processes for the disease (Reinke and Gestwicki, 2011). At the pathological level, patients suffer from beta-amyloid (Aβ) plaque deposition, disrupted formation of neurofibrillary tangles, synaptic dysfunction in areas involved in learning and memory, and disruption in other cognitive functions in the brain. To date, loss of synapses and neuronal death have been identified as responsible for most AD symptoms (Terry et al., 1991). There are currently several competing hypotheses to explain the cause of this disease, including genetic and cholinergic factors, Aβ, Tau, and oxidative stress (Behl, 1999; Butterfield et al., 2007; Liu et al., 2019; Pohanka, 2014).

The central nervous system (CNS) is highly susceptible to oxidative damage due to its high amount of unsaturated fatty acids. In contrast, its antioxidant system is weaker than other organs (Reddy et al., 2010). Oxidative stress markers can be seen even earlier than pathological changes in AD, and Aβ peptide seems to be the main factor in the formation of these markers (Butterfield and Boyd-Kimball, 2004). Tissue culture experiments and initial studies have shown that Aβ is highly toxic to neurons and can cause complete neuronal death after exposure of the cells to it for 24 h. Evidence suggests that neuronal death is due to apoptosis and the oxidative effects of Aβ. Evidence suggests that intraneuronal Aβ can enter the mitochondria, disrupt the electron transport chain, and produce reactive oxygen species (ROS), including hydroxyl (OH) superoxide (O2), and hydrogen peroxide (H2O2) radicals (Grundke-Iqbal et al., 1986; O’brien and Wong, 2011; Praticò et al., 2002; Wang et al., 2013). Chronic exposure to this peptide causes the release of chemokines and some harmful cytokines, such as interleukin (IL)-1 beta, IL-6, IL-8, tumor necrosis factor-alpha (TNF-α), and the inflammatory protein macrophage 1 alpha (Murgas et al., 2012). In this regard, it has been reported that IL-1 alpha and IL-1 beta are important proinflammatory cytokines in the brain of AD patients (Dursun et al., 2015).

ROS and reactive nitrogen species (RNS) via lipid peroxidation of cell membranes and organelle membranes produce hydroxynonal and malondialdehyde (MDA) toxins (Perry et al., 2011). Lipid peroxidation of the membrane also promotes the phosphorylation of tau protein and its accumulation to form neurofibrillary tangles (Avila, 2006). Oxidative stress has been shown to play an important role in cognitive disorders, such as AD (Grundke-Iqbal et al., 1986; O’brien and Wong, 2011; Praticò et al., 2002; Wang et al., 2013). Thus, antioxidants may reduce neurotoxicity induced by Aβ and reduce cell death, leading to improved cognitive impairment and memory due to AD (Aliev et al., 2008). Increased sensitivity to oxidative stress and inflammation in the elderly brain may lead to cognitive impairment; however, daily intake of antioxidants and anti-inflammatory agents can greatly delay oxidative damage to nerve tissue and may have a tremendous impact (Johnson, 2012).

Olanzapine (OLZ) is one of the new atypical antipsychotic drugs (including risperidone, quetiapine, sertindole, and OLZ) and one of the drugs of the thienobenzodiazepine group (Figure 1). It is effective in treating schizophrenia, psychosis, and anxiety. The mechanism of its antipsychotic effect is due to its antagonistic properties on serotonin 5-HT2A and 5-HT2C receptors as well as dopamine D1-D4 receptors and the inhibition of the reuptake of serotonin and dopamine at the presynaptic end of CNS nerves. In addition, it has a slight affinity for GABA-A and adrenergic receptors and inhibits them. Anticholinergic properties of this drug have also been observed. OLZ binds to muscarinic (M1–M5) and histamine (H1) receptors, as well (Johari et al., 2013; Leinonen et al., 2005).
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FIGURE 1
The experimental timeline. Following 30 days of olanzapine administration (OLZ; 10 mg/kg) in experimental groups, to generate a rat model of Alzheimer’s disease (AD), the rats were anesthetized and ICV injection of 5 μL Aβ was conducted. Afterward, OLZ was re-administered by daily oral gavage for 30 days. The animals’ behavior was then investigated using an elevated plus maze (EPM), novel object recognition test (NORT), Barnes maze (BM), passive avoidance task (PAT), and Morris water maze (MWM).


OLZ has antioxidant properties and is used to treat patients with schizophrenia. Treatment with OLZ for 2 months significantly (37%) increased total antioxidant capacity (TAC) and decreased MDA (22.2%), indicating its antioxidant properties (70). OLZ has also been shown to have direct effects on intracellular mechanisms that affect cell death through apoptosis. OLZ increases the expression of superoxide dismutase (SOD) and decreases the expression of neurotrophin p75 in PC12 cells. Increasing SOD and decreasing p75 can reduce cell death in cell culture systems (Csernansky et al., 2006). In vitro, OLZ exerts its antioxidant effects by modifying O2. Thus, patients with schizophrenia treated with OLZ were at lower risk for free radical damage (Dietrich-Muszalska et al., 2013; Singh et al., 2008). Treatment of psychiatric patients with OLZ in the first episode of the disease for 24 weeks increased SOD activity to normal values. Evans et al. also showed that in patients with schizophrenia treated with atypical antipsychotic drugs, such as risperidone, clozapine (CLZ), and OLZ, plasma levels of antioxidant enzymes improved and plasma levels of lipid peroxide decreased (Evans et al., 2003). In this regard, Brinholi et al. (2016) reported that CLZ and OLZ are more effective antioxidants than haloperidol (HAL), quetiapine, risperidone, and ziprasidone in vitro.

OLZ exhibits a range of effects on anxiety, learning, and memory, which appear to depend on factors such as treatment duration, sex, and experimental conditions. Studies demonstrate its anxiolytic properties in both clinical and preclinical settings. For instance, patients receiving OLZ showed significant improvements in anxiety ratings compared to bromazepam (Moretti et al., 2004), and preclinical studies have shown its intrinsic anxiolytic properties independent of its antipsychotic effects or influence on motor functions (Mead et al., 2008). However, findings in the open field and light/dark box tests indicate a sex-dependent impact, with decreased anxiety in males and increased anxiety in females (Lockington and Hughes, 2021). Additionally, the anxiolytic effect was observed acutely in stressed rats but diminished with chronic treatment (Locchi et al., 2008). Regarding learning and memory, results are somewhat mixed. OLZ impaired performance in the Morris water maze in naïve mice (MutluO, 2011), while other studies reported no significant effect on acquisition, consolidation, or retrieval in the step-through test (Hou et al., 2006). Interestingly, OLZ improved spatial learning in the Morris water maze task and showed superior performance in Barnes maze trials compared to lipopolysaccharide-treated groups (Tachi et al., 2021). These findings suggest that while OLZ may generally improve spatial learning and possess anxiolytic effects, its impact is nuanced and influenced by treatment length, sex, and baseline stress conditions.

OLZ also has neuroprotective properties (Brinholi et al., 2016; Dakhale et al., 2004; He et al., 2004; Onder et al., 2013). On the other hand, studies have shown conflicting results regarding the effect of OLZ on memory impairment and AD (Kennedy et al., 2005; Kennedy et al., 2001; Larson and McCurry, 2007; Rankin and Layne, 2005; Schatz, 2003). However, there is still debate whether OLZ can be used as a preventative or therapeutic agent for neurodegenerative diseases, including AD. In this study, OLZ was considered as a protective compound (neuroprotective and anti-neuroinflammatory agent, oxidative stress reducer, and neurogenesis stimulant) against AD, and it was tried to find whether this compound can have protective effects on neurons in AD rats or can prevent memory and learning disorders in AD rats. Therefore, the practical purpose of this study was to investigate the neuroprotective role of OLZ in AD and find a cost-effective treatment with fewer side effects.



Materials and methods


Animals

In this experimental study, 50 male Wistar rats weighing 250–280 g were obtained from the animal house of the Hamadan University of Medical Sciences. Sufficient water and food were provided to the rats during the experiments. A temperature of 20 ± 2°C, a humidity of 50–60%, and a 12:12-h light: dark cycle (from 7 a.m. to 7 p.m.) were considered. For 1 week, the animals were handled daily to avoid the stress of catching and working with them during the test. The treatment procedures and the protocols of animal health surveillance were by the Veterinary Ethics Committee of the Hamadan University of Medical Sciences, based on the National Institutes of Health Guidelines for studies involving animals (NIH Publication 80–23, 1996).



Experimental design

After acclimatizing the rats to the environment, we randomly divided the animals into the following groups:

Control group: normal control rats.

