
 

AMERICAN UNIVERSITY OF BEIRUT 

 

 

 

INVESTIGATING THE EFFECTS OF FOSFOMYCIN ON 

COGNITION, SENSORY PROCESSING, LOCOMOTOR 
FUNCTION AND HIPPOCAMPAL NEUROGENESIS IN 

HEALTHY RATS 
 

 

 

by 

TAMARA MAHMOUD FAHS 
 

 

 

 

A thesis 

submitted in partial fulfillment of the requirements 

for the degree of Master of Science 

to the Department of Anatomy, Cell Biology, and Physiological Sciences 

of the Faculty of Medicine 

at the American University of Beirut 

 

 

 

 

 

 

 

Beirut, Lebanon 

February 2025 

 



 

AMERICAN UNIVERSITY OF BEIRUT 
 

 

 

INVESTIGATING THE EFFECTS OF FOSFOMYCIN ON 

COGNITION, SENSORY PROCESSING, LOCOMOTOR 

FUNCTION AND HIPPOCAMPAL NEUROGENESIS IN 

HEALTHY RATS 

 
 

by 

TAMARA MAHMOUD FAHS 
 

 
    Approved by: 

 

 

      Dr. Wassim Abou Kheir, Professor Advisor  

      Department of Anatomy, Cell Biology and Physiological Sciences 

 

 

       Dr. Nabil El Ayoubi, Assistant Professor                              Co-Advisor 

       Department of Neurology  

 

 

 

      Dr. Assaad Eid, Professor and Chairperson                            Member of Committee 

      Department of Anatomy, Cell Biology and Physiological Sciences 

 

 

 

     Dr. Antoine Abou Fayad, Associate Professor                      Member of Committee 

     Department of Experimental Pathology, Immunology and Microbiology 

 

 

 

 

     Date of thesis defense: February 03, 2025 

 



 

 1 

ACKNOWLEDGEMENTS 
 

First and foremost, all thanks and praise be to God for granting me the strength and 

perseverance to complete this journey.  

 

I’d like to express my deepest gratitude to the committee members for their effort in 

reviewing this manuscript and for taking the time to be here with us today.  

 

I am forever and profoundly grateful to Dr. Wassim Abou-Kheir for his immense 

patience and understanding throughout this process. I will forever be thankful for this 

wonderful opportunity to be a student in your lab. Your unwavering support during 

difficult times is truly invaluable and unforgettable. You’re the true definition of a 

leader and mentor, and I will carry all the lifetime lessons you’ve imparted to me 

through this experience.  

 

I’d like to express my thanks to Alaa Mikkawi for her mentorship and guidance since 

the beginning. Thank you for all the many lessons you’ve taught me and for all your 

support, from constructive criticisms, to knowledge, and lastly, to your encouragement. 

You have indeed bestowed an impact in my personal and professional growth 

throughout this experience, and I thank you for that.  

 

I’d like to also pass my gratitude to the WAK lab members – Amani Yehya, Fatima 

Ghamlouche, Mark Doumit, Karine Kanaan, and Zahraa Salhab for the continuous 

support and camaraderie. To Lama Hachem, Hisham Shehade, and Rawan Khadra for 

being wonderful students who brought brightness to the lab. To the wonderful people I 

met in AUB; Rona Fayad, Abbas Noureddine, and a few others – thank you for the 

wonderful memories and the shared experiences during those years together.  

 

There are truly not enough words to thank the best labmates and friends that I have 

come across, who are now truly my best of friends – Maram Chaaban and Rim Jaber. 

You two are my rock – the ones who stood by me through thick and thin in this journey. 

Your support were not only words but also truest of actions. I will never forget the 

countless moments of laughter, to all the shared knowledge you both provided, to the 

days where we sat by the staircase (a very iconic time), to the coffee breaks and the 

roughest of days where the tears were always wiped away, and to the sense of belonging 

that you both provided. I am incredibly lucky to have you both in my life – and I will 

never come across a wonderful team as you both.  

 

This journey would certainly not have happened without the hard support of my beloved 

mother, who is my iron backbone and the light of my path – thank you for paving this 

road for me; a road that no one else lit up but you. Thank you for making this happen. 

This is our dream, and I dedicate this degree to you. I could never get enough of 

expressing my gratitude to my father who always took care of me throughout this 

intense journey - to my brothers who are my wings - to my husband who is best gift this 

life could ever grant me - to Dr. Fadl Bdeir – my dear father-figure, for your faith in me 

and your unforgettable encouragement. I hope I can always make you proud. To my 

dearest friends Mariam M., Maya K., Raji G., Fadi AF., Noor Sh. and Noor Gh. – thank 

you for always cheering for my success.  



 

 2 

ABSTRACT 
 

OF THE THESIS OF 

 

Tamara Mahmoud Fahs  for  Master of Science 

                  Major: Neuroscience 

 

 

Title: Investigating the Effects of Fosfomycin on Cognition, Sensory Processing, 

Locomotor Function and Hippocampal Neurogenesis in Healthy Rats 

 

Neurogenesis is primarily defined as the development of neurons, which occur 

in several locations of the brain including the dentate gyrus of the hippocampus. This 

region is responsible for learning and memory, along with spatial processing and 

cognition. The proliferation stage of neurogenesis is the earliest stage in which the 

neural stem cells produced can be affected by a variety of factors, such as antibiotic 

toxicity. Fosfomycin (FOS) is a very reactive broad-spectrum antibiotic that works by 

disrupting the early stages of bacterial cell wall synthesis and is commonly prescribed 

for urinary tract infections. Our laboratory has previously published a study that entails 

a decrease in hippocampal neurogenesis upon administering the required dosage of FOS 

to treat induced-UTIs in Sprague-Dawley rats. In this study, we will delve in a deeper 

focus on the potential neurotoxic effects of Fosfomycin on proliferating neural stem 

cells in the absence of infection.   

 

We aim to investigate the effects of FOS cognitive abilities and hippocampal 

neurogenesis of healthy, adult male Sprague-Dawley rats.  

 

Eight-weeks-old healthy, male Sprague-Dawley rats will be randomly selected 

and then divided into four equal groups. Control (sham) group will be injected with 

saline whereas the experimental groups will be injected with Fosfomycin; one group 

with a low dose of 177 mg/kg, and another group with a high dose of 354 mg/kg. The 

injections will be conducted intraperitoneally, two times for seven days every 8 hours. 

Afterwards, a sequence of behavioral tests will be performed before and after the 

administration of Fosfomycin. These tests are the thermal-sensitivity test to assess 

hyperalgesia, novel object recognition (NOR) test to study recognition memory, Y-

Maze to measure spatial memory and exploration, Rotarod to assess locomotor activity, 

and pain sensitivity to assess the development of hyperalgesia. We will then be injecting 

BrdU 24 hours prior euthanasia to study the rate of neuroproliferation by 

immunofluorescence analysis.  

 

A previous study revealed that the effect of Fosfomycin lead to a notable 

reduction in hippocampal neurogenesis upon its administration within a four-day period. 

We hypothesize that the potency of this broad-spectrum antibiotic can influence 

neuroproliferation negatively, which would potentially lead to neurological 

impairments. This novel research aims to further investigate the neurotoxicity of 

Fosfomycin, offering insights regarding the appropriate clinical application of this drug.   
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CHAPTER I 
 

INTRODUCTION 
 

A. Neurogenesis & Neuroplasticity 

1. Overview of Neuroplasticity 

Neuroplasticity is defined as the capability of the nervous system to alter its 

activity by reorganizing its structure, functions and connections in response to internal 

and external stimuli. Neurons have a key characteristic in which they can adjust the 

strength and effectiveness of synaptic transmission through various activity-dependent 

mechanisms, commonly known as synaptic plasticity (Mateos-Aparicio & Rodríguez-

Moreno, 2019). Two mechanisms categorizes neuroplasticity, one of which is known as 

neuronal regeneration and collateral sprouting (Puderbaugh & Emmady, 2023). 

Synaptic plasticity falls under this category and includes two main process: Long-term 

potentiation (LTP) and long-term depression (LDP), in which both are closely linked to 

learning and memory (Kania et al., 2017). LTP enhances synaptic strength and is 

associated with mechanisms that enhances learning and memory formation as well as 

communication between neurons, whereas LDP reduces synaptic excitability, 

weakening the efficiency of signal transmission. This is process is crucial learning and 

memory as well, as it aids in refining and altering synaptic connections based on 

experience (Kennedy, 2013; Ramirez & Arbuckle, 2016). The second mechanism of 

neuroplasticity is functional organization, which involves the brain’s ability to 

reorganize functions in response to changes in environment and injury, and this 

demonstrates the brain’s unique ability to respond to damages and restoration of 

function (Puderbaugh & Emmady, 2023).  An important aspect of neuroplasticity is 
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neurogenesis, which plays a key role in the brain’s ability to adapt and repair itself (Sun, 

2014).  

 

2. Overview of Neurogenesis 

Neurogenesis is the process of creating functional neurons from neural precursors, 

and it takes place in specific areas of the brain in mammals throughout their lives. 

Typically, active adult neurogenesis is limited to two specific neurogenic areas in the 

brain: the subgranular zone (SGZ) within the dentate gyrus (DG) of the hippocampus, 

where new dentate granules are produced, and the subventricular zone (SVZ) of the 

lateral ventricles, which is responsible for generating new neurons (Ming & Song, 

2011). Neurogenesis consists of several stages, starting with the division of adult 

neuronal stem cells (NSCs) to produce neurons that become part of established neuronal 

circuits (Ribeiro & Xapelli, 2021). The two primary characteristics of NSCs are the 

ability to self-renew through cell division and their capacity to produce differentiated 

progeny from three neural lineages: neurons, astrocytes, and oligodendrocytes.  For a 

long time, it was believed that in the mammalian brain, neurogenesis only occurred 

during development and ceases shortly after birth, leading to the perception that the 

brain is a static structure incapable of generating new neurons in adulthood. Prominent 

figures in neuroscience, including Nobel laureate Santiago Ramón y Cajal, supported 

this viewpoint, yet in 1962, Joseph Altman challenged this belief by utilizing a 

technique that tracks dividing cells, known as [3H]-thymidine autoradiography. This 

technique works by incorporating [3H]-thymidine into the DNA of the cells. Altman’s 

findings of [3H]-thymidine in neurons provided the first evidence that suggests 

neurogenesis continues into adulthood (Ribeiro & Xapelli, 2021).  
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3. Sites of Neurogenesis 

Neurogenesis is limited to specific neurogenic niches in the brain, which are the 

subventricular zone (SVZ) of the lateral ventricles, and the subgranular zone (SGZ) of 

the dentate gyrus (DG) (Figure 1.). These regions are crucial for the generation of new 

neurons in the adult mammalian brain, allowing for ongoing neurogenesis throughout 

life.  

  

a. The Subventricular Zone (SVZ) 

The subventricular zone is a significant germinal layer that develops alongside 

the telencephalic ventricular zone, and it is primarily located in the lateral wall of the 

lateral ventricle, adjacent to the ganglionic eminences (Doetsch et al., 1997). The SVZ 

acts as a source of progenitor cells that travel to the olfactory bulb through the rostral 

migratory stream (RMS), where they would integrate into established neural circuits. 

Recent studies have showed that the intricate cellular dynamics of the SVZ, 

distinguishing different cell types such as neuroblasts (or type A cells), and astrocytic 

stem cells (type B cells), which are crucial for the formation and migration of new 

neurons (Doetsch et al., 1997); (Fu et al., 2015).  

 

b. The Dentate Gyrus and The Subgranular Zone 

The dentate gyrus (DG) is a crucial component of the hippocampus because it serves 

as the primary gateway to the hippocampal formation. (Aniol et al., 2022). It is a V-

shaped structure located within the cornus ammonis (CA) of the hippocampus, which 

consists of the CA1, CA2, and CA3 regions along with 3 layers, in which the middle 

layer is known as the granule cell layer where it packed with granule cell bodies (Toni 
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& Schinder, 2015). The dentate gyrus acts as a gateway that regulates the flow of 

information into the hippocampus and is essential for learning, memory, spatial 

navigation and mood regulation (Sun et al., 2023). The subgranular zone (SGZ) of the 

dentate gyrus is an essential neurogenic niche in the adult hippocampus, enabling the 

continuous production of new neurons throughout an individual’s life. This area 

features a distinctive microenvironment that promotes the proliferation and 

maturation of neural stem cells (Nicola et al., 2015). The subgranular zone is 

positioned between the hilus and the granular cell layer (GCL) of the dentate gyrus. 

Neural progenitor cells proliferate and migrate into the GCL, where they eventually 

mature into granular neurons (Pechnick et al., 2008).  
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A schematic overview of the sites of neurogenesis: The subventricular zone (SVZ) 

and the dentate gyrus (DG) located in the hippocampus. Adopted and referenced from 

(Varela-Nallar & Inestrosa, 2013) 

 

4. Role of Neurogenesis in the Adult Human Hippocampus 

Understanding the process in which the generation of new neurons is crucial to 

learning and memory has significantly altered our perceptions of hippocampal function 

and the structural foundation of human cognition, the decline of hippocampal function 

in neurogenerative diseases such as Alzhemeir’s disease, and stress-related disorders 

and even depression (Kempermann et al., 2018) Adult neurogenesis is crucial for 

memory and cognitive function. Data suggests that the dentate gyrus is especially 

Figure 1. The neurogenic niche 
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involved in pattern separation, in which the brain can distinguish between inputs 

without overlapping the information (Gage et al., 2010; Jessberger & Gage, 2014).  

Newborn granule cells display enhanced plasticity, which facilitates their integration 

into new memory circuits, and their maturation increases their stability in memory 

connectivity (Costa et al., 2015). Recent studies have suggested that immediate early 

genes such as c-fos and Arc shows that mature newborn granule neurons exhibit 

increased expression of these genes in response to spatial learning, which indicates that 

they are preferentially activated during the learning process, and their increase in 

activity is correlated with memory formation. Notably, these findings imply that 

neurons born shortly before the learning experience are more likely to be involved in 

networks that has to do with memory recall. Meaning, the timing of a neuron’s birth is 

critical for memory processing, since neurons generated before a learning event are 

more likely to be activated when recalling information related to that event since they 

are thought to become integrated into neural circuits that encodes that memory (Kee et 

al., 2007; Ramirez-Amaya et al., 2006; Tashiro et al., 2007).  

 

5. Regulatory Factors of Neurogenesis 

During the learning process, neuronal networks are refined through an intricately 

regulated selection of neurons which unveils a novel mechanism that supports learning 

and memory in the adult brain.    (Dupret et al., 2007). Numerous factors influence 

cognition and intrinsic pathways involved in brain plasticity also modulates 

hippocampal neurogenesis (Costa et al., 2015). The first step in neurogenesis is the 

production of new cells through the proliferation of immature neurons. Many of these 

newly formed cells differentiate into granule neurons and persist for a minimum of 2 
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years in humans (Dayer et al., 2003). One area that creates an ideal environment for 

supporting progenitor cells and allows the determination of neuronal fate is found in the 

dentate gyrus (Balu & Lucki, 2009). The overall microenvironment of the dentate gyrus 

which includes specific signaling molecules and extracellular matrix components is 

crucial for maintaining the niche that supports neurogenesis and regulating the 

proliferation of progenitor cells (Hourigan et al., 2021).  

Astrocytes also play a critical role in supporting neural stem cells (NSCs) within 

the hippocampal niche by providing structural and trophic assistance, which is crucial 

for the NSC’s maintenance and proliferation – this establishment of an optimal 

microenvironment is a key for neurogenesis. Astrocytes also enhance the survival and 

differentiation of NSCs into neurons by releasing various growth factors such as BDNF 

(brain-derived neurotrophic factor) and FGF (fibroblast growth factor), which are 

essential for the neurogenic process (Ashton et al., 2012; Cassé et al., 2018). Having 

established the role that astrocytes play in regulating neurogenesis, it is essential to 

delve into specific molecular players involved in this process, particularly neurotrophic 

factors and other proteins that significantly influence neuronal growth, survival and 

differentiation.  