Sham group: This group underwent surgery and received the solvent of Aβ instead of Aβ (ICV injection of 5 μl phosphate-buffered saline).

OLZ (Sigma-Aldrich, European Pharmacopoeia) group: This group received OLZ at a dose of 10 mg/kg orally by gavage (2 months) without surgery.

AD group: This group underwent surgery and received Aβ (ICV injection of 5 μL Aβ) for the induction of AD.

AD + OLZ group: This group underwent surgery and received Aβ (ICV injection of 5 μL Aβ) and OLZ 1 month before surgery and 1 month after surgery.

OLZ was dissolved in normal saline as a vehicle, immediately before use from 9 to 10 am. All behavioral tests were performed between 10 and 12 a.m. The experimental timeline is shown in Figure 1.



Aβ injections and induction of Alzheimer’s model

Before using of Aβ1–42 (Tocris Bioscience, Bristol, United Kingdom), it was dissolved in 100 μL of PBS and incubated at 37°C for 7 days. For AD induction, the animals were first anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). After anesthesia, the animals were placed in a stereotaxic device and the ear bar of the stereotaxic device was placed inside the animal’s ear, and after observing the ocular reflex, the head was fixed in the device. The scalp was shaved and the surface of the skull was exposed. Aβ1–42 (5 μL) was injected unilaterally into the brain by stereotaxic surgery using Paxinos and Watson atlas (the coordinates of the appendix: 2 mm lateral to the midline, 1.2 mm posterior to bregma, and 4 mm ventral to the surface of the cortex) through a Hamilton syringe in the cerebroventricular region (Azadeh et al., 2016; Figure 1). To prevent brain damage, the injection was given slowly for 20 min. For better deposition of Aβ, the Aβ administration was performed in three 5-min periods with 2-min breaks between them. After the ICV injection, each animal spent some time in individual cages, then after return to the home cage. It takes 2 weeks to develop an AD model (Ahmadi et al., 2021; Asadbegi et al., 2018).



Evaluation of behavioral functions


Elevated plus maze

To evaluate the animal’s anxiety-like behavior, EPM is used. The device is a maze made of wood, which is 50 cm away from the floor and consists of two open and two closed arms that are facing each other. The maze has two black open arms (with no walls) with dimensions of 30 × 10 cm and two closed arms with dimensions of 30 × 15 × 10 cm (with a wall) black. For 10 min before the experiment, each animal was placed on an elevated plate in an unfamiliar environment to reduce accidental errors in entering the arms. At the beginning of the experiment, the animal was placed in the center of the maze, with the direction of the animal’s head toward the close arms. Entry into each arm is when the animal has all four paws in the arm (94). The test lasts for 10 min and is done only once for each animal. After each experiment, the maze was cleaned with 70% ethanol alcohol. The EPM was also located under a CCTV camera, and the animal’s behavior in the maze was transmitted to the computer by a camera and saved to analyze the data.

Rats tend to be curious about the new environment and maze arms when they are located in the maze. The animal explores the new environment or escapes from the new environment. Due to the height of the maze from the ground, the shape of the open arms, the fear, and anxiety of falling from these arms, rats are less likely to enter and remain in the open arms. In addition, in the EPM, the animals actively avoid open arms. Thus, the open arm entrance is a measure of anxiety, while entry into the closed arm is an indicator of the animal’s general activity. Known anti-anxiety agents are able to increase the tendency of an animal to enter and remain in open arms (Clement and Chapouthier, 1998). At the end of each test, maze was cleaned with 70% ethanol to eliminate olfactory cues.



Novel object recognition test

It is a suitable model for examining the tendency of rodents to look for new objects in comparison with old objects that they are familiar with, which also examines diagnostic memory and the rate of searching behavior in rodents. The test has steps, including adaption to an empty container, getting acquainted with two identical objects on the 1st day, and the testing step on the 2nd day. The time elapsed to detect each object (object exploration time) and the time elapsed next to the new object (new object exploration time) are measured in this test. NORT is a simple learning test with the least motivational components that use rats’ innate tendency to spend more time exploring newer objects than more familiar ones. It is a benchmark for cognitive memory in rodents and works based on hippocampal integrity (Winocur and Greenwood, 1999).

In this study, large cubes (due to their high weight that cannot be moved when rats are examined), of the same material and free of any rust (because rust could be a visual sign for rats) were used as objects. The cubes were placed inside a wooden chamber with a length and width of about 40 × 50 cm and a height of 40 cm with a dull color (to isolate the inside of the chamber from the outside and reduce the impact of environmental factors). The light of the chamber was also adjusted so that no shadow was created. Objects were thoroughly washed between the steps to eliminate olfactory symptoms. The time spent next to each object was measured by a timer. Animals were and trained tested in three phases: (1) Adaptation to the empty chamber, (2) Familiarity phase with two identical objects, and (3) Test phase (test day) for 2 consecutive days. On the 1st day, each animal was placed in an empty chamber for 10 min to become familiar with the new environment. On the 2nd day, first, two identical objects were placed diagonally in the two corners of the chamber, and then each animal was placed in the chamber for 10 min. On the same day, at an interval of 6 h, each animal was placed for 10 min in a chamber where one of the cubes was replaced with a new object, while the procedure was filmed with a camera.

During these 10 min, the animal searching time for the familiar and the new objects was measured and recorded with a timer. The exploratory behavior was defined as being within a 2 cm radius of the object and checking it by staring, smelling, and touching. The exploration ratio, as a time index for detecting a new object, was calculated by dividing the searching time for the new object by the total searching time for the familiar and new objects (Ganji et al., 2017). At the end of each test, the objects and device were cleaned with 70% ethanol to eliminate olfactory cues.



Barnes maze

The BM test also is used to measure spatial memory. This maze consists of a dark circular platform that is 120 cm in diameter with a height of 90 cm from the floor and consists of 20 holes (10 cm in diameter) that are located in a circle at the edge of the platform. The target hole of this system is connected to the escape box (10 × 10 × 15 cm3). The stimulus is a loud buzzer sound of 80 dB, which is 50 cm away from the device. All test sessions were recorded with a video camera. In the habituation session, the animals were given the opportunity to freely discover the device for 180 s before entering the escape box. Training sessions were held immediately after the habituation session for 3 days. If the rat did not reach the target hole, the experimenter directed the animal toward it at the end of the experiment. Animals remained in the escape box for 60 s. On the 4th day, spatial learning retrieval was assessed using a method similar to training experiments. Delay in reaching the target hole on training days, distance traveled, and the number of errors to reach the target area were recorded (Barnes, 1979; Kim et al., 2017).



Passive avoidance test

The PAT is a device to measure passive avoidance learning and memory, which is a rectangular box with dimensions of 20 × 20 × 40 cm and has two light and dark parts and a 60-watt lamp illuminates the light part. The two parts are connected by a hatch closed by a 7 × 9 cm guillotine door. At the bottom of the two parts, there are metal rods that are 1 mm in diameter and spaced 1 cm apart. An electric shock is applied through the rods by a stimulator to the animal’s feet in the dark part. This test is performed in three steps.



Adaptation stage

At the end of the treatment period, the animals were placed in the PAT. To make the animal familiar with the device, each animal was placed in the light part and after 30 s, the door was opened. According to the natural inclination to the dark environment, the animal entered the dark part. After closing the door and 30 s after being in the dark part, the animal was taken out and 30 min later, these steps were repeated.



Training procedure

To perform the learning test, 30 min after the second stage of adaptation, the animal was placed in the light compartment for 30 s, and then the guillotine door was opened. The delay in entering the dark part (step-through latency in the acquisition phase; STLa) was recorded for each animal at this stage, and then after the animal entered the dark part completely, the door was closed and a weak electric shock with an intense of 0.4 mA and frequency of 50 Hz was applied for 1.5 s through the metal rods. After 30 s, the animal was taken out from the dark part and this process was repeated after 2 min. When the animal avoided entering the dark part for 120 s, the learning test ended, otherwise, it received another shock after the animal entered the dark area again. Thus, the number of shocks that each animal received before avoiding entering the dark (the number of trials to acquisition) part was considered an indicator of the animal’s learning.



Retention test

To perform the memory test, 24 h after the learning test, the animal was placed in the light part and 30 s later, the guillotine door was opened and the animal’s behavior was evaluated for 300 s. During retention time, step-through latency (STLr) and time spent in the dark compartment (TDC) were measured and compared between groups.