Neurotrophic factors are proteins that are released to promote the growth of 

neurites, the differentiation of neuronal cells and their survival. They are polypeptides 

that are essential for the development of the nervous system, playing a role in natural 

cell death, differentiation, and neurite outgrowth (Skaper, 2018). Among the various 

neurotrophic factors are neurotrophins, which are a group of proteins that modulate the 

generation, growth, survival, proliferation, differentiation and death of neurons in the 

CNS and peripheral nervous system (PNS) (Sahay et al., 2017). Neurotrophins that are 
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key players include Nerve Growth Factor (NGF), and brain-derived neurotrophic factor 

(BDNF). NGF was the first neurotrophin discovered to play a crucial role in the survival 

and function of sensory and sympathetic neurons in the PNS, along with cholinergic 

neurons in the basal forebrain of the CNS (Khan & Smith, 2015). The effects of NGF 

on neurons have two distinguishing features compared to growth factors that target 

other cell types. First, it affects the functions of differentiated neurons, emphasizing 

growth instead of proliferation, and second, NGF-sensitive neurons receive NGF from 

tissues or neurons (targets) that produce NGF, yet these NGF-sensitive neurons acquire 

NGF from a considerable distance through their axons (Skaper, 2018). NGF is 

synthesized in the hippocampus and is essential for regulating cholinergic inputs, which 

are important for hippocampal plasticity. Increasing NGF levels amplifies cholinergic 

neuronal markers and promotes the induction of long term potentiation (LTP), a 

fundamental process involved in synaptic plasticity (Conner et al., 2009). 

Fibroblast growth factor  – particularly FGF2, is recognized for promoting proliferation 

of neuronal progenitor cells (NPCs) in the adult brain, and is also enhance neurogenesis 

in the dentate gyrus of rodents (Goldshmit et al., 2018; Zhao et al., 2007).  

Vimentin is an intermediate filament protein that is expressed in astrocytes and neural 

progenitor cells (Chen et al., 2018). Vimentin plays a role in maintaining proteostasis 

and this includes clearing protein aggregates. The absence of vimentin reduces the 

capacity for NSCs to exit the quiescent state, which would hinder the activation and 

differentiation of NSCs, and thereby depleting the process of neurogenesis (Morrow et 

al., 2020).  

 Brain Derived Neurotrophic Factor (BDNF) is essential in the plastic changes 

associated with learning and memory (Miranda et al., 2019). It is part of a neurotrophin 
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family that is a key factor in the survival of differentiation of neuronal populations 

during development (Huang & Reichardt, 2001). High levels of BDNF are expressed in 

the hippocampus, amygdala, cerebellum and the cerebral cortex, with the highest levels 

observed in hippocampal neurons of both rodents and humans (Hofer et al., 1990). 

BDNF is believed to be a vital component of cellular mechanisms that facilitate 

memory formation, and changes in synaptic connection is thought to aid in memory 

storage (Mizuno et al., 2000). Various studies have shown a direct link between BDNF 

and learning and memory, in which BDNF can serve as a mediator of plastic changes 

that underly spatial and recognition memory processes (Miranda et al., 2019). 

Molecules such as Sox2 and TrkB are not classified as neurotrophic factors but have 

significant roles in the neurogenic process. Sox2 is an essential transcription factor that 

preserves pluripotency and self-renewal abilities of neural stem cells by regulating 

genes involved in the differentiation of NSCs into neurons and glial cells (Bani-

Yaghoub et al., 2006; Ehm et al., 2010). TrkB is a BDNF receptor, and is crucial for the 

survival and maturation of neurons, particularly the proliferation and differentiation of 

neural progenitor stem cells (NPCs) in the dentate gyrus of the hippocampus TrkB is 

significant for supporting cognitive function including learning and memory by 

promoting neurogenesis, as it is implicated that enhanced neurogenesis driven by TrkB 

signaling is thought to enhance cognitive performance (Bergami et al., 2008; Li et al., 

2008). Table 1 presents a summary of the various molecules and their role in 

neurogenesis.  
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Table 1. Overview of various molecule and their role in neurogenesis. 

Molecule Type Role in Neurogenesis and 

Cognition 

References 

NGF 
Neurotrophic 

Factor 

Survival and function of 

sensory and sympathetic 

neurons. Regulates cholinergic 

inputs essential for 

hippocampal plasticity. 

Enhances LTP. 

(Conner et 

al., 2009; 

Khan & 

Smith, 

2015; 

Skaper, 

2018) 

BDNF 
Neurotrophic 

Factor 

Promotes neuronal survival and 

synaptic plasticity, and vital for 

learning and memory. 

(Miranda et 

al., 2019; 

Mizuno et 

al., 2000) 

TrkB Receptor (BDNF) 

Neuronal survival, 

differentiation, and enhancing 

cognitive functions like 

learning and memory. 

(Bergami 

et al., 

2008) 

Sox2 
Transcription 

Factor 

Maintains pluripotency of 

neural stem cells and regulates 

differentiation into neurons and 

glial cells. 

 

 

(Bani-

Yaghoub et 

al., 2006) 

 

FGF2 
Neurotrophic 

Factor 

Promotes proliferation of 

neuronal progenitor cells 

(NPCs) in the brain 

(Goldshmit 

et al., 

2018; Zhao 

et al., 

2007) 

Vimentin 
Intermediate 

Filament Protein 

Facilitates clearance of 

damaged proteins and is crucial 

for NSCs to exit quiescence.  

(Chen et 

al., 2018; 

Morrow et 

al., 2020) 

 

 

 

 

6. Tracking Neurogenesis 

As mentioned earlier, tritiated ([3H]) thymidine autoradiography provided the 

first evidence of neurogenesis in the subventricular zone (SVZ) and dentate gyrus (DG) 



 

 19 

in rodents. Bromodeoxyuridine (BrdU), a synthetic analog of thymidine, was developed 

following the discovery of [3H]) thymidine and provided evidence of neurogenesis 

occurring in the SVZ and DG of rodent brain. The non-radioactive nature of BrdU 

immunohistochemistry enables quicker studies and the detection of labeled cells in thick 

tissue sections which is necessary for a quantitative analysis of the brain (West et al., 

1991), and this led to BrdU becoming a definitive method for tracing neural stem cells 

(NSCs) and studying neurogenesis (Altman, 1969; Altman & Das, 1965; Eriksson et al., 

1998). BrdU can cross the blood-brain-barrier (BBB), and common method to 

administer BrdU is to inject it intraperitoneally, and it can also be administer orally, 

intravenously or intracerebroventrically depending on the experimental design for 

researching neurogenesis (Taupin, 2007; Wojtowicz & Kee, 2006). BrdU incorporates 

into the DNA of dividing cells during the S-phase of the cell cycle, and it utilized for 

identifying cells that were born during a particular period and for tracking cell 

proliferation. However, it is important to note that BrdU is not a marker for the S-phase, 

but it serves as an indicator for DNA synthesis. BrdU is detected using monoclonal 

antibodies through immunohistochemistry specifically targeting single-stranded DNA. 

It is commonly used with neuronal cell markers such as NeuN to show the presence of 

proliferating cells in the hippocampus (Eriksson et al., 1998; Taupin, 2007).  

 

B. Fosfomycin 

1. Overview of Fosfomycin  

Fosfomycin (FOS) is a low molecular weight derivative of phosphonic acid. It 

was originally isolated from cultures of Streptomyces species, including Streptomyces 

fradiae. The chemical structure of Fosfomycin, 1,2-eposipropylphosphonic acid, 
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contains two key components: an epoxide group and a phosphonic acid moiety, both of 

which are essential for antibacterial activities (Zhanel et al., 2016). Fosfomycin has 

been primarily used to treat acute uncomplicated urinary tract infections (UTIs) caused 

by bacteria such as Escherichia coli with or without ESBL, as well as other species such 

as Proteus mirabilis, Staphylococcus saprophyticus, Streptococcus agalactiae and 

Enterococcus species. (Falagas et al., 2019). Hence, renewed interest has been shown 

towards the use of Fosfomycin in terms of the rise of antibiotic resistance due to its 

favorable in vitro susceptibilities against multi-drug resistant bacteria pathogens (Hirsch 

et al., 2015). Fosfomycin was initially developed and synthesized as a calcium salt, 

however, this created issues in lab studies which delayed its effectiveness in patients 

and animal models, and this led to a commercial discontinuation. Later, it was 

reformulated into a newsalt called Fosfomycin tromethamine (or Fosfomycin 

trometamol), which rendered the drug to be more reliable for in vitro antimicrobial 

susceptibility testing (Zhanel et al., 2016).  

 

2. Mechanism of Action 

Fosfomycin operates to inhibit bacterial wall synthesis by disrupting the first 

step of peptidoglycan synthesis, which is the bacteria’s ability to build its cell wall. The 

first step of peptidoglycan synthesis is crucial for the bacteria’s survival. Fosfomycin 

uses glycerol-3-phosphate transporter (GlpT) and glucose-6-phosphate transporter to 

enter the bacterial cell and target and inhibit the UDP-N-acetylglucosamine enolpyruvyl 

transferase (MurA) enzyme, which is essential for the formation of N-acetylmuramic 

acid, the building block of bacterial cell wall (Díez-Aguilar & Cantón, 2019). This 

works because Fosfomycin is analogous to phosphoenolpyruvate (PEP), a key 
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metabolic intermediate in the metabolism of carbohydrates (Deutscher et al., 2014), 

allowing Fosfomycin to bind with MurA and inhibit it, which leads to the lysis of 

bacterial cells. MurA facilitates the transfer of an enolpyruvyl group from PEP to UDP-

N-acetylglucosamine. The epoxide ring is a structure in Fosfomycin which is essential 

to the function of the drug as it allows it to bind to MurA, disrupting the enzyme’s 

functions in cell wall synthesis. This is because the highly reactive epoxide ring is 

targeted by the cysteine residue within the MurA enzyme’s active site, forming a 

covalent bond between the enzyme and Fosfomycin, which inactivates the enzyme 

(Raushel, 2013). The mechanism in which FOS specifically targets MurA is what 

makes it unique to other cell wall inhibitors such as β-lactams and glycopeptides that 

disrupt the later stages of the assemblage of peptidoglycan. Mimicking PEP and directly 

blocking the catalytic site, resulting in irreversible inhibition, contributes to its 

distinctiveness, making it an effective option where other treatments may fail (Zhanel et 

al., 2016). 

 

3. Pharmacokinetics and Therapeutic Uses 

Fosfomycin is a broad-spectrum antibiotic effective against a wide range of 

aerobic gram-positive and gram-negative bacteria (Shrestha & Tomford, 2001). Its 

pharmacodynamics are characterized by its concentration-dependent effects - the higher 

the concentration, the higher the antibacterial activity. A key target for successful 

treatment with Fosfomycin is through maintaining the drug concentration above the 

minimum inhibitory concentration (MIC) for a significant part of the dosing interval, 

specifically 70% of the time during the dosing period to ensure that the bacteria are 

effectively inhibited. Additionally, the drug’s efficacy in treating challenging systemic 
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infections is enhanced by its ability to penetrate various tissues (Rodríguez-Gascón & 

Canut-Blasco, 2019). Studies have shown that Fosfomycin administered intravenously 

is suitable for treating serious infections (Chen et al., 2023), such as in bones, lungs, 

CNS, and even abscesses (Rodríguez-Gascón & Canut-Blasco, 2019). Levels measured 

in plasma has shown that Fosfomycin reaches up to 50-70%, which is sufficient high 

enough to eliminate pathogens (Dijkmans et al., 2017).  

Oral formulation consists of a single-dose treatment by a 3-gram sachet that 

dissolves in water, which is a convenient treatment for patients who either failed 

treatment with another antibacterial agent or have been infected with an MDR (multi-

drug resistant) pathogen (Zhanel et al., 2020). Orally administered Fosfomycin is 

partially absorbed in the small intestine through two main mechanisms, either a 

saturable carrier mediated transport system or a non-saturable straightforward process. 

Before the drug reaches the small intestine, it goes through acid-catalyzed hydrolysis in 

the stomach where the acidity and emptying rate affects how much of the drug is 

degraded, which impacts its overall bioavailability (Bundgaard, 1980). Due to this, 

differences in stomach acidity and gastric emptying rates between individuals can vary, 

which leads to a significant variability in serum levels of Fosfomycin after oral 

administration (Dijkmans et al., 2017).  Fosfomycin achieves high urinary 

concentrations after oral administration, which is crucial for treating UTIs (Abbott et al., 

2020). Based on a simulation study, a regimen of two 3-g doses in a period of 7 days 

and 72 hours apart has been suggested to be an optimal dosage to attain proper urinary 

concentration (Sádaba-Díaz De Rada et al., 2006) However, it is important to note that 

an oral regimen may not be sufficient enough for the treatment of severe infections 

(Dijkmans et al., 2017).  
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4. Adverse Side Effects 

Fosfomycin is a generally well-tolerated drug that is known for its simplicity and 

convenience; however, it can cause several adverse side effects. Gastrointestinal 

disorders have been reported to be the most common side effect with oral Fosfomycin, 

whereas with non-oral, or parenteral Fosfomycin side effects include rash, hypokalemia, 

and peripheral phlebitis. Adverse reactions such as angioedema, cholestatic jaundice 

have been reported in relation to the intravenous formulation of Fosfomycin. Despite 

these reactions being rare, they pose significant risks to populations with underlying 

health conditions such as heart failure or liver disease. It is suggested that the high 

sodium content can be a concern for patients with heart failure or undergoing the 

treatment of hemodialysis as it may worsen fluid retention and cardiovascular issues. 

Hence, careful monitoring of these potential side effects is crucial in clinical practice 

(Iarikov et al., 2015).  

 

C. Brief Overview of the Neurotoxic Effects of Antibiotics  

Neurotoxicity refers to changes in the structure and function of the central 

nervous system caused by various physical, chemical, and biological agents, and among 

the key contributors to neurotoxicity are coexisting medical conditions (Jadhav et al., 

2022) Antibiotics are commonly prescribed medications in both outpatient and hospital 

environments. While these drugs are well-tolerated, they can produce side effects that 

are both dose-dependent and unpredictable. A significant risk for physicians and 

patients is the failure to identify neurotoxic effects of antibiotics as well as neurological 

symptoms of toxicity that can be mistaken for other neurological disorders (Grill & 

Maganti, 2011) Certain antibiotics like beta-lactams can disrupt GABA (gamma-
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amniobutyric acid) transmission, a neurotransmitter essential for inhibitory signaling in 

the brain due to structural similarities between beta-lactam ring and GABA, allowing 

for the interference with normal neurotransmission, resulting in excitotoxic effects and 

neuronal injury and death (Hurkacz et al., 2021). In terms of Fosfomycin, while there 

are no studies suggesting that this drug can cause neurotoxic effects, fosfomycin has 

been implicated in neurotoxic effects through one case report.  A patient developed 

encephalopathy and meningeal inflammation during treatment with 

avibactam/ceftazidime and fosfomycin, yet upon discontinuation, the patient’s condition 

improved, and this implication highlights potential risks that is associated with its use 

("Avibactam/ceftazidime/fosfomycin: Neurotoxicity manifesting as encephalopathy and 

meningeal inflammation: case report," 2021) . Given these concerns, our study seeks to 

provide further understanding of fosfomycin’s neurotoxic effects, particularly in 

relation to neural stem cell proliferation and cognitive behavior in rats. 

 

D. Research Objective and Aim 

A previous study revealed that the effect of Fosfomycin lead to a notable 

reduction in hippocampal neurogenesis upon the administration of Fosfomycin within a 

four-day period. We hypothesize that the potency of this broad-spectrum antibiotic can 

influence neuroproliferation negatively, which would potentially lead to neurological 

impairments. This novel research aims to further investigate the neurotoxicity of 

Fosfomycin, particularly as there are no recorded cases addressing its potential effects 

on the proliferation of neural stem cells, as well as on the cognitive behavior and 

nociception of rats. This study will aid us in exploring rat behavior and memory, 

providing insights into the appropriate clinical application of this drug.  
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CHAPTER II 
 

MATERIALS AND METHODS 

 
 

A. Animals  

Eight-weeks-old healthy male Sprague-Dawley rats, weighing 250-300 g were 

selected in this study. All experimental protocols were performed according to the 

ethical standards established by the Institutional Animal Care and Use Committee at the 

American University of Beirut. The animals were kept under standard conditions in a 

temperature-controlled room (20-22° C) with a 12-hour light/dark cycle and had 

unrestricted access to regular rodent chow and water.  

 

B. Experimental Design 

A total of eight rats (n=8) were randomly assigned into three groups: control 

(sham), low-dose experimental group, and high-dose experimental group. The 

experiment commenced with a baseline period from Day 1 to Day 3, which started with 

the NOR test and the rotarod test, then concluded with the Y-Maze test and the thermal 

(pain) sensitivity test. From Day 4 to Day 10, the experimental group received treatment 

with Fosfomycin, and the sham group received treatment with 0.9% saline. Following 

the treatment period, the final set of behavioral tests was conducted. BrdU was 

administered 24 hours prior to euthanasia, and the animals were sacrificed on Day 15.  
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Day 1 begins with a set of behavioral tests before treatment with Fosfomycin. From 

Day 4 till Day 10th, the experimental groups receive Fosfomycin treatment twice every 

8 hours for 7 days, whereas control (sham) groups receive saline injection. A set of 

behavioral tests follows post-treatment, and after that, Bromodeoxyuridine (BrdU) is 

injected 24 hours before euthanasia. 