Morris water maze

The MWM is used to assess spatial learning and memory in animal models (Rezvani-Kamran et al., 2017; Zarrinkalam et al., 2018). MWM consists of a circular pool (height: 65 cm, diameter: 185 cm) filled with water (25 ± 1°C) to a depth of 45 cm. The pool (painted black) is divided into four equal quarters with four starting points as east (E), west (W), north (N), and south (S). An escape route (an invisible platform 10 cm in diameter) is located 1.5 cm below the water level in the center of the northern quarter. The training phase was performed between 10:30 in the morning and 12:30 in the afternoon for 4 days, including two sections with four experiments. The rats of all groups were allowed to swim in the pool for 60 s from the starting points (E, W, N, and S) to reach the hidden platform. The rats remained on the platform for 30 s after being identified. In this method, an experimental interval of 5 min was also considered. A video camera above the tank connected to an exploration system recorded the requested parameters, including the escape delay to reach the hidden platform and the distance traveled by the swimmer. The platform was removed from the pool on day 5 and the animals swam for 1 min, and then the probe trial was done. In this stage, the elapsed time in the target quarter was recorded (Asadbegi et al., 2017; Zarrinkalam et al., 2016).




Statistical analysis

Behavioral data from training phase of BM and MWM were analyzed by two-way analysis of variance (ANOVA) with repeated measures (fixe factors: treatment and within-subjects factors: day) followed by Tukey’s post-hoc test. Other behavioral data underwent one-way ANOVA. All data were tested for normal distribution with quantile-quantile (Q-Q) plot.

Statistical analysis was run in GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA, United States). The results were expressed as mean ± the standard error of the mean (S.E.M.) and a p-value less than 0.05 was considered as the level of significance.




Results


OLZ can alleviate anxiety-like behavior following Aβ injection in the EPM test

As shown in Figure 2B, there were no significant differences in the total number of arm entries (open + closed arms) among the groups (p > 0.05). However, the AD group exhibited a significant decrease in the number of open-arm entries compared to the sham group (p < 0.001, Figure 2A). Similarly, the time spent in the open arms was significantly less in the AD group compared to the sham group (p < 0.01, Figure 2D), indicating anxiety-like behavior in the AD group animals. The AD + OLZ group showed a significant increase in the number of open-arm entries compared to the AD group (p < 0.05).
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FIGURE 2
Anexity-like behavior was assessed using EPM. The number of open arm entries (A), number of total arm entries (B), time spent in central zone of maze (C), time spent in open (D), and closed arms (E). All data are presented as mean ± SEM (one-way ANOVA, Tukey post-hoc test, n = 10). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the sham group. #p < 0.05 compared to the AD group.


A significant increase in the time spent in the closed arms was observed in the AD group compared to the sham group (p < 0.05, Figure 2E). There was no significant difference in the time spent in the closed arms between the AD + OLZ and sham groups (p > 0.05).

There were no significant differences in the time spent in the center zone of the EPM among the groups (p > 0.05, Figure 2C).

These results suggest that Aβ administration induces anxiety-like behavior in the AD model, as evidenced by reduced exploration of the open arms in the EPM test. OLZ treatment effectively alleviated this anxiety-like behavior, demonstrating its potential anxiolytic effects in Aβ-induced AD conditions.



OLZ can restore cognitive performance following Aβ injection in the NOR test

The NORT was conducted to assess the impact of OLZ and AD on recognition memory performance. A one-way ANOVA indicated that the discrimination index was significantly lower in the AD group compared to the sham group (p < 0.001, Figure 3), suggesting recognition memory impairment in the AD rats. The AD + OLZ group exhibited a trend toward an increased discrimination index relative to the AD group.
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FIGURE 3
Recognition memory was assessed using NORT. Data are presented as mean ± SEM (one-way ANOVA, Tukey post-hoc test, n = 10). *p < 0.05 compared to the sham group.


These findings indicate that Aβ administration impairs recognition memory performance in AD rats, as demonstrated by a reduced discrimination index in the NORT. OLZ treatment showed potential to restore cognitive performance, highlighting its neuroprotective effects on recognition memory in the AD model.



OLZ improves the memory of the rats in the BM test

There were no significant differences among the experimental groups in the distance traveled to reach the target hole during the training days (p > 0.05, Figure 4A). However, the latency to reach the target hole was significantly increased in the AD group compared to the sham group on the 2nd and 3rd training days (p < 0.05 for each, Figure 4B). The AD + OLZ group showed a significant reduction in latency to reach the target hole compared to the AD group on the 2nd training day (p < 0.05).
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FIGURE 4
Spatial learning and memory were evaluated using BM. Traveled distance (A) and latency to reach the target hole (B) were analyzed by repeated measures two-way ANOVA. Quadrant occupancy (C) was analyzed using one-way ANOVA. All data are presented as mean ± SEM (n = 10). *p < 0.05 and ***p < 0.001 compared to the sham group. #p < 0.05 and ###p < 0.001 compared to the AD group.


On the probe day, the quadrant occupancy was significantly lower in the AD group compared to the sham group (p < 0.001). OLZ treatment significantly increased quadrant occupancy in the AD + OLZ group compared to the AD group (p < 0.001, Figure 4C).

These results suggest that AD impairs spatial memory and learning ability, as demonstrated by increased latency and reduced quadrant occupancy in the BM test. OLZ treatment effectively improved memory performance in AD rats, further supporting its therapeutic potential in mitigating cognitive deficits associated with AD.



OLZ improves the passive avoidance learning and memory of the rats in the PA test

During the adaptation phase, no significant differences in STLa were observed among the experimental groups (p > 0.05, Figure 5A). Similarly, there were no significant differences in the number of acquisition trials among the groups (p > 0.05, Figure 5B), although the AD group showed a trend toward an increased number of acquisition trials compared to the sham group.
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FIGURE 5
Passive avoidance memory was assessed using PAT. Step-through latency in the acquisition phase (A), the number of trials to acquisition (B), Step-through latency in the retention phase (C), and time spent in the dark compartment (D). were analyzed using one-way ANOVA. All data are presented as mean ± SEM (n = 10). ***p < 0.001 compared to the sham group. #p < 0.05 compared to the AD group.


In the retention phase, the AD group demonstrated a reduced STLr compared to the sham group (p < 0.001, Figure 5C). The AD animals treated with OLZ (the AD + OLZ group) showed an STLr similar to the sham group, which was higher than that of the AD group (p < 0.05). A significant increase in the TDC was observed in the AD group compared to the sham group (p < 0.001, Figure 5D). Treatment with OLZ significantly decreased the TDC in the AD + OLZ group compared to the AD group (p < 0.05).

These results indicate that Aβ administration impairs learning and memory retention in the PA test, as evidenced by reduced STLr and increased TDC. OLZ treatment effectively improved both retention latency and memory performance, suggesting its ability to mitigate learning and memory deficits associated with AD.



OLZ improves the spatial memory of the rats in the MWM test

The escape latency, which measures the time taken by a rat to locate the hidden platform during training, was assessed during the training days (Figure 6A). No significant differences in escape latency were observed on days 1 and 2 among the experimental groups (p > 0.05). However, the AD group exhibited significantly higher escape latency compared to the sham group on training days 3 (p < 0.05) and four (p < 0.01). Treatment with OLZ reduced the escape latency on the 4th day in the AD + OLZ group compared to the AD group (p < 0.01).
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FIGURE 6
Spatial cognition performance was assessed using MWM. Escape latency during the training days (A) was analyzed by repeated measures two-way ANOVA. Time spent in the target quadrant (B) and swimming speed in the probe day (C) were analyzed by one-way ANOVA. All data are presented as mean ± SEM (n = 10). *p < 0.05 and **p < 0.01 compared to the sham group. #p < 0.05 and ##p < 0.01 compared to the AD group.


During the probe trial, the time spent in the target quadrant and swimming speed were analyzed. The AD group spent significantly less time in the target quadrant compared to the sham group (p < 0.05). The AD + OLZ group spent more time in the target quadrant than the AD group (p < 0.05, Figure 6B).

There were no significant differences in swimming speed among the experimental groups (p > 0.05, Figure 6C), indicating that the reduced time spent in the target quadrant by the AD group was not due to locomotor deficits.

These findings demonstrate that Aβ administration impairs spatial learning and memory, as shown by increased escape latency and reduced time spent in the target quadrant. OLZ treatment effectively improved spatial memory in the AD rats, reinforcing its neuroprotective and therapeutic potential in mitigating AD-related cognitive deficits.




Discussion

In the present study, the following results were obtained: ICV injection of Aβ to create the AD model impaired memory in behavioral tests, including NOR, MWM, BM, PAL, and EPM. Taking OLZ in the AD group improved the memory and learning impairment in behavioral tests. The results of this study showed that treatment with OLZ can somewhat reduce the detrimental effects of Aβ injection and AD induction on learning and memory. In the following paragraphs, we discussed the different effects of OLZ on various aspects of memory and learning, as well as the cellular and molecular mechanisms of the effect of this compound on the nervous system.