 

C. Fosfomycin Administration  

Both experimental groups received intraperitoneal injections, alternating 

between lower left and right sides of the abdomen for each injection. Injections were 

administered twice a day, with one dose every 8 hours for 7 days. The doses were 

calculated using conversion factors (Nair & Jacob, 2016) in which the high-dose 

experimental group was administered FOS at a dose of 354 mg/kg, and the low-dose 

experimental group received 177 mg/kg. The high dose is equivalent to a dose of 4 g in 

humans, and the low dose is equivalent to a dose of 3 g. Each dose was prepared fresh 

with saline just before injection to maintain antibiotic viability. The sham group 

followed the same procedure as the experimental group in which they received 0.9% 

saline at an equivalent volume of 300 μL and 600 μL to assimilate a low and high dose.  

Figure 2. Timeline overview 
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D. BrdU Administration  

Bromodeoxyuridine (BrdU) is a synthetic analog of thymidine that gets 

incorporated into DNA during the S-phase of the cell cycle. This is a labeling technique 

utilized to study neurogenesis by marking newly proliferating or immature neurons. 

BrdU power (5’-bromo-2-deoxyuridine, Boc Sciences) was measured and dissolved in 

warm 0.9% saline. After ensuring the solution was fully mixed, each group of rats 

received 3 injections intraperitoneally (66 mg/kg/300 μL/injection) every 2 hours, 24 

hours prior to euthanasia.  

 

E. Behavioral Tests  

Behavioral tests were performed during the light phase of the circadian cycle. 

Animals were moved to the experimental room at least 1 hour before testing to adapt 

and familiarize with the new environment. All tests were conducted in both 

experimental groups at baseline at week 1 before FOS treatment, and at weeks 3 and 4 

post-treatment. 

 

1. Thermal Sensitivity Test 

Rats were placed in designated transparent plexiglass boxes on the Ugo Basile 

thermal aesthesiometer apparatus. They acclimate to the environment for 30 minutes 

before the experiment. A radiant heat source emits an infrared light at the intensity of 36 

infrared units (approximately 45-50°C) directed at the shaved lower abdomen of the 

rats. The rats were thoroughly shaved one day prior the experiment to ensure optimal 

heat exposure. Latency for rats to withdraw abdomen seen by arching of the back or 

brisk abdomen retrieval is recorded in response to the heat stimulus. If the rat did not 
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respond within 20.1 seconds (cutoff time), the trial is terminated. Each measurement 

was repeated three times, with about 3 minutes intervals between them.  

 

2. Novel Object Recognition (NOR) 

Novel object recognition (NOR) is a test used to assess short-term memory in 

rodents, particularly their recognition and novelty memory (Chesworth et al., 2018). 

The NOR apparatus utilized is a square enclosure with each side measuring 60 cm, 

featuring four walls tall enough to prevent the rats from escaping. Fixed environmental 

cues were used to assist the rats in orienting themselves left and right. This test is 

conducted with in three phases: Habituation, Familiarization, and Testing. During the 

habituation phase, the rats are allowed to explore the field without any objects present 

for 5 minutes. Next, during the familiarization phase, during which identical objects 

were put on each side, and the rats were allowed to explore the field for 7 minutes. After 

24 hours, the testing phase was done where one identical object was replaced with a 

novel one, and the rats are allowed to explore for 5 minutes while being video recorded. 

Each video was analyzed using Any MazeTM, software, and recorded variables such as the 

number of entries into the familiar and novel object zones as well as the total time spent in each 

zone were recorded.   

 

3. Y-Maze Test 

The Y-maze test assesses spatial memory, spatial reference, and recognition 

memory (E. A. Prieur & N. M. Jadavji, 2019). The maze features three identical arms, 

each 10 cm wide and 40 cm long, arranged at equal intervals with a 120° angle, creating 

a “Y” shape. Rats were deprived of food 24 hours before the experiment. The next day, 

they are taken to the testing room to habituate 30 minutes before the training phase of 
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the test. Fixed environmental cues were present to assist the rats in orientation. During 

the training phase, all arms of the maze are opened, with one arm containing a food 

pellet, and each rat explored the maze for 5 minutes while being video recorded. After 

that, each rat was then kept in their home cage for 1 hour prior the testing phase, and the 

food pellet is removed from the arm.  During the testing phase, the rats explore the 

maze for 5 minutes while being recorded. Between each training and testing session, the 

maze was cleaned with 70% alcohol to remove any odor traces. Each video was 

analyzed using Any MazeTM, software in which variables such as the number of entries 

and the total time spent in the novel arm were recorded. 

 

4. Rotarod Test  

The rotarod test was used to assess motor function and balance of rats (Henry et al., 

2020). The rotarod apparatus consists of an optimal system designed for rats. It features 

a rotating rod that is divided into separate lanes to accommodate multiple rats 

simultaneously. Each lane is equipped with fall sensors that detect when an animal falls 

off the rotating rod, ensuring accurate timing and performance tracking. The apparatus 

contains a system that enables controlled acceleration and keeps a consistent rotational 

speed, allowing for precise assessment the animal’s balance and motor coordination. 

Prior the start of the rotarod test, the rats were kept in their cages and placed in the 

testing room for 1 hour before testing, and this is done to reduce the impact of stress on 

their behavior during their assessment. This assessment is divided into two phases: a 

training phase and a testing phase.  

During the training session, the rats from the same cage were placed in separate 

lanes on the rod rotating at 5 rpm for 60 secs (1 minute). After 60 secs, animals are 



 

 30 

returned to their home cage and this procedure is repeated 3 times with a 10-minute 

interval in between each trial. The rats must successfully stay on the rotating rod at 5 

rpm for 60 secs before moving to the testing phase. It is important to note that if the rat 

falls off the rod before the 60 secs cutoff, the trial may be repeated once, but no more 

than four trials can be ran for each animal. It is essential that the rats must successfully 

stay on the rotating rod at 5 rpm for 60 secs before moving to the testing phase. During 

the testing phase, the apparatus is programmed to accelerate from 4 to 40 rpm for 300 

secs, with the rats placed in individual lanes on the rotating rod which is initially 

rotating at 4 rpm. This procedure is repeated for a total of three trials with 15-minute 

intervals in between each. If the rat can complete a full passive rotation, the timer can 

be stopped, and the latency and speed are recorded. 

 

5. Thermal Sensitivity Test  

Rats were placed in designated transparent plexiglass boxes on the Ugo Basile 

thermal aesthesiometer apparatus. They acclimate to the environment for 30 minutes 

before the experiment. A radiant heat source emits an infrared light at the intensity of 36 

infrared units (approximately 45-50°C) directed at the shaved lower abdomen of the 

rats. The rats were thoroughly shaved one day prior the experiment to ensure optimal 

heat exposure. Latency for rats to withdraw abdomen seen by arching of the back or 

brisk abdomen retrieval is recorded in response to the heat stimulus. If the rat did not 

respond within 20.1 seconds (cutoff time), the trial is terminated. Each measurement 

was repeated three times, with about 3 minutes intervals between them.  
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F. Euthanasia and Tissue Extraction  

Rats were placed under deep anesthesia using isofluorane inhalation before 

being euthanized. One group of rats was euthanized via decapitation using a specialized 

guillotine to obtain fresh tissues for RNA and protein extraction. Fresh hippocampus 

tissues were collected in cryovials in sterile conditions and were then snap-frozen in 

liquid nitrogen and moved to -80 °C for storage. Another group of rats underwent 

transcardial perfusion with 0.9% saline solution followed by a 4% formalin solution. 

Each rat’s brain was carefully extracted and further fixed in 4% paraformaldehyde for 

24 hours. The brains were then placed in 30% sucrose solution in 0.1M PBS and stored 

at 4 °C for dehydration before being used for sectioning. 

 

1. Brain Sectioning and Tissue Processing 

The brains were kept in a 30% sucrose solution at 4° C until they sank to the bottom 

of the container, indicating complete dehydration. They were then prepared for 

sectioning by removing the cerebellum and brainstem, focusing solely on the cerebral 

hemispheres. The area of interest, which contained the hippocampal formation, was 

Figure 3. Behavioral Tests. A schematic diagram showing the behavioral tests utilized 

in the study. This schematic was done using BioRender © 2024. 
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positioned vertically on the microtome stage and sliced from the front (rostral) to the 

back (caudal). Sections were sampled systematically using the fractionator method, 

adhering to established protocols from our group (Chamaa et al., 2021). This method 

allowed us to obtain six representative wells from each hippocampal region, ensuring 

accurate data collection for counting BrdU positive cells from one representative well 

per region (Figure 4). Coronal sections, each measuring 40 μm, were cut serially from 

the rostral to the caudal extent of the dentate gyrus (DG). By following the rostrocaudal 

coordinates of -2.12 to -6.3 mm relative to bregma, we ensured comprehensive coverage 

of the entire hippocampal formation. The DG was divided into three areas: rostral (-2.12 

to -3.7 mm), intermediate (-3.7 to -4.9 mm), and caudal (-4.9 to -6.3 mm) (Chamaa et 

al., 2018; Paxinos & Watson, 2006). This division improved the topographic 

distribution of BrdU positive cells, with each well containing representative samples 

from all hippocampal regions. All sections were stored in a sodium azide solution (15 

mM in 0.1 M  
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PBS) at 4°C. 

 

 

 

 

 

 

 

 A diagram demonstrating the fractionator method for brain sectioning (Chamaa et al., 2016).  

 

G. Molecular Analysis 

1. Immunofluorescence Assay  

After brain sectioning procedure, BrdU and NeuN markers were utilized to stain 

NSCs and mature neurons, respectively. This double staining method allows for the 

identification and counting of newly formed BrdU-positive cells in the SGZ during 

early proliferation. After sectioning, one representative well from each rat, containing 

regions from the rostral, intermediate, and caudal dentate gyrus, was randomly selected 

for immunofluorescence. The free-floating sections were washed 3 times with PBS, 

Figure 4. Brain sectioning 
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then incubated in 2N HCl at at 37° C for 30 minutes to denature the DNA. The 

denaturation process disrupts the hydrogen bonds between DNA strands, allowing the 

primary anti-BrdU antibody to effectively bind to the incorporated BrdU.  

The sections were then neutralized for 10 minutes on sodium borate solution (0.1 M, pH 

8.5), followed by 3 washes with 0.1 M PBS for 5 minutes each. They were then blocked 

for 1 hour at 4°C in a 10% blocking solution (10% NGS, 10% BSA, and 0.1% Triton X 

diluted in 0.1 M PBS) to minimize non-specific binding. The tissues were then 

incubated overnight at 4°C with primary antibodies: rabbit anti-NeuN (1:500, Encor, 

SinoBiological) and mouse anti-BrdU (1:250, Santa Cruz), both diluted in a 3% 

blocking solution (3% BSA, 3% NGS, 0.1% Triton X in PBS). The following day, the 

tissues were washed three times with 0.1 M PBS, with each wash lasting 5 minutes. 

They were then incubated for 2 hours on a shaker with secondary antibodies: goat anti-

mouse 568 (1:250, AlexaFluor Invitrogen) and goat anti-rabbit 488 (1:250, AlexaFluor 

Invitrogen), both diluted in 3%. After incubation, the sections were washed three times 

and then mounted with anti-fade mounting media containing DAPI (4', 6-Diamidino-2-

Phenylindole, Abcam, USA) before being covered with thin glass coverslips. 

 

2. Cell Counting and Laser Scanning Confocal Microscopy  

BrdU-positive cells were counted in the subgranular zone (SGZ) of the dentate 

gyrus (DG) 24 hours after BrdU injection (indicating proliferation) and in the granular 

cell layer (GCL) four weeks post-injection (indicating neurogenesis). A confocal 

microscope with a 40X oil objective was used to count the BrdU-positive cells. The 

total number of positive cells counted for each rat was multiplied by six (the number of 

sets per rat) to determine the overall number of BrdU-positive cells in each region—
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rostral, intermediate, and caudal of the DG—for each rat. Z-stacks were used to show 

all the BrdU+ve cells across the 40μm section in the whole dentate gyrus of each region, 

while the tile scan was employed to obtain a stitched mosaic image of the dentate gyrus. 

The images were analyzed using the Zeiss ZEN 2009 image-analysis software and 

processed with maximal intensity projection. For each region of the DG, representative 

immunofluorescent images for BrdU and NeuN stained slides were captured using laser 

screening on the confocal microscope. 

 

3. RNA Extraction  

Total RNA was extracted from the hippocampus tissues using Qiazol (QiaGen). 

First, 750 µL of Qiazol was added to the tissues in vials along with ceramic and metal 

beads to facilitate tissue disruption. This process was enhanced using the OMNI Bead 

Ruptor™ machine to improve extraction efficiency. Next, 300 µL of chloroform was 

added to the vials, followed by centrifugation for 20 minutes at 4° C at 15,000 g to 

separate the RNA from the organic phases. The aqueous phase, which contained the 

RNA, was carefully extracted and transferred to a new vial. Isopropanol was then 

added, and the vials were centrifuged for 30 minutes at 4°C at 15,000 g to precipitate 

the RNA into a pellet. After removing and discarding the supernatant, the pellet was 

washed with 600 µL of 70% ethanol. The vials were centrifuged again for 20 minutes at 

4°C at 12,500 g, and this washing step was repeated once more. Finally, the supernatant 

was removed, and the pellet was allowed to air dry. Once completely dry, the pellet was 

resuspended in RNase/DNase-free water and stored at -80°C for long-term preservation. 

 



 

 36 

4. cDNA Synthesis 

After extracting RNA, its concentration and purity were assessed using the 

ThermoScientific™ NanoDrop 2000™. This measurement was used to determine the 

appropriate volume of RNA needed to obtain 2 μg for conversion into complementary 

DNA (cDNA). A mixture was prepared containing 3 µL of genomic DNA wipeout 

buffer, RNase/DNase-free water, and RNA, reaching a total volume of 15 µL. The vials 

were then incubated for 2 minutes at 42°C. Next, a master mix was added, consisting of 

reverse transcriptase (RT, 5 µL), RT buffer, and primers, to achieve a final volume of 

20 µL. This mixture was incubated for 5 minutes at 25°C, followed by 15 minutes at 

55°C, and concluded with a 2-minute incubation at 85°C. 

 

5. Quantitative Real-Time PCR (TR-qPCR)  

The cDNA of hippocampal tissues was analyzed to obtain their mRNA expression 

through RT-qPCR (Bio-Rad CFXTM Manager Software; cat #1845000).  RT-qPCR 

was done through using the ΔΔCt method and the SYBR green system (Applied 

Biosystems; cat #A46111). The PCR reactions were performed in duplicates, with the 

expression of specific genes compared to GAPDH, a housekeeping gene that acts as a 

standard reference. The PCR protocol consisted of several stages, starting with DNA 

denaturation for 5 minutes at 95°C. This was followed by 40 cycles of denaturation at 

95°C for 10 seconds, then annealing at the optimal temperature of 57°C for each primer 

for 30 seconds and concluding with an extension step at 72°C for 10 minutes. Gene 

expression was calculated using the following equation: ΔΔCt = ΔCt (target) – Average [ΔCt 
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(Sham)], where ΔCt = Ct (target) -C t (GAPDH). The amount of endogenous target gene relative to a 

calibrator (GAPDH) became 2–Δ ΔCt t.  

 

Table 2. List of primers used in RT-qPCR in the study. Glyceraldehyde-3-phosphate 

dehydrogenase: Gapdh; Brain Derived Neurotrophic Factor: BDNF; Nerve growth 

factor: NGF; Fibroblast growth factor 2: FGF; Tropomyosin receptor kinase B (TrkB); 

Vimentin. 

Rattus norvegicus 

Primers 

Sequence (5'->3')  

Gapdh 
F: TCACCATCTTCCAGGAGCGA 
R: GGCGGAGATGATGACCCTTT 

BDNF 
F: CTCCGCCATGCAATTTCCAC 
R: CAGCCTTCATGCAACCGAAG 

 

NGF 
F: CATCGCTCTCCTTCACAGAGTT 
R: TCTGTGTACGGTTCTGCCTG 

 

FGF2 
F: AGGATCCCAAGCGGCTCTAC 

R: TACCGGTTCGCACACACTC 

TrkB 
F: TTCTGCGACCCAAAGAGTCC 
R: CAGTCAGTCAGAGTGCTGT 

Vimentin 
F: GGCTGCCAACCGGAACAAC 

R: CGCTCCAGGGACTCGTTAG 

 

 

H. Statistical Analysis  

Statistical analysis and figure plotting were conducted using the Prism 9 

GraphPad software package (GraphPad Software, Inc., CA, USA). A one-way ANOVA 

followed by Sidak's multiple comparison test was used to determine statistical 

significance when examining a single variable within the same groups. For comparing 

two variables across groups, a two-way ANOVA followed by Tukey’s multiple 

comparison test was employed. An unpaired t-test (Welch’s Test) was applied to assess 

statistical significance between the means of two independent groups. 
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One-way ANOVA followed by Sidak’s multiple comparison test was also used to 

evaluate the statistical significance of the number of entries into the novel object zone 

and the number of BrdU-positive cells of the sham group, and the experimental groups. 