Consistent with the findings of this study, it was found that OLZ improved the spatial memory function of mice in the MWM (Hou et al., 2006). OLZ significantly reduced the time to reach the target quadrant and decreased working memory errors in the MWM. These results indicate that OLZ can improve cognitive function and memory (Mahmoud et al., 2019). OLZ improved memory in rats exposed to stress before birth (Nowakowska et al., 2014). The results of another study showed that OLZ has a protective effect against MK-801-induced cognitive impairment in mice through stimulating neurogenesis (Song et al., 2016). OLZ has been reported to reduce phencyclidine-induced acute reverse learning disorder (McLean et al., 2010). In addition, OLZ has been shown to significantly increase the time spent in the target quadrant of the MWM test in mice exposed to unpredictable chronic mild stress (UCMS) (Gumuslu et al., 2013).

OLZ alleviated dopamine D2 receptor priming and cognitive impairment and reduced neurotrophins and acetylcholinergic markers produced by D2 receptor priming in the hippocampus (Thacker et al., 2006). OLZ may have protective effects on procedural learning (even doses, at which D2 striatal receptors are similar to HAL). This protective effect of OLZ may be related to its atypical pharmacological properties (Paquet et al., 2004). Treatment with OLZ in adulthood significantly increased ChAT RNA expression in the cerebellum. OLZ reduced cognitive deficits induced by quinpirole treatment in infancy (Brown et al., 2008). In patients with memory impairment, OLZ is more desirable than antipsychotic HAL, especially in patients with cholinergic deficiency (Brown et al., 2008). Regarding extrapyramidal syndromes, the advantages of OLZ over HAL and risperidone can be extended to its superiority in procedural learning (Purdon et al., 2003).

Electrophysiological results confirm the effects of OLZ on memory and learning. In this regard, treatment with OLZ increased the electrophysiological I/O response of CA1 pyramidal cells and synaptic transmission (Shim et al., 2012). The results of another electrophysiological study revealed a new mechanism of OLZ and showed that the anticholinergic properties of OLZ affect glutamate signaling and synaptic plasticity (Song et al., 2017).

On the other hand, the results of another research indicated the destructive effects of OLZ on memory and learning. OLZ impaired cognitive function in naive animals (Mutlu et al., 2011). The results of another study showed that OLZ significantly increased the average delay in reaching the platform and decreased the number of crossings in the target area (Ning et al., 2017). Long-term oral treatment with OLZ may impair the cognition function components involved in schizophrenia (Terry et al., 2008). OLZ also impaired spatial reversal learning in mice in the MWM (Song et al., 2017). In another study, prenatal administration of OLZ did not impair learning or memory retention (Rosengarten and Quartermain, 2002). According to another study, OLZ appears to be less involved in inattentive learning and movement speed than classical neuroleptics (Stevens et al., 2002).

We can consider the neuroprotective role of OLZ as one of the reasons for the positive effect of this compound on memory and learning. Consistent with our findings, it has been reported that a high dose of OLZ improved hippocampal nerve damage due to the administration of kainic acid. These results indicate that OLZ has neuroprotective effects in rat models with nerve damage (71). OLZ (0.1 mg/kg) has been reported to have significant neuroprotective effects in mice after focal ischemia-induced brain injury (Yulug et al., 2008). However, it has been shown that the side effects of OLZ at high doses may limit its neuroprotective effect, whereas, at low doses, it has been reported to have a neuroprotective effect (Yulug and Kilic, 2009). Chronic pretreatment with OLZ, effectively reduced 24-h methamphetamine (METH)-induced mortality, and tyrosine hydroxylase levels in caudate-putamen (CPu) significantly improved. In addition, it has been reported that the neuroprotective properties of OLZ may be associated with its mitigating effects on METH-induced hyperthermia and its preventive role in reducing Bcl-2 (an anti-apoptotic gene product) induced by METH in the CPu. These results suggest that OLZ may be a neuroprotective agent and this property of OLZ may contribute to its therapeutic effects in the treatment of schizophrenia (He et al., 2004).

An immunohistochemical study using 50-bromodeoxyuridine showed a positive association between OLZ sensitivity (e.g., changes in avoidance suppression induced by OLZ during the day) and hippocampal cell proliferation (Chou et al., 2015). In another study, the number of retinal ganglion cells (RGCs) was significantly higher in the OLZ -receiving group than in the control group. OLZ protects RGC from NMDA-induced damage; thus, OLZ may have potential neuroprotective effects (Onder et al., 2013). In neuronal cultures, OLZ protected neurons from damage caused by thapsigargin. OLZ treatment increased repressed neuronal differentiation due to exposure to thapsigargin (Kurosawa et al., 2007). OLZ treatment also increased the phosphorylation of AMPK in PC12 cells. It has been shown that pretreatment with OLZ can protect PC12 cells from rotenone-induced apoptosis. In addition, pretreatment with OLZ can suppress rotenone-induced depolarization in mitochondria and consequently, protect cells (Xiong et al., 2020). According to another study, chronic administration of OLZ (21 days) increased the number of newborn cells in the hippocampal dentate gyrus by the same amount of fluoxetine. The results of the mentioned study showed that antidepressants or atypical antipsychotics can increase glia proliferation in limbic brain structures (Kodama et al., 2004). OLZ treatment prevented the destructive effects of phencyclidine on normal neurons (but not on the neurons of mice, in which NRG1 was knocked out). These results suggest that NRG1 mediates the prophylactic effects of OLZ on neurological dysfunction and the expression of phencyclidine-induced synaptic proteins (Zhang et al., 2016). Another study showed that positive OLZ effects on the improvement of ER stress may be due to the cellular mechanisms of atypical antipsychotics in the protection of neurons and NSCs (Kurosawa et al., 2007). OLZ may also have neuroprotective effects through erythropoietin expression (Pillai and Mahadik, 2006).

We believe that some of the positive effects of OLZ on memory and learning may be due to the effect of this compound on BDNF levels. In support of this hypothesis, OLZ administration for 5 weeks significantly increased BDNF levels in the cortex and hippocampus (Czubak et al., 2009). The results of another study showed that the increase in serum BDNF in OLZ monotherapy is significantly higher than lurasidone (Jena et al., 2019). The results of another study showed that treatment with OLZ increased the levels of Akt, CREB, BDNF, Bcl-2, and BAD in the prefrontal cortex, hippocampus, and striatum (Réus et al., 2012). Also, administration of OLZ for 1 week restored Bcl-2 expression to pre-stress levels, and administration for 3 weeks caused overexpression of BDNF in hippocampal neurons (Luo et al., 2004). Another study showed that 4 weeks of OLZ treatment increased Bcl-2 and CREB levels in the dentate gyrus and CA1 region of the hippocampus. Four weeks of OLZ treatment regulated upward BDNF in the dentate gyrus. These results suggest that upregulation in Bcl-2 and CREB may underlie OLZ neuroplastic action (Hammonds and Shim, 2009). The results of another study showed that upregulation of OLZ on BDNF gene transcription is associated with increased CREB transcription through the PKA, PI3K, PKC, and CaMKII signaling pathways and OLZ may exert neuroprotective effects through these signaling pathways in neurons (Lee et al., 2010). OLZ at the doses of 1 and 10 mg/kg improved a decrease in the levels of BDNF, ERK, and CREB by SRS in PTSD animals. In addition, it prevented an increase in Caspase-3, which is a downstream apoptotic agent, at these doses (Reddy and Krishnamurthy, 2018). Real-time PCR results showed that the expression levels of CREB and BDNF genes significantly reduced in the group exposed to mild chronic unpredictable stress.

OLZ has antioxidant effects. We suspect that in our study, this compound also affected memory and learning due to its antioxidant properties. Antioxidants have been shown to have positive effects on memory and learning. Treatment with OLZ for 2 months showed a significant change in serum TAC (37.8%) and serum MDA levels (22.2%) compared to pre-treatment values. These data suggest that treatment with OLZ for 2 months at least partially improved the adverse effects on the antioxidant defense mechanism of schizophrenic patients (Al-Chalabi et al., 2009). Also, MDA levels showed a significant decrease in the OLZ treatment group compared to the control group (Onder et al., 2013).