Two-way ANOVA was used to assess the statistical difference of the thermal sensitivity 

and rotarod test. Additionally, an unpaired t-test (Welch’s test) was utilized to assess 

statistical significance for concentrations of BDNF, NGF, FGF, and Vimentin between 

the sham and experimental groups. Data were averaged for each group and presented as 

mean ± standard error mean (SEM). A P value of < 0.05 was considered statistically 

significant at a 95% confidence interval. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 39 

CHAPTER III  

 

RESULTS 
 

 

A. Effect of FOS Administration on Cognitive Functions: Behavioral Studies 

1. Effect of FOS Administration on Spatial and Reference Memory 

The Y-maze spontaneous alternation test (Figure 5) was conducted on all groups of 

rats to evaluate spatial working memory pre-treatment and post-treatment with 

Fosfomycin. Pre-treatment analysis (Figure 5A) revealed no significance in the time 

spent in the novel arm. Similarly, the distance traveled indicated exploratory behavior 

among all rats with no effect on motricity (Figure 5C). 

Post-treatment analysis of the results has shown that a significant decrease in the 

time spent in the novel arm in both, FOS-low dose experimental group (79.63 ± 22.32; 

p=0.0445) and FOS-high dose treated group post-treatment (81.63 ± 12.54; p=0.0333) 

compared to the sham group (143.5 ± 24.77). However, there was no significance 

detected between FOS-low dose and FOS-high dose groups (Figure 5B). Additionally, 

the distance traveled (Figure 5D) showed no significant differences among all groups 

(Sham 5.030 ± 0.7112; FOS low-dose 4.855 ± 0.6301; FOS high-dose 5.118 ± 0.4115). 

These results suggest that Fosfomycin induced an impact on the spatial and reference 

memory of the rats without affecting their exploration.  
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No significant differences in the time spent in the novel arm before treatment (A). A 

significant decrease is observed after treatment with FOS between sham (n=4) and both 

FOS-low dose group (*: p<0.05) and FOS-high dose (*: p<0.05) (B). Exploration 

activity indicated by distance traveled in both baseline (C) and end (D) showed no 

significance, indicating no effect in motricity. Unpaired Welch’s t-test was used to 

A B

=

= 

C D 

Figure 5. The Y-maze spontaneous alternation test results. 
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assess significance between the groups. Data is expressed as mean ± SEM. 

 

2. Effect of FOS Administration on Recognition Memory 

The novel-object recognition (NOR) test was conducted on all groups of rats to 

evaluate the effect of FOS on recognition memory. Pre-treatment analysis (Figure 6A) 

showed no significance in the time spent in the novel object zone, indicating that all rats 

from each group alternated towards the novel object more frequently. The distance 

traveled (Figure 6C) also revealed no significance and indicated that all rats actively 

explored the field. No statistical significance was observed in post-treatment analysis 

(Figure 6B) between both the sham (108.9 ± 62.06) and FOS-low dose groups (91.53 ± 

13.9; p= 0.4004), as well as between the sham group and FOS-high dose group (71.80 ± 

22.17; p=0.3207). The distance traveled (Figure 6D) also showed no significance, 

indicating that the rats actively alternated in between the zones and explored the field. 
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No significant differences in the time spent in the novel zone is before and after 

treatment with FOS (A and B).  Exploration activity indicated by distance traveled in 

both baseline (C) and end (D) showed no significance, indicating no effect in motricity. 

Unpaired Welch’s t-test was used to assess significance between the groups. Data is 

expressed as mean ± SEM.  

 

A 
B 

C 

D 

Figure 6. The novel-object recognition test results. 
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B. Effect of FOS Administration on Sensory and Motor Functions 

1. Fosfomycin-treated Rats Show No Development of Abdomen Hyperalgesia upon 

Heat Stimulation – Thermal Sensitivity Test 

 

The heat hyperalgesia test (Figure 7) was performed on all rat groups to evaluate 

their response to thermal stimulation. A reduction in abdomen withdrawal latency 

signifies heightened sensitivity to the pain stimulus.  

At baseline (pre-treatment), all groups appear to have similar withdrawal latencies, 

indicating no significant differences in heat sensitivity among the groups (sham 9.822 ± 

0.01111; FOS low-dose 10.21 ± 0.5792; FOS high-dose 11.02 ± 0.1458).  Post-

treatment analysis showed that the withdrawal times for each group remained consistent 

or show slight variation but do not appear drastically lower. No statistical significance is 

detected, suggesting that Fosfomycin does not increase sensitivity to pain. 

 

Figure 7. Thermal sensitivity test results. Fosfomycin did not increase sensitivity 

to heat. 
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 Heat sensitivity measured in seconds before withdrawal in the abdominal area during 

pre-treatment and post-treatment. No statistically significant differences were detected 

among the sham, FOS low dose, and FOS high dose groups at either time point. Two-

way ANOVA test was used to assess the statistical significance between pre-treatment 

and post-treatment points. 

 

2. Fosfomycin Treatment Does Not Impair Motor Functions in Rats 

The rotarod motricity test (Figure 8) was performed on all rat groups to assess the 

effect of FOS on motor function and coordination. The variables are the latency and 

speed, in which the latency refers to the time it takes for the subject to fall off the 

rotating rod. Longer latency indicates better balance and coordination. The 

measurement of speed compliments the latency, in which the faster the subject runs on 

the rod at an extended latency, the better the overall motor function of the rats.  

The initial latency and speed measurements (Figure 8A) before treatment (sham: n=6; 

51.36 ± 3.028; FOS-low dose: n=8; 61.86 ± 7.098; FOS-high dose: n=8; 48.12 ± 7.881) 

and speed (sham: 12.11 ± 0.2222; FOS-low dose: 13.40 ± 0.3125; FOS-high dose: 

12.14 ± 1.190) serves as a control to compare against post-treatment results (Figure 8B) 

. There was no statistical significance between all groups at both pre-treatment and post-

treatment with FOS. The lack of significant differences suggests that the drug has no 

notable impact on motricity, indicating that Fosfomycin does not affect motor activity. 
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Rotarod is evaluated by measuring the latency (A) of the rat to fall off the rotating 

rod with respect to the speed (B). No statistically significant differences were detected 

among the sham, FOS low dose, and FOS high dose groups at either time point. Two-

way ANOVA test was used to assess the statistical significance between the baseline 

and end. 

 

 

C. Preliminary Data 

1. Effect of FOS Administration on Proliferating Cells 

To evaluate the effect of FOS on neurogenesis in the DG of the hippocampus, neural 

proliferating cells were quantified following animal sacrifice. No statistical significance 

was observed in the number of BrdU+ve cells between the sham group (n=2; 5982 ± 

1986) and the Fosfomycin-treated groups (FOS low-dose: n=2; 6055 ± 1733, p=0.4902; 

A B 

Figure 8. Rotarod test – evaluation of motricity. Fosfomycin did not affect motor activity 

pre-treatment and post-treatment. 
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FOS high-dose: n=2; 4848 ± 1836; p=0.3580 respectively), nor between both 

experimental groups (p=0.33, as shown on the graph illustrated on Figure 9. 

 

 

  

  

  

 

 

 

  

  

 

 

 

 

BrdU+ve cells was quantified to evaluate the effect of Fosfomycin on NSC 

proliferation.  No significance is detected between all groups. Data is expressed as mean 

± SEM. Unpaired Welch’s t-test was used to assess significance between the groups. 

Data is expressed as mean ± SEM. NSC:  

 

 

 

 

Figure 9. Preliminary data of BrdU+ve cells in the dentate gyrus of 

the hippocampus. 
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2. Effect of FOS Administration on mRNA expression in the hippocampus 

To assess the effect of Fosfomycin in the neural signaling pathways,  

hippocampal tissues were analyzed to obtain their mRNA expression of FGF, NGF, 

BDNF, TRKB, and Vimentin through RT-qPCR of each group: sham (n=3), 

Fosfomycin-low dose group (n=4) and Fosfomycin-high dose group (n=2). 