Anxiety is a prevalent non-cognitive symptom of AD, often correlating with neurodegeneration, disease progression, and increased levels of stress biomarkers. In our study, the EPM test was employed to assess anxiety-like behaviors in experimental rats. The results showed that animals in the AD group spent significantly less time in the open arms and exhibited fewer open-arm entries compared to the sham group, indicating heightened anxiety-like behavior. However, the AD + OLZ group demonstrated a significant increase in both the time spent in the open arms and the number of open-arm entries, suggesting that OLZ treatment alleviated anxiety in AD-induced animals.

Anxiety in AD models has been extensively investigated, with studies highlighting its association with oxidative stress, neuronal death, and Aβ toxicity. For instance, research has demonstrated that Aβ1-42 increases anxiety-like behavior through mechanisms involving oxidative damage and plaque accumulation (Tork et al., 2024). The anxiolytic effects observed in our study align with OLZ’s known pharmacological properties, including its ability to counteract oxidative stress and neurotoxicity induced by Aβ. This is consistent with findings from other studies, such as those showing L-carnitine alleviating anxiety in Aβ-induced AD models by improving oxidative-antioxidant balance (Tork et al., 2024).

OLZ, an atypical antipsychotic, possesses inherent anxiolytic properties that are independent of its antipsychotic effects. Preclinical evidence suggests that OLZ reduces anxiety in various behavioral models, including stress-induced anxiety-like behavior tests (Locchi et al., 2008). In clinical settings, OLZ has shown efficacy in reducing anxiety symptoms in patients with bipolar disorder (Maina et al., 2008), social anxiety disorder (SAD; Moretti et al., 2004), and vascular dementia (Barnett et al., 2002). Furthermore, OLZ has been reported to significantly improve anxiety-related symptoms in AD patients, as demonstrated by reductions in Neuropsychiatric Instrument (NPI) anxiety scores compared to placebo (Mintzer et al., 2001).

It is important to note that OLZ’s anxiolytic effects can vary based on sex and treatment duration. Chronic treatment with OLZ has been shown to decrease anxiety in male rats but increase it in females under specific conditions (Lockington and Hughes, 2021). Despite these nuances, the overall anxiolytic potential of OLZ is supported by substantial preclinical and clinical evidence, making it a promising therapeutic agent for addressing anxiety symptoms in AD.

As a result, our study corroborates the anxiolytic effects of OLZ in an Aβ-induced AD model, highlighting its dual role in cognitive protection and anxiety alleviation. These findings underscore the potential of OLZ as a viable pharmacological option for managing anxiety in AD, which is a critical component of the disease’s non-cognitive symptomatology.



Conclusion

In summary, this experiment showed that ICV injection of Aβ to create the AD model reduced memory in behavioral tests, including NOR, MWM, BM, PAL, and EPM, whereas, OLZ improved the performance of memory and learning in behavioral tests in the Aβ-induced AD model rats. In general, according to the results of this study and other studies discussed, OLZ can be considered as a suitable drug in terms of prophylaxis due to its functional mechanisms (neuroprotective, antioxidant, anti-inflammatory, and synaptic plasticity enhancer properties). Thus, it can be considered a treatment for AD.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by the Hamadan University of Medical Sciences. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

SK: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. PA: Data curation, Formal analysis, Investigation, Software, Visualization, Writing – original draft. SS: Formal analysis, Software, Validation, Visualization, Writing – original draft. EA: Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Writing – original draft. FR-A: Data curation, Formal analysis, Methodology, Software, Visualization, Writing – original draft. MG: Conceptualization, Methodology, Software, Validation, Visualization, Writing – original draft. MK-A: Investigation, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. MR: Writing – original draft, Formal analysis, Investigation, Methodology, Project administration, Software, Visualization. AK: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by a grant 990202421 of Hamadan University of Medical Sciences, Iran.



Acknowledgments

We are grateful to the staff of the Neurophysiology Research Center, Hamadan University of Medical Sciences for supporting this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Ahmadi, N., Safari, S., Mirazi, N., Karimi, S. A., and Komaki, A. (2021). Effects of vanillic acid on Aβ1-40-induced oxidative stress and learning and memory deficit in male rats. Brain Res. Bull. 170, 264–273.

Al-Chalabi, B. M., Thanoon, I. A., and Ahmed, F. A. (2009). Potential effect of olanzapine on total antioxidant status and lipid peroxidation in schizophrenic patients. Neuropsychobiology 59, 8–11. doi: 10.1159/000202823

Aliev, G., Obrenovich, M. E., Reddy, V. P., Shenk, J. C., Moreira, P. I., Nunomura, A., et al. (2008). Antioxidant therapy in Alzheimer’s disease: theory and practice. Mini Rev Med. Chem. 8:1395. doi: 10.2174/138955708786369582

Asadbegi, M., Komaki, A., Salehi, I., Yaghmaei, P., Ebrahim-Habibi, A., Shahidi, S., et al. (2018). Effects of thymol on amyloid-β-induced impairments in hippocampal synaptic plasticity in rats fed a high-fat diet. Brain Res. Bull. 137, 338–350.

Asadbegi, M., Yaghmaei, P., Salehi, I., Komaki, A., and Ebrahim-Habibi, A. (2017). Investigation of thymol effect on learning and memory impairment induced by intrahippocampal injection of amyloid beta peptide in high fat diet-fed rats. Metab. Brain Dis. 32, 827–839. doi: 10.1007/s11011-017-9960-0

Avila, J. (2006). Tau phosphorylation and aggregation in Alzheimer’s disease pathology. Febs Lett. 580, 2922–2927.

Azadeh, E.-H., Asadbegi, M., Salehi, I., Yaghmaei, P., and Komaki, A. (2016). Neuroprotective role of antidiabetic drug metformin against amyloid β peptide-induced neuronal loss in hippocampal CA1 pyramidal neurons in rats fed high fat diet. J. Chem. Pharm. Sci. 9, 3460–3465.

Barnes, C. A. (1979). Memory deficits associated with senescence: A neurophysiological and behavioral study in the rat. J. Comp. Physiol. Psychol. 93, 74–104. doi: 10.1037/h0077579

Barnett, S. D., Kramer, M. L., Casat, C. D., Connor, K. M., and Davidson, J. R. (2002). Efficacy of olanzapine in social anxiety disorder: A pilot study. J. Psychopharmacol. 16, 365–368.

Behl, C. (1999). Alzheimer’s disease and oxidative stress: Implications for novel therapeutic approaches. Prog. Neurobiol. 57, 301–323.

Brinholi, F. F., de Farias, C. C., Bonifácio, K. L., Higachi, L., Casagrande, R., Moreira, E. G., et al. (2016). Clozapine and olanzapine are better antioxidants than haloperidol, quetiapine, risperidone and ziprasidone in in vitro models. Biomed. Pharmacother. 81, 411–415. doi: 10.1016/j.biopha.2016.02.047

Brown, J., Pengas, G., Dawson, K., Brown, L. A., and Clatworthy, P. (2009). Self administered cognitive screening test (TYM) for detection of Alzheimer’s disease: Cross sectional study. Bmj 338:b2030.

Brown, R. W., Perna, M. K., Maple, A. M., Wilson, T. D., and Miller, B. E. (2008). Adulthood olanzapine treatment fails to alleviate decreases of ChAT and BDNF RNA expression in rats quinpirole-primed as neonates. Brain Res. 1200, 66–77. doi: 10.1016/j.brainres.2008.01.041

Butterfield, D. A., and Boyd-Kimball, D. (2004). Amyloid β−Peptide (1-42) contributes to the oxidative stress and neurodegeneration found in Alzheimer disease brain. Brain Pathol. 14, 426–432.

Butterfield, D. A., Reed, T., Newman, S. F., and Sultana, R. (2007). Roles of amyloid β-peptide-associated oxidative stress and brain protein modifications in the pathogenesis of Alzheimer’s disease and mild cognitive impairment. Free Radical Biol. Med. 43, 658–677.

Chou, S., Jones, S., and Li, M. (2015). Adolescent olanzapine sensitization is correlated with hippocampal stem cell proliferation in a maternal immune activation rat model of schizophrenia. Brain Res. 1618, 122–135. doi: 10.1016/j.brainres.2015.05.036

Clement, Y., and Chapouthier, G. (1998). Biological bases of anxiety. Neurosci. Biobehav. Rev. 22, 623–633.

Csernansky, J. G., Martin, M. V., Czeisler, B., Meltzer, M. A., Ali, Z., and Dong, H. (2006). Neuroprotective effects of olanzapine in a rat model of neurodevelopmental injury. Pharmacol. Biochem. Behav. 83, 208–213. doi: 10.1016/j.pbb.2006.01.009

Czubak, A., Nowakowska, E., Kus, K., Burda, K., Metelska, J., Baer-Dubowska, W., et al. (2009). Influences of chronic venlafaxine, olanzapine and nicotine on the hippocampal and cortical concentrations of brain-derived neurotrophic factor (BDNF). Pharmacol. Rep. 61, 1017–1023. doi: 10.1016/s1734-1140(09)70163-x

Dakhale, G., Khanzode, S., Saoji, A., Khobragade, L., and Turankar, A. (2004). Oxidative damage and schizophrenia: The potential benefit by atypical antipsychotics. Neuropsychobiology 49, 205–209.

Dietrich-Muszalska, A., Kopka, J., and Kwiatkowska, A. (2013). The effects of ziprasidone, clozapine and haloperidol on lipid peroxidation in human plasma (in vitro): Comparison. Neurochem. Res. 38, 1490–1495. doi: 10.1007/s11064-013-1050-z

Dursun, E., Gezen-Ak, D., Hanağası, H., Bilgiç, B., Lohmann, E., Ertan, S., et al. (2015). The interleukin 1 alpha, interleukin 1 beta, interleukin 6 and alpha-2-macroglobulin serum levels in patients with early or late onset Alzheimer’s disease, mild cognitive impairment or Parkinson’s disease. J. Neuroimmunol. 283, 50–57.

Evans, D., Parikh, V., Khan, M., Coussons, C., Buckley, P. F., and Mahadik, S. (2003). Red blood cell membrane essential fatty acid metabolism in early psychotic patients following antipsychotic drug treatment. Prostaglandins Leukotrienes Essential Fatty Acids 69, 393–399. doi: 10.1016/j.plefa.2003.08.010

Ganji, A., Salehi, I., Nazari, M., Taheri, M., and Komaki, A. (2017). Effects of Hypericum scabrum extract on learning and memory and oxidant/antioxidant status in rats fed a long-term high-fat diet. Metab. Brain Dis. 32, 1255–1265. doi: 10.1007/s11011-017-0022-4

Grundke-Iqbal, I., Iqbal, K., Tung, Y.-C., Quinlan, M., Wisniewski, H. M., and Binder, L. I. (1986). Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer cytoskeletal pathology. Proc. Natl. Acad. Sci. 83, 4913–4917.

Gumuslu, E., Mutlu, O., Sunnetci, D., Ulak, G., Celikyurt, I., Cine, N., et al. (2013). The effects of tianeptine, olanzapine and fluoxetine on the cognitive behaviors of unpredictable chronic mild stress-exposed mice. Drug Res. 63, 532–539. doi: 10.1055/s-0033-1347237

Hammonds, M. D., and Shim, S. S. (2009). Effects of 4-week treatment with lithium and olanzapine on levels of brain-derived neurotrophic factor, B-cell CLL/lymphoma 2 and phosphorylated cyclic adenosine monophosphate response element-binding protein in the sub-regions of the hippocampus. Basic Clin. Pharmacol. Toxicol. 105, 113–119. doi: 10.1111/j.1742-7843.2009.00416.x

He, J., Xu, H., Yang, Y., Zhang, X., and Li, X.-M. (2004). Neuroprotective effects of olanzapine on methamphetamine-induced neurotoxicity are associated with an inhibition of hyperthermia and prevention of Bcl-2 decrease in rats. Brain Res. 1018, 186–192. doi: 10.1016/j.brainres.2004.05.060

Hou, Y., Wu, C. F., Yang, J. Y., and Guo, T. (2006). Differential effects of haloperidol, clozapine and olanzapine on learning and memory functions in mice. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 30, 1486–1495. doi: 10.1016/j.pnpbp.2006.06.001

Jena, M., Ranjan, R., Mishra, B. R., Mishra, A., Nath, S., Sahu, P., et al. (2019). Effect of lurasidone vs olanzapine on neurotrophic biomarkers in unmedicated schizophrenia: A randomized controlled trial. J. Psychiatric Res. 112, 1–6.

Johari, H., Khatamsaz, S., Dehghani, K., Hemayatkhah Jahromi, V., Jamali, H., Kafilzadeh, F., et al. (2013). Effect of olanzapine on pituitary–gonad axis and spermatogenesis in adult male rats. J. Fasa Univer. Med. Sci. 3, 42–48.

Johnson, E. J. (2012). A possible role for lutein and zeaxanthin in cognitive function in the elderly. Am. J. Clin. Nutr. 96, 1161S–1165S.

Kennedy, J., Deberdt, W., Siegal, A., Micca, J., Degenhardt, E., Ahl, J., et al. (2005). Olanzapine does not enhance cognition in non-agitated and non-psychotic patients with mild to moderate Alzheimer’s dementia. Int. J. Geriatric Psychiatry 20, 1020–1027.

Kennedy, J., Zagar, A., Bymaster, F., Nomikos, G., Trzepacz, P., Gilmore, J., et al. (2001). The central cholinergic system profile of olanzapine compared with placebo in Alzheimer’s disease. Int. J. Geriatric Psychiatry 16, S24–S32. doi: 10.1002/1099-1166(200112)16:1+<::aid-gps570>3.0.co;2-8

Kim, D. J., St Louis, N., Molaro, R. A., Hudson, G. T., Chorley, R. C., and Anderson, B. J. (2017). Repeated unpredictable threats without harm impair spatial working memory in the Barnes maze. Neurobiol. Learn. Mem. 137, 92–100. doi: 10.1016/j.nlm.2016.11.014

Kodama, M., Fujioka, T., and Duman, R. S. (2004). Chronic olanzapine or fluoxetine administration increases cell proliferation in hippocampus and prefrontal cortex of adult rat. Biol. Psychiatry 56, 570–580.

Kurosawa, S., Hashimoto, E., Ukai, W., Toki, S., Saito, S., and Saito, T. (2007). Olanzapine potentiates neuronal survival and neural stem cell differentiation: Regulation of endoplasmic reticulum stress response proteins. J. Neural Transmission 114:1121. doi: 10.1007/s00702-007-0747-z

Larson, E., and McCurry, S. (2007). Olanzapine, quetiapine, or risperidone did not differ from placebo for Alzheimer disease. ACP J. Club 146, 35–35.

Lee, J. G., Cho, H. Y., Park, S. W., Seo, M. K., and Kim, Y. H. (2010). Effects of olanzapine on brain-derived neurotrophic factor gene promoter activity in SH-SY5Y neuroblastoma cells. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 34, 1001–1006. doi: 10.1016/j.pnpbp.2010.05.013

Leinonen, E., Anttila, S., Kampman, O., and Illi, A. (2005). Is antipsychotic drug therapy predictable? Duodecim Laaketieteellinen Aikakauskirja 121, 45–52.

Liu, P.-P., Xie, Y., Meng, X.-Y., and Kang, J.-S. (2019). History and progress of hypotheses and clinical trials for Alzheimer’s disease. Signal Transduction Targeted Therapy 4, 1–22.

Locchi, F., Dall’Olio, R., Gandolfi, O., and Rimondini, R. (2008). Olanzapine counteracts stress-induced anxiety-like behavior in rats. Neurosci. Lett. 438, 146–149. doi: 10.1016/j.neulet.2008.04.017

Lockington, M. R., and Hughes, R. N. (2021). Effects of olanzapine on anxiety-related behaviour in male and female rats assessed after 21–24 and 42–45 days of chronic treatment. Behav. Pharmacol. 32, 194–211. doi: 10.1097/FBP.0000000000000612

Luo, C., Xu, H., and Li, X.-M. (2004). Post-stress changes in BDNF and Bcl-2 immunoreactivities in hippocampal neurons: Effect of chronic administration of olanzapine. Brain Res. 1025, 194–202. doi: 10.1016/j.brainres.2004.06.089

Mahmoud, G. S., Sayed, S. A., Abdelmawla, S. N., and Amer, M. A. (2019). Positive effects of systemic sodium benzoate and olanzapine treatment on activities of daily life, spatial learning and working memory in ketamine-induced rat model of schizophrenia. Int. J. Physiol. Pathophysiol. Pharmacol. 11, 21–30.

Maina, G., Albert, U., Rosso, G., and Bogetto, F. (2008). Olanzapine or lamotrigine addition to lithium in remitted bipolar disorder patients with anxiety disorder comorbidity: A randomized, single-blind, pilot study. J. Clin. Psychiatry 69:609.