 

a. FGF 

The mRNA expression of FGF (Figure 11A) in the hippocampus was quantified 

across all experimental groups. A significant decrease in FGF mRNA levels was 

observed in the between the sham group (1.027 ± 0.1598) and FOS-low dose group 

(0.4600 ± 0.4743; p-value=0.0304), and between the sham group and the FOS-high 

Figure 10. Confocal imaging of the dentate gyrus. Representative images showing the 

immunofluorescence labeling of BrdU (red) and NeuN (green) in the dentate gyrus of 

the sham, FOS-low dose group, and the FOS-high dose group. A visible reduction is 

seen in the FOS-low dose group, and a more notable reduction is seen in the FOS-high 

dose group compared to the sham. Images were taking using Z-stacks and tile scan with 

40X-oil objective.  
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dose group (0.1850 ± 0.03500, p-value=0.0148). A marked significant decrease is also 

seen between both FOS-low dose experimental group and FOS-high dose experimental 

group (p-value=0.0054).  

 

b. BDNF 

The mRNA expression of BDNF (Figure 11B) was quantified among all the 

experimental groups and the sham group, and no statistical significance is observed 

between the sham group (0.440 ± 0.1100), the Fosfomycin-low dose group (0.3233 ± 

0.08090), and Fosfomycin-high dose group (0.2650 ± 0.005000).  

 

c. TRKB  

No statistical significance is observed in the mRNA levels of TRKB (Figure 11C) 

between the Fosfomycin-low dose group (0.5675 ± 0.09250), the Fosfomycin-high dose 

group (0.6850 ± 0.2650) and the sham group (1.020 ± 0.1604).  

 

d. NGF 

The mRNA expression of NGF (Figure 11D) was measured among all the groups. No 

statistical significance is seen between the FOS-low dose group (0.6450 ± 0.1526), and 

the FOS-high dose group (0.8050 ± 0.1750) and the sham group (1.017 ± 0.1244).  

 

e. Vimentin 

The mRNA expression of Vimentin (Figure 11E) in the hippocampus was measured 

across all groups. A significant decrease is seen in the FOS-low dose group (0.3925 ± 
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0.09114) and the FOS-high dose group (0.4300 ± 0.2970) compared to the sham group 

(1.107 ± 0.3292).  

 

 

  

 

  

 

A B C 

D E 

Figure 11. Assessing the effect of Fosfomycin on the mRNA expression of 

neurotrophic and non-neurotrophic factors. 
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A marked significant decrease in the RNA levels (**: p<0.05) is seen between 

FOS-low dose (n=4) and FOS-high dose (n=2) and a significant decrease between both, 

sham (n=3) and FOS-low dose (*: p<0.05) and FOS-high dose (*: p<0.05) is seen in the 

mRNA levels of FGF (A). A notable significant decrease is also observed in the mRNA 

levels of Vimentin (E) between sham (n=3) and both FOS-low dose (n=4) and FOS-

high dose groups (n=2). mRNA levels of BDNF, TRKB and NGF (B, C, D) show no 

statistical significance detected. FOS: Fosfomycin. FGF: fibroblast growth factor. 

BDNF: brain-derived neurotrophic factor. TRKB: tropomyosin receptor kinase B. 

NGF: nerve growth factor. Unpaired Welch’s t-test was used to assess the mRNA 

expression of FGF between the groups. Data is expressed as mean ± SEM. Ordinary 

One-way ANOVA was used to assess the significance of mRNA expression of BDNF, 

TRKB, NGF and Vimentin between the groups. Data is expressed as mean ± SEM. 
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CHAPTER IV 
 

DISCUSSION 
 

 

This study aimed to investigate the effects of Fosfomycin (FOS) on spatial, 

reference and recognition memory, as well as sensory and motor functions in rats. The 

results provide insights into the potential neurocognitive impacts of FOS, particularly 

concerning hippocampal neurogenesis, while also assessing its influence on motor 

functions, and on sensory processing through pain sensitivity.  

The Y-maze spontaneous alternation test indicated that FOS administration 

significantly reduced the time spent in the novel arm in both the low and high dose 

groups compared to the sham group. This suggests a potential impairment in spatial 

working memory, since the ability to explore novel environments based on the ability to 

remember spatial arrangements is associated with cognitive flexibility (Fontana et al., 

2021; E. A. K. Prieur & N. M. Jadavji, 2019). Notably, the lack of significant 

differences in the distance traveled in the maze among groups implies that FOS does not 

affect the exploratory behavior or the motricity of the rats. 

As for the novel-object recognition test (NOR), no statistical difference was 

found between the groups, indicating that Fosfomycin did not impact recognition 

memory. Despite the absence of significant differences between the groups in terms of 

exploration to the novel object zone, further investigation is warranted regarding the 

mechanisms by which FOS affects recognition memory.  

The thermal sensitivity test performed has shown that FOS treatment did not 

lead to heat hyperalgesia, evidenced by the consistent withdrawal latencies across all the 

groups. This suggests that Fosfomycin does not enhance sensitivity to thermal pain, and 
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henceforth does not affect sensory functions in rats treated with this drug. Similarly, in 

terms of motor function, the rotarod test conducted indicated no significant effects on 

FOS on motor coordination and balance, as latency and speed measurements remained 

consistent across all the groups. These findings suggests that FOS has more potential to 

influence cognitive processes as it does not impair motor coordination and balance, 

which is critical for interpreting the impact of the drug.  

Preliminary data was performed to further acquire insight into the effects of 

Fosfomycin on hippocampal neurogenesis, particularly during the proliferating stage. 

There were no significant differences revealed in the number of proliferating cells in the 

hippocampus among all groups. However, despite the lack of statistical significance, it 

is important to note that the lowest number of cells is shown in the group that received a 

high-dose treatment of Fosfomycin, which implies that drug may reduce the levels of 

proliferating neural stem cells. This was also demonstrated in a previous study where 

rats with induced urinary tract infections treated with Fosfomycin showed a reduction in 

basal levels of proliferating stem cells (Darwish et al., 2022). Additionally, it has also 

been suggested that Fosfomycin can penetrate the blood-brain barrier (BBB) and can be 

a potential treatment for CNS infections (Pfeifer et al., 1985). Given that this is a 

preliminary study with a small sample size, further investigation is required to fully 

confirm this effect of Fosfomycin on hippocampal neurogenesis.  

Furthermore, mRNA expression analyses by RT-PCR indicated significant 

reductions in FGF levels in both experimental groups compared to the sham group. FGF 

is known to play a role in neuronal growth and survival (Bressan et al., 2014), 

indicating that Fosfomycin may have altered the levels of neurotrophic factors involved 

in cognitive processes, and also a significant decrease is seen in the mRNA levels of 



 

 53 

Vimentin, an intermediate filament protein that is involved in the migration of 

neuroblasts (Morrow et al., 2020) in both experimental groups compared to the sham.   

No statistical significance is seen in the mRNA expression of BDNF, TRKB, and NGF, 

and while it can be hypothesized that this could be due to these factors being more 

involved in the later stages of neurogenesis rather than in the proliferation stage (Gao et 

al., 1995; Nordvall et al., 2022; Tauber et al., 2005), this data implies that the effects of 

FOS on these factors warrants further investigation.  

A significant limitation of this study is the small sample size, which leads to 

insufficient statistical power, which makes it challenging to fully establish proper 

correlations or meaningful trends. Further studies should consider other factors such as 

gender and age, as these may influence responses to treatment. Conducting long-term 

studies and exploring the effect of Fosfomycin in the maturation stage of neurogenesis 

may provide stronger evidence of its potential neurotoxic effects, as it can elucidate 

how the drug can impact certain neurotrophic pathways. Also, the use of mass 

spectrometry offers a powerful approach for detecting and quantifying traces of 

Fosfomycin in both the brain and peripheral tissues, providing insights into its 

pharmacokinetics and tissue distribution. This can help further confirm these effects and 

enhance our understanding of Fosfomycin’s impact on the nervous system.  

In conclusion, this study aims to highlight the relationship between FOS 

administration and cognitive, sensory and motor functions, and while preliminary data 

suggests potential alterations in the level of proliferating cells and expression of 

neurotrophic factors, the lack of significant findings in neurogenesis calls for further 

research to elucidate the underlying mechanisms and further studies are essential to 

investigate and clarify the potential neurotoxic effects of Fosfomycin. Understanding 
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these effects will provide valuable insights into its safety for therapeutic uses, 

potentially leading to more advanced and targeted clinical application. 
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