McLean, S. L., Neill, J. C., Idris, N. F., Marston, H. M., Wong, E. H., and Shahid, M. (2010). Effects of asenapine, olanzapine, and risperidone on psychotomimetic-induced reversal-learning deficits in the rat. Behav. Brain Res. 214, 240–247. doi: 10.1016/j.bbr.2010.05.043

Mead, A., Li, M., and Kapur, S. (2008). Clozapine and olanzapine exhibit an intrinsic anxiolytic property in two conditioned fear paradigms: Contrast with haloperidol and chlordiazepoxide. Pharmacol. Biochem. Behav. 90, 551–562. doi: 10.1016/j.pbb.2008.04.014

Mintzer, J., Faison, W., Street, J. S., Sutton, V. K., and Breier, A. (2001). Olanzapine in the treatment of anxiety symptoms due to Alzheimer’s disease: A post hoc analysis. Int. J. Geriatric Psychiatry 16, S71–S77. doi: 10.1002/1099-1166(200112)16:1+<::aid-gps568>3.0.co;2-m

Moretti, R., Torre, P., Antonello, R. M., Cattaruzza, T., Cazzato, G., and Bava, A. (2004). Olanzapine as a possible treatment for anxiety due to vascular dementia: An open study. Am. J. Alzheimer’s Dis. Other Dementias§ 19, 81–88.

Murgas, P., Godoy, B., and Von Bernhardi, R. (2012). Aβ potentiates inflammatory activation of glial cells induced by scavenger receptor ligands and inflammatory mediators in culture. Neurotoxicity Res. 22, 69–78.

Mutlu, O., Ulak, G., Celikyurt, I. K., Akar, F. Y., and Erden, F. (2011). Effects of olanzapine, sertindole and clozapine on learning and memory in the Morris water maze test in naive and MK-801-treated mice. Pharmacol. Biochem. Behav. 98, 398–404. doi: 10.1016/j.pbb.2011.02.009

MutluO, U. (2011). Effectsof olanzapine, sertindoleandclozapineonlearningand memoryintheMorriswatermazetestinnaiveand MK-801-treatedmice. Pharmacol. Biochem. Behav. 98, 398–404.

Ning, H., Cao, D., Wang, H., Kang, B., Xie, S., and Meng, Y. (2017). Effects of haloperidol, olanzapine, ziprasidone, and PHA-543613 on spatial learning and memory in the Morris water maze test in naïve and MK-801-treated mice. Brain Behav. 7:e00764. doi: 10.1002/brb3.764

Nowakowska, E., Kus, K., Ratajczak, P., Cichocki, M., and Woźniak, A. (2014). The influence of aripiprazole, olanzapine and enriched environment on depressant-like behavior, spatial memory dysfunction and hippocampal level of BDNF in prenatally stressed rats. Pharmacol. Rep. 66, 404–411. doi: 10.1016/j.pharep.2013.12.008

O’brien, R. J., and Wong, P. C. (2011). Amyloid precursor protein processing and Alzheimer’s disease. Annu. Rev. Neurosci. 34, 185–204.

Onder, H. I., Aktan, G., Yuksel, H., Avcıoglu, S., Yıldırım, U., Kaya, M., et al. (2013). Neuroprotective effects of olanzapine in N-methyl-D-aspartate-induced retinal injury. J. Ocular Pharmacol. Therapeutics 29, 427–430. doi: 10.1089/jop.2012.0075

Paquet, F., Soucy, J., Stip, E., Levesque, M., Elie, A., and Bedard, M. (2004). Comparison between olanzapine and haloperidol on procedural learning and the relationship with striatal D2 receptor occupancy in schizophrenia. J. Neuropsychiatry Clin. Neurosci. 16, 47–56. doi: 10.1176/jnp.16.1.47

Perry, G., Wang, X., Smith, M., and Zhu, X. (2011). Mitochondrial abnormalities in Alzheimer disease. Microscopy Microanal. 17, 200–201.

Pillai, A., and Mahadik, S. P. (2006). Differential effects of haloperidol and olanzapine on the expression of erythropoietin and its receptor in rat hippocampus and striatum. J. Neurochem. 98, 1411–1422. doi: 10.1111/j.1471-4159.2006.04057.x

Pohanka, M. (2014). Alzheimer s disease and oxidative stress: A review. Curr. Med. Chem. 21, 356–364.

Praticò, D., Clark, C. M., Liun, F., Lee, V. Y.-M., and Trojanowski, J. Q. (2002). Increase of brain oxidative stress in mild cognitive impairment: A possible predictor of Alzheimer disease. Arch. Neurol. 59, 972–976. doi: 10.1001/archneur.59.6.972

Purdon, S. E., Woodward, N., Lindborg, S. R., and Stip, E. (2003). Procedural learning in schizophrenia after 6 months of double-blind treatment with olanzapine, risperidone, and haloperidol. Psychopharmacology 169, 390–397. doi: 10.1007/s00213-003-1505-z

Rankin, E. D., and Layne, R. D. (2005). The use of olanzapine in the treatment of negative symptoms in Alzheimer’s disease. J. Neuropsychiatry Clin. Neurosci. 17, 423–424.

Reddy, N. R., and Krishnamurthy, S. (2018). Repeated olanzapine treatment mitigates PTSD like symptoms in rats with changes in cell signaling factors. Brain Res. Bull. 140, 365–377. doi: 10.1016/j.brainresbull.2018.06.003

Reddy, P. H., Manczak, M., Mao, P., Calkins, M. J., Reddy, A. P., and Shirendeb, U. (2010). Amyloid-β and mitochondria in aging and Alzheimer’s disease: Implications for synaptic damage and cognitive decline. J. Alzheimer’s Dis. 20, S499–S512.

Reinke, A. A., and Gestwicki, J. E. (2011). Insight into amyloid structure using chemical probes. Chem. Biol. Drug Design. 77, 399–411.

Reitz, C. (2012). Alzheimer’s disease and the amyloid cascade hypothesis: A critical review. Int. J. Alzheimer’s Dis. 2012:369808.

Réus, G. Z., Abelaira, H. M., Agostinho, F. R., Ribeiro, K. F., Vitto, M. F., Luciano, T. F., et al. (2012). The administration of olanzapine and fluoxetine has synergistic effects on intracellular survival pathways in the rat brain. J. Psychiatric Res. 46, 1029–1035. doi: 10.1016/j.jpsychires.2012.04.016

Rezvani-Kamran, A., Salehi, I., Shahidi, S., Zarei, M., Moradkhani, S., and Komaki, A. (2017). Effects of the hydroalcoholic extract of Rosa damascena on learning and memory in male rats consuming a high-fat diet. Pharm. Biol. 55, 2065–2073. doi: 10.1080/13880209.2017.1362010

Rosengarten, H., and Quartermain, D. (2002). Effect of prenatal administration of haloperidol, risperidone, quetiapine and olanzapine on spatial learning and retention in adult rats. Pharmacol. Biochem. Behav. 72, 575–579. doi: 10.1016/s0091-3057(02)00727-x

Schatz, R. A. (2003). Olanzapine for psychotic and behavioral disturbances in Alzheimer disease. Ann. Pharmacother. 37, 1321–1324.

Shim, S. S., Hammonds, M. D., Tatsuoka, C., and Feng, I. J. (2012). Effects of 4-weeks of treatment with lithium and olanzapine on long-term potentiation in hippocampal area CA1. Neurosci. Lett. 524, 5–9. doi: 10.1016/j.neulet.2012.06.047

Singh, O. P., Chakraborty, I., Dasgupta, A., and Datta, S. (2008). A comparative study of oxidative stress and interrelationship of important antioxidants in haloperidol and olanzapine treated patients suffering from schizophrenia. Ind. J. Psychiatry 50:171. doi: 10.4103/0019-5545.43627

Song, J. C., Seo, M. K., Park, S. W., Lee, J. G., and Kim, Y. H. (2016). Differential effects of olanzapine and haloperidol on MK-801-induced memory impairment in mice. Clin. Psychopharmacol. Neurosci. 14, 279–285. doi: 10.9758/cpn.2016.14.3.279

Song, W. S., Cha, J. H., Yoon, S. H., Cho, Y. S., Park, K.-Y., and Kim, M.-H. (2017). The atypical antipsychotic olanzapine disturbs depotentiation by modulating mAChRs and impairs reversal learning. Neuropharmacology 114, 1–11. doi: 10.1016/j.neuropharm.2016.11.012

Stevens, A., Schwarz, J., Schwarz, B., Ruf, I., Kolter, T., and Czekalla, J. (2002). Implicit and explicit learning in schizophrenics treated with olanzapine and with classic neuroleptics. Psychopharmacology 160, 299–306. doi: 10.1007/s00213-001-0974-1

Tachi, K., Fukuda, T., and Tanaka, M. (2021). Olanzapine attenuates postoperative cognitive dysfunction in adult rats. Heliyon 7:e06218. doi: 10.1016/j.heliyon.2021.e06218

Terry, A. V., Warner, S. E., Vandenhuerk, L., Pillai, A., Mahadik, S. P., Zhang, G., et al. (2008). Negative effects of chronic oral chlorpromazine and olanzapine treatment on the performance of tasks designed to assess spatial learning and working memory in rats. Neuroscience 156, 1005–1016. doi: 10.1016/j.neuroscience.2008.08.030

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., DeTeresa, R., Hill, R., et al. (1991). Physical basis of cognitive alterations in Alzheimer’s disease: Synapse loss is the major correlate of cognitive impairment. Ann. Neurol. 30, 572–580. doi: 10.1002/ana.410300410

Thacker, S. K., Perna, M. K., Ward, J. J., Schaefer, T. L., Williams, M. T., Kostrzewa, R. M., et al. (2006). The effects of adulthood olanzapine treatment on cognitive performance and neurotrophic factor content in male and female rats neonatally treated with quinpirole. Eur. J. Neurosci. 24, 2075–2083. doi: 10.1111/j.1460-9568.2006.05048.x

Tork, Y. J., Naseri, E., Basir, H. S., and Komaki, A. (2024). Protective effects of L-carnitine against beta-amyloid-induced memory impairment and anxiety-like behavior in a rat model of Alzheimer’s disease. Eur. J. Pharmacol. 982:176879. doi: 10.1016/j.ejphar.2024.176879

Wang, Q., Ge, X., Tian, X., Zhang, Y., Zhang, J., and Zhang, P. (2013). Soy isoflavone: The multipurpose phytochemical. Biomed. Rep. 1, 697–701.

Weuve, J., Hebert, L. E., Scherr, P. A., and Evans, D. A. (2015). Prevalence of Alzheimer disease in US states. Epidemiology 26, e4–e6.

Winocur, G., and Greenwood, C. E. (1999). The effects of high fat diets and environmental influences on cognitive performance in rats. Behav. Brain Res. 101, 153–161.

Xiong, Y.-J., Song, Y.-Z., Zhu, Y., Zuo, W.-Q., Zhao, Y.-F., Shen, X., et al. (2020). Neuroprotective effects of olanzapine against rotenone-induced toxicity in PC12 cells. Acta Pharmacol. Sin. 41, 508–515. doi: 10.1038/s41401-020-0378-6

Yulug, B., and Kilic, E. (2009). Olanzapine does not aggrevate ischemic neuronal injury by focal cerebral ischemia: A dose related restriction of the neuroprotective effect? Med. Chem. 5, 279–282.

Yulug, B., Bakar, M., and Ozan, E. (2008). The neuroprotective effect of olanzapine. J. Neuropsychiatry Clin. Neurosci. 20, 107–108.

Zarrinkalam, E., Heidarianpour, A., Salehi, I., Ranjbar, K., and Komaki, A. (2016). Effects of endurance, resistance, and concurrent exercise on learning and memory after morphine withdrawal in rats. Life Sci. 157, 19–24. doi: 10.1016/j.lfs.2016.05.034

Zarrinkalam, E., Ranjbar, K., Salehi, I., Kheiripour, N., and Komaki, A. (2018). Resistance training and hawthorn extract ameliorate cognitive deficits in streptozotocin-induced diabetic rats. Biomed. Pharmacother. 97, 503–510. doi: 10.1016/j.biopha.2017.10.138

Zhang, Q., Yu, Y., and Huang, X.-F. (2016). Olanzapine prevents the PCP-induced reduction in the neurite outgrowth of prefrontal cortical neurons via NRG1. Sci. Rep. 6, 1–11. doi: 10.1038/srep19581

Zhu, Z., Yan, J., Jiang, W., Yao, X.-G., Chen, J., Chen, L., et al. (2013). Arctigenin effectively ameliorates memory impairment in Alzheimer’s disease model mice targeting both β-amyloid production and clearance. J. Neurosci. 33, 13138–13149.


Copyright
 © 2025 Komaki, Amiri, Safari, Abbasi, Ramezani-Aliakbari, Golipoor, Kourosh-Arami, Rashno and Komaki. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/ain.jpg





OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Investigation of protective effects of olanzapine on impaired learning and memory using behavioral tests in a rat model of Alzheimer’s disease



		Introduction



		Materials and methods



		Animals



		Experimental design



		Aβ injections and induction of Alzheimer’s model



		Evaluation of behavioral functions



		Elevated plus maze



		Novel object recognition test



		Barnes maze



		Passive avoidance test



		Adaptation stage



		Training procedure



		Retention test



		Morris water maze







		Statistical analysis







		Results



		OLZ can alleviate anxiety-like behavior following Aβ injection in the EPM test



		OLZ can restore cognitive performance following Aβ injection in the NOR test



		OLZ improves the memory of the rats in the BM test



		OLZ improves the passive avoidance learning and memory of the rats in the PA test



		OLZ improves the spatial memory of the rats in the MWM test







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Aging Neuroscience

Investigation of protective
effects of olanzapine on
Impaired learning and memory
using behavioral tests in a rat
model of Alzheimer's disease





OPS/images/fnagi-17-1376074-g005.jpg
STLa (s)
=
1

Control Sham OLZ AD AD+OLZ
300-
T T
I #
- 200~
< T
-
=
100+ kskok
" Control Sham OLZ AD AD+OLZ

&

-
S 1.5
=
% - )
« —
S 1.0
=
&=
S 0.5-
P
«P]
R
=
= 0H
7z 0.0
Control Sham OLZ AD AD+OLZ
150-
kK
T

> 100
O
z #

50+ 1

- I_T_‘
" Control Sham OLZ AD AD+OLZ






OPS/images/fnagi-17-1376074-g006.jpg
0 Sham [ OLZ E AD B AD+OLZ

1 Control

ek
Ii

4

e S

It

=

3

A
e

I

2

1
il

i

1

L1

60-

oL L1l

=
~

40+

(s) Adudep adedsyy

Training days

O

=

AD AD+OLZ

N

_I -

-

=

o~

H E

7 p]

=

_I =

=

(o]

o
¥ | | 1

—) — ] > (=]

- e o o

(s/urd) paads Surmmimg

N
_
3+ - m
<
* | 2
;
=
-
[=
= g
o

£ & = -

() yueapenb j33.ae) ay) ur yudads dwr .






OPS/images/fnagi-17-1376074-g003.jpg
T

I T 1 T
— = = = =
e o - ol

(2%%) Xopul uonBUIWLIISI(]

AD AD+OLZ

Sham OLZ

Control






OPS/images/fnagi-17-1376074-g004.jpg
A B

L1 Control [J Sham [ OLZ E AD E AD+OLZ [(J Control [ Sham [ OLZ [ AD B AD+OLZ

10 150:

| i ’
100 T

50 1 l

|_|
|_|

(=]

=

Travel distance (m)
|_|
Latency to reach the target hole (s)
H

1 2 3 i 2

Training days Training days

S

®

- 200+

& H#Hit#
§ 150~ — 1 i
=B

= SR —

(]

2 1004

E % % %

e

'g 50+

—

o

Control Sham OLZ AD AD+OLZ






OPS/images/fnagi-17-1376074-g001.jpg
|

N i

AP injection s
OLZ (10 OLZ (10
mg/kg/day) mg/kg/day)
Time (days) P
| =/ A 0 30 60 61 6263 64-67 6869 70-74
v |y \ e v oy
a3
| ] :
Acclimatization A

[ Sacrifice ]
EPM NORT BM PAT MWM
| B s
|'I l'u | ‘l . ' » S |
’l" ’ q I', U
/ — I'
|’I | |‘|‘

%
|
i ,»__;_7.







OPS/images/fnagi-17-1376074-g002.jpg
O

=~

<

AD AD+OLZ

OLZ

H

Sham

_I_

Control

r T T T T
(=] = = = (—]
w; -+ Lag} -l y—

=

(s) auoz 19)udd uy juads dwy |,

.

A
y
a
1

1 1
w = w; =
—

w—

SILIJUD ULIE [€)0) JO JdqUInN

wH
i
|
H
H

SaLud wie uado Jo sdquny

Sham OLZ AD AD+OLZ

Control

AD AD+OLZ

Sham OLZ

Control

=

-

AD AD+OLZ

OLZ

Sham

Control

4007

T
=
=
Lot

200+

100+

=

(S) swrie pasopd ur yuads s |,

1

* %k

il

H

H
H

I
=
=]

T
=
-

T
=
Lo |

=

=]

(s) surae uado uy yuads auy I,

AD AD+OLZ

Sham OLZ

Control







OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience







