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ABSTRACT  

   

Synaptosomes are isolated nerve terminals that contain pre- and post-synaptic 

proteins and can be used to model functionally intact synapses. While the quantification 

and characterization of synaptosomes have been used to study neurological conditions 

and diseases, relatively few studies have included the use of flow cytometry in the 

quantification and analytical processes. As such, this study highlights the use of flow 

cytometry in the synaptosomal quantification process and describes the adaptation of a 

previously performed synaptic flow protocol to find the optimal concentrations, protein-

to-antibody ratios and gating strategies that meet the goals of this and future studies. To 

validate the protocol, three independent experiments measuring different treatments – 

traumatic brain injury (TBI), neurodevelopment, and ketamine - on synaptosomal 

quantity were conducted and compared to pre-existing literature. Despite the high 

standard deviation values between certain sample replicates, the synaptic flow protocol 

was validated by the right-skewed nature of the frequency distribution of the standard 

deviations between sample replicates and that most of the deviations fell below 40% of 

the maximum variance value. Further analysis showed significant differences (p < 0.05) 

between the ketamine and TBI groups compared to the control group while no significant 

differences were observed between the neurodevelopment (P30) group. This study 

validates the use of flow cytometry in synaptosomal quantification while providing 

insight to the potential of the synaptic flow protocol in future TBI and psychoplastogen 

studies.  
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CHAPTER 1 

OBJECTIVES & ORGANIZATION 

1.1 Objectives & Goals 

 The objective of this thesis is twofold; first to adapt a previously performed 

protocol used to isolate and quantify synaptosomes in rat brains, and second to validate 

the adapted protocol by quantifying synaptosomes in rats subjected to three different 

manipulations. The utility of such a protocol enables a deeper understanding of neuronal 

systems by allowing more efficient comparison between the synaptosomes of rats 

subjected to various treatments, which serves as the ultimate goal of protocol adaptation. 

1.2 Organization of Thesis 

 The thesis is divided into four chapters organized as follows: (1) an introduction 

to synaptosomes and the role in scientific discoveries; (2) adaptation procedures for the 

protocol and highlights of the challenges overcome to establish a final, working protocol; 

(3) application of the adapted protocol to investigate differences in synaptosomal quantity 

of rats subjected to different treatments; (4) a discussion of the study findings in relation 

to previous research, potential limitations, and implications for future studies to apply the 

protocol. 
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CHAPTER 2 

INTRODUCTION 

2.1 General Overview of Synapses and Synaptosomes 

Even faced with modern technology, the exact function and role of many pieces and parts 

of the brain remain a mystery. However, significant advances in neuroscience have been 

made since the days of Ramon y Cajal’s artistic depictions of neurons (DeFelipe & Jones, 

1992). Through experimentation and observation using more advanced technology, 

neurons, the highly specialized basic units of communication in the brain, were 

discovered, followed by a detailed breakdown of the components that make them up. 

While the types and functions of neurons vary, they all share a cell body, axon initial 

segment, axon, and dendrites. Located at the interconnection between the axon and 

dendrite are synaptic terminals and spines, which together comprise synapses. 

Synapses are gaps between two neurons, with one terminal termed the ‘pre-

synaptic’ and the other ‘post-synaptic’. The pre- and post-synaptic terminals of the 

synapse contain different proteins, receptors, and neurotransmitters specific to their 

function, and strategically localized to facilitate synaptic transmission between neurons 

(Letellier et al., 2019; Choquet & Triller; 2013). Synapses are generally classified into 

two distinct types: chemical and electrical synapses. While both types of synapses are 

used in neurotransmission, they differ in morphology, structure, and function.  

Most synapses within the nervous system are chemical and will be the focus of 

this thesis. Chemical synapses usually contain larger gaps than electrical synapses, 

termed ‘synaptic clefts’, and communicate via chemical messengers, also known as 

neurotransmitters, in a complex chain of events (Südhof, 2013). Briefly, the 
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neurotransmitter-containing vesicles are synthesized and stored in the pre-synaptic 

terminal. As the action potential travels down the axon to depolarize the pre-synaptic 

terminal, the voltage-gated Ca²⁺ channels open and lead to an influx of Ca²⁺ to the 

terminal. This abundance of Ca²⁺ facilitates the binding of the neurotransmitter-filled 

vesicles with the pre-synaptic membrane and thus allows their contents to be released 

into the synaptic cleft, where the neurotransmitter molecules bind to specific ionotropic 

or metabotropic receptors on the post-synaptic terminal to exert their effects by changing 

the post-synaptic potential (PSP). These effects can be excitatory (EPSPs) or inhibitory 

(IPSPs), which increases and decreases the likelihood of an action potential being 

generated, respectively (Purves et. al, 2001). Whether a neurotransmitter exerts an EPSP 

or IPSP depends on the type of receptor that it binds to and the specific channels coupled 

to the receptor. In the nervous system, glutamate acts as the primary excitatory 

neurotransmitter when it binds to glutamate-specific receptors on glutamatergic neurons 

whereas gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter 

when it binds to GABA-receptors on GABA-ergic neurons (Allen et. al, 2023).  

Electrical synapses, on the other hand, transmit signals more rapidly than 

chemical synapses but are less abundant throughout the nervous system (Bennett & 

Zukin, 2004). Electrical synapses contain specialized channels called ‘gap junctions’ 

which facilitate the speedy propagation of action potentials from the pre-synaptic to the 

post-synaptic terminal. The direct connection between the pre- and post-synaptic 

terminals allows for uninterrupted flow of current which allows for rapid 

neurotransmission. As ions flow from one terminal to another, the PSP is altered, leading 
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to EPSPs or IPSPs (Purves et. al, 2001). The differences in chemical and electrical 

synapses are summarized in Figure 1 below.  

 

Figure 1 An overview of the morphological and functional distinctions between 

electrical and chemical synapses. Electrical synapses are connected via gap junctions 

while chemical synapses are connected via synaptic terminals and a cleft. Reprinted from 

“Electrical Synapses vs. Chemical Synapses”, by BioRender.com (2023).  

Techniques to identify the functions of synapses and neurotransmitters have seen 

significant advances to enhance our understanding of neurological diseases, along with 

the development of medication and treatment options (Hsia et al., 1999; Maksimovic et 

al., 2022). One such example is the drug Baclofen, originally developed to treat epilepsy, 
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muscle spasms and other spinal cord pathologies but is gaining popularity as treatments 

for a variety of clinical disorders such as musculoskeletal pain and gastrointestinal reflux 

disorder (Romito et. al, 2021). As an agonist for GABA-B receptors present throughout 

both the central and peripheral nervous systems, Baclofen works by binding to pre- and 

post-synaptic proteins to inhibit neurotransmission by slowing down the rate of action 

potentials and calcium signaling and thus relaxes muscles. Another example is 

Neostigmine, a drug that is often used to increase the rate of neurotransmission after a 

period of inhibition by anesthesia during surgical procedures (Neely et al., 2023). 

Neostigmine inhibits the enzyme acetylcholinesterase, which prevents the breakdown of 

the excitatory neurotransmitter acetylcholine (ACh) into its metabolites. This allows it to 

build up at the neuromuscular junction to a concentration where it can overcome the 

inhibitory effects of anesthesia, which restores muscle strength and contraction. 

More recently, neurological injury and disease research has benefited from 

techniques to isolate and quantify synaptosomes. Synaptosomes are sealed, isolated nerve 

terminals from whole brains or brain regions that consist of pre- and post-synaptic 

proteins of synapses (Gray & Whittaker, 1962). Synapses consist of the pre-synaptic 

terminal and the post-synaptic dendritic spine in whole brain tissue whereas 

synaptosomes contain a lipid membrane alongside pre- and post-synaptic proteins and 

vesicles that have been pinched off and separated from the rest of the neuron through 

mechanical disruption and centrifugation, as shown in Figure 2. 



 

  6 

 

Figure 2 Distinction between synapses and synaptosomes, which are nerve terminals 

isolated through mechanical disruption and centrifugation. Created with BioRender.com.  

2.2 Potential of Synaptosome Research 

Since its discovery by Catherine Hebb and Victor P. Whittaker in the late 1950s 

(Hebb & Whittaker, 1958; Gray & Whittaker, 1962), synaptosomes have been used to 

better understand various neurological and metabolic processes. Compared to synapses, 

the isolated synaptosomes containing synaptic proteins and cellular machinery allows for 

more in-depth study of the mechanisms behind protein synthesis, membrane potential and 

ionic movements between neurons (Weiler, 2009). Synaptosomes also facilitated the 

initial identification of certain amino acids, such as glutamate, as neurotransmitters (Levy 

et. al, 1973; Sandoval et. al, 1978) while being a source of information of synaptic 

physiology to aid the investigation of regulatory signaling pathways (Evans, 2015) and 

how the release of these neurotransmitters is affected by neurotoxins such as α-latrotoxin, 

a compound found in the venom of the Black Widow spider (Terletskaya et. al, 1992). 

With the increased awareness of neuroinflammation in brain injury, more recent studies 

have seen synaptosomes to be useful in investigating the signaling processes and roles of 

specific proteins and cytokines in neuroinflammation (Trebesova & Grilli, 2023). A 
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recent study even found synaptosomes to be compatible vehicles for neuronal 

mitochondrial transplants to combat mitochondrial dysfunction that characterizes many 

neurodegenerative diseases (Picone et. al, 2021). 

By first isolating synaptosomes and then identifying their contents, the types and 

roles of neurotransmitters involved in specific synaptic terminals and neurotransmission 

processes can be determined. This was shown by the results from Whittaker’s (1959) 

synaptosomal studies investigating the location, mechanism, and function of the 

neurotransmitter acetylcholine (ACh) and its precursor, choline. Their findings regarding 

the intracellular distributions of ACh and choline within the vesicles contained in 

‘isolated nerve-endings’, or synaptosomes, eventually illustrated the mechanisms of ACh 

release and its effects on the neuromuscular junction. This later led to the development of 

the first antibody to target cholinergic nerve terminals (Dowdall, 1975; Zimmermann, 

2018). Further synaptosomal research by Whittaker also contributed to the current 

understanding of the physical and functional properties of synaptic vesicles alongside the 

characterization of proteins and lipids that they contain (Whittaker, 1962; Zimmermann, 

2018). 

Once isolated, synaptosomes can be prepared in different ways for analysis 

depending on the study goal or the properties investigated. To measure plasma membrane 

transporter activity and the endocytosis or exocytosis of synaptic vesicles, synaptosomes 

can be loaded with radioactive neurotransmitters such as GABA (Levy et. al, 1973). The 

mechanism of neurotransmitter release is illustrated via the detection of the movement of 

radioactively labeled GABA. This can also be done using high-performance liquid 

chromatography, enzyme-linked fluorometric assays or styryl dyes to measure 
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endogenous neurotransmitter release (Evans, 2015). Other techniques such as confocal 

microscopy, immunogold electron microscopy, western blots and proteomic analysis can 

be further be applied to synaptosomes for visualization, localization, and identification of 

synaptic proteins (Evans, 2015; Trebesova & Grilli, 2023). The application of these 

techniques allows synaptosomes to be used for investigating synaptic transmission and 

neuronal processes.  

Today, the brain’s capacity to change physically in response to various stimuli 

and experiences is known as ‘synaptic plasticity’. This process describes the changes in 

neuronal processes and structures occurring on a micro-scale that form the basis of 

learning, memory, and adaptation (Ramirez & Arbuckle, 2016). The mechanism behind 

synaptic plasticity identified glutamate as the primary neurotransmitter involved in long-

term potentiation (LTP), a mechanism heavily involved in Hebbian learning and memory 

formation (Purves et. al, 2001). LTP occurs when the ionotropic N-methyl-D-aspartate 

receptors (NMDARs) are activated by post-synaptic depolarization coinciding with 

released glutamate, although some more recent studies have shown that NMDARs 

themselves may be dynamically regulated and subjected to long-term synaptic plasticity 

(Hunt & Castillo, 2012). With isolated synaptosomes, the transmission of glutamate from 

the pre-synaptic terminal and NMDARs on the post-synaptic terminal may be tagged or 

labeled for further studies to facilitate the current understanding of the brain’s role in 

learning, memory, and addiction.  

By isolating the synaptosomes located in certain regions of the brain, comparisons 

can be made between the quantity and identity of neurons and proteins present, as 

illustrated by Paget-Blanc et. al (2022) where synaptosomes labeled with dopaminergic 
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markers were used to identify and characterize dopaminergic, glutamatergic, and GABA-

ergic synapses as ‘dopamine hub synapses’ in mice striata. Given that synaptosomes 

maintain the molecular and biochemical properties of synapses, techniques can be further 

developed for application on animals or even in humans to investigate the pathology and 

mechanisms behind neurodevelopmental disorders, neurodegenerative diseases, or 

neurological conditions (Morini et al., 2021).  

2.3 History of Synaptic Quantification and Analysis  

2.3.1 Traditional Methods of Quantifying and Analyzing Synapses 

 Before the discovery of synaptosomes, the identification of synapses involved 

various staining and imaging methods. Staining methods include the Timms-sulfide silver 

protocol, which leverages the metallic properties of silver to form bonds with copper and 

zinc ions located in the pre-synaptic vesicles of synapses (Claiborne et al., 1989; Chicurel 

et. al, 1993). In synaptic terminals, the silver reagents react with the zinc ions, which are 

unusually abundant in nerve endings and thus can be used to characterize synapses and 

synaptosomal populations. After the tissue is fixed to preserve the integrity of neuronal 

structures, the silver-stained synaptosomes present in the brain sections can be visualized 

under an electron microscope. 

Silver has also been used in procedures such as Golgi staining developed by 

Camillo Golgi back in 1873. It involves the impregnation of formalin-fixed, intact 

neurons and their cellular components - on sectioned slices of brain tissue - in a solution 

of potassium chromate and potassium dichromate (Baloyannis, 2015). This is followed 

by impregnation with silver nitrate solution, resulting in the formation of silver chromate 

deposits and giving neurons a deep dark or almost black-ish appearance against a yellow 
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background. Modifications to the protocol have been implemented throughout the years 

to increase reliability, with the Golgi-Cox staining method deemed as the most reliable in 

terms of staining axonal and dendritic arborization and spines through visualization of 

only a relatively low percentage of neurons (Zaqout & Kaindl, 2016). After development, 

the color change and contrast allow for microscopic visualization and quantification of 

evenly stained dendritic trees and spines, which are present consistently throughout the 

brain and serve as potential sites for synapse formation.  

While not directly related to synaptosome quantification, counting individual 

synapses and synaptic clefts could estimate the number of synaptosomes within a brain 

region. Immunohistochemistry with antibodies specific to synaptic proteins can label 

synapses using a series of steps beginning with tissue fixation, paraffin-embedding, and 

sectioning (Henny et. al, 2010). The sections are then deparaffinized and rehydrated 

before antigen (or epitope) retrieval. Protein blocking is then implemented before 

incubating the tissue with primary and secondary antibodies. To facilitate the formation 

of insoluble, colored precipitates, chromogens that act as a ‘detection system’ such as 

3,3-Diaminobenzidine (DAB) or NovaRed, are added. DAB is a substrate that binds to 

peroxidase enzymes conjugated to a primary or secondary antibody whereas NovaRed 

binds to alkaline phosphatase. After washing with Tris-buffered saline/Tween-20 solution 

and 5% dextrose, the tissue is counterstained with hematoxylin for increased contrast 

(Kim et. al, 2016; Magaki et. al, 2019). This enables the visualization of the neuronal 

components present in a brain section under light or even fluorescence microscopy if 

fluorescent compounds are used for labeling (Magaki et. al, 2019; Moreno et. al, 2022).  
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While the use of antibodies allows for specific targeting of different proteins on 

synapses or within neurons, IHC requires much time for completion and does not 

eliminate the need for manual labor when attempting to quantify the number of synapses 

in the brain. The results for IHC are also highly influenced by the thickness of the tissue, 

level of fixation and specific antibody labeling, which introduces potential areas for 

variability (Kim et al., 2016; Libard et al., 2018). With the quantity of synapses in a 

sectioned tissue found, the number would serve as a representation of the brain region. 

This extension of findings generalizes the number of synapses in one brain region by 

introducing potential inaccuracies that may arise from biological variation of each region 

alongside equipment limitations and pipetting errors. Most of the staining procedures are 

also done on tissue that has been previously fixed either in formalin or paraformaldehyde 

(PFA) which could have disrupted the biological processes or metabolic viability of 

proteins or neurons compared to using flash-frozen or fresh tissue samples (Dunkley & 

Robinson, 2018). These allow for the preservation of neuronal activity, ionic 

concentrations and structure as the enzymes and proteins in the brain are kept from 

denaturing due to a change in temperature or pH, whereas the cells are kept viable while 

being in a constant osmolarity. 

2.3.2 Traditional Methods of Quantifying and Analyzing Synaptosomes 

When synaptosomes were first discovered, they were thought to be structures 

analogous or similar to mitochondria where ACh was abundant (Hebb & Whittaker, 

1958). Further investigation by Whittaker (1959) led to observations with electron 

microscopy where the ACh molecules were found to be located within synaptosomes, an 

entity distinct from mitochondria. In the early days of synaptosomal research, brain slices 
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were stained in osmium tetroxide and embedded in methyl methacrylate resin before the 

synaptosomes were isolated and visualized using electron microscopy to observe their 

contents, structure, and function (Whittaker, 1959; Gray & Whittaker, 1962). 

With the increasing awareness that synaptosomes can be used to study a wide 

variety of neurological diseases ranging from traumatic brain injury (TBI) to Alzheimer’s 

disease, strategies used to isolate synaptosomes from neurons have included the use of 

Teflon/glass tissue homogenizers and sucrose, Ficoll or Percoll gradients (Gylys et. al, 

2000; DiGiovanni et. al, 2012; Booth & Clark, 1978). Upon homogenization of tissue 

from the region of interest, the mixture is centrifuged to separate the synaptosomes from 

the solution before being purified and placed on glass slides for visualization under an 

electron microscope. 

With the development of modern technology, a commonly used technique in 

synaptosomal analysis is the application of western blots (Mahmood & Yang, 2012). 

Briefly, western blots allow for the identification and separation of specific proteins 

based on their molecular weight using gel electrophoresis and subsequent labeling with 

antibodies for protein visualization. In synaptosomal research, western blots are used to 

study the synthesis and misfolding of various synaptosomal proteins, the formation of 

protein complexes and can even facilitate the identification of biomarkers in 

neuroinflammation and autoimmune diseases (Trebesova & Grilli, 2023). This is 

demonstrated by Sokolow et. al (2012) where western blots were used to detect amyloid 

beta (Aβ) peptides and amyloid precursor protein (APP) in the synaptosomes of those 

affected with Alzheimer’s disease. Recently, a similar approach was also used by Bruyère 

et. al (2020) to measure APP transport and regulation in subjects with Huntington 

https://elifesciences.org/articles/56371#x0b638f4d
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disease, where the levels of APP are observed to be regulated by the phosphorylation of 

the Huntingtin protein.  

To quantify synaptosomal proteins, quantitative western blotting techniques have 

been implemented by measuring and comparing the intensity of a band of protein 

produced by SDS-PAGE analysis to the intensity of a band with a known concentration 

or quantity (Richter et. al, 2018). Once identified using techniques such as mass 

spectrometry, protein quantification methods include whole-cell stable isotope labeling, 

where the abundance ratios between the isotope-labeled proteins and the newly 

synthesized, unlabelled proteins, can be calculated using high-performance liquid 

chromatography (Oda et. al, 1999; Conrads et. al, 2001; McClatchy et. al, 2007). Other 

mass spectrometry approaches like intensity-based absolute quantification (iBAQ), 

comparative synaptosome imaging for semi-quantitative copy numbers (CosiQuant), and 

absolute quantification approach (AQUA) are used to estimate protein quantity by 

comparing the spectra of analyzed proteins or peptides to a standard either of an 

isotopically labeled peptide, varying immunofluorescence or protein intensities (Richter 

et. al, 2018).  

Despite the use of these techniques in various studies to isolate and visualize 

synaptosomes, the challenge of quantifying synaptosomes in larger brain regions remains 

a challenge.  

2.4 Flow Cytometry in Synaptosomal Quantification 

 Flow cytometry is commonly used to assess immune cell populations, such as red 

blood cells, platelets, and monocytes. The technique uses a combination of fluidics, 

optics, and electronics to measure cell sizes, shapes, and granularities as described by 
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McKinnon et al. (2018) and Hajjar et al. (2023) but is briefly described below. An outline 

of the major flow cytometry components and process are depicted in Figure 3.  

 

Figure 3 Outline of flow cytometry components and processes. Cells and synaptosomes 

are passed through the fluidic, optical, and then electronic components of the flow 

cytometer before being converted from voltage pulses to digital numbers for visualization 

and further analysis on computers. 

The process begins at the fluidic system where cells, isolated synaptosomes with 

bound fluorophore-conjugated antibodies, or other unclumped biological components are 

suspended in sheath fluid. They are passed singly through an argon-ion laser beam 

(although more than one laser with different excitation wavelengths may also be used), 

arranged in a linear or parallel configuration. This process is known as ‘hydrodynamic 

focusing’ and occurs when the cross-sectional area of the flow cytometer’s fluidics 

channel is altered to accommodate the flow rate of cells (Golden et. al, 2012). When the 

laser beam strikes a cell or synaptosome at the interrogation point, the subcellular 

components of cells or synaptosomes cause the laser to scatter and create unique 

diffraction patterns of forward (FSC) and side scattering (SSC). This can inform the size 
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and granularity of biological components passing through the laser and, when graphed, 

enables the identification of populations present in a sample, as shown in Figure 4. 

 

Figure 4 Flow cytometry mechanism to illustrate cellular characteristics. A) The 

scattering of the laser as it strikes the subcellular components (organelles, proteins) to 

create unique FSC and SSC patterns. B) The immune cells present in a sample are 

identified by the unique FSC and SSC values generated and grouped into populations on 

a graph. Each dot represents an event. The debris in a sample are usually identified by 

excluding events below certain FSC and SSC values.   

Upon striking the cells, the energy in the monochromatic laser also leads to 

excitation of the electrons in the fluorophores attached to secondary antibodies 

(McKinnon et al., 2018). This is accompanied by subsequent emissions of specific 

wavelengths of light depending on the antibody profile. Now entering the optical system 

of the flow cytometer, these emitted light rays are split and filtered by dichroic mirrors, 

which are mirror-coated filters that allow only light of a certain wavelength to pass while 

the others are deflected or reflected in a specific direction (Steinkamp et al., 1974, Picot 
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et al., 2012). There are three general types of filters in flow cytometers: longpass, 

shortpass and bandpass. Longpass filters allow only light above a specific wavelength to 

pass through; Shortpass filters allow only light below a specific wavelength to pass 

through; Bandpass filters are a combination of short and longpass filters and allow a 

specific range of light to pass through.  

After the light rays are filtered by wavelength, their signals are sent to detectors. 

These signals are electronically amplified when the photons emitted by the FSC, SSC or 

the fluorescence emission of fluorophores are detected by photomultiplier tubes (PMT) or 

photodiodes (PD) (Picot et al. 2012). Once the photons are in the detector, they are 

converted to electrons and the signal is multiplied proportionately. The resulting signal 

leaves the detector as a photocurrent and is amplified and converted into a voltage pulse, 

with the size of the pulse corresponding to particle size and fluorescence intensity. A 

voltage pulse can be characterized by its height or area. This pulse then undergoes 

analog-to-digital conversion (ADC) and becomes a digital number displayed on 

computers. Each signal generated by the emission of the laser scattering is registered as 

an ‘event’ and is used by the flow cytometer to plot the characteristics of populations and 

populations within a sample.  

Since the range of sizes, shapes, and granularities of synaptosomes is distinct 

from other cells and debris, the light scattering produces a unique pattern to identify 

synaptosomes (El-Hajjar et al., 2023). When graphed, the forward scatter results inform 

about particle size and the side scatter illustrates particle complexity and granularity. 

Since synaptosomes are isolated nerve endings, they are smaller in size with less 

subcellular components, which correspond to lower FSC and SSC values compared to 
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cells. Once selected by physical features, antibodies to pre- and post-synaptic proteins, 

each with specific fluorophores, enables detection in the flow cytometer.  

In this thesis, the protocol to discriminate and quantify synaptosomes from brain 

regions using flow cytometry will be referred to as ‘synaptic flow’. The protocol allows 

for the distinction and separation of synaptosome populations from cellular debris and 

other cells.  

To isolate and quantify synaptosomes, the antibody incubation time is generally 

shorter for flow cytometry and avoids the use of highly toxic reagents. The synaptic flow 

protocol involves staining synaptosomes with two sets of primary antibodies each with 

their corresponding secondary antibodies, one set binding to the pre-synaptic terminal 

and post-synaptic terminal each. This allows synaptosomes to be ‘double-tagged’ and 

thus provide a clearer distinction between the synaptosomal population and debris or 

neuronal components that are not tagged with antibodies. The use of different sets of 

antibodies may increase precision when it comes to identifying synaptosomes and 

enables the different possibilities of pre-synaptic and post-synaptic proteins to be used in 

the process.  

With the standardization of the sample protein concentration and number of 

events registered by the flow cytometer, flow cytometry reduces result variability from a 

variety of factors such as differences in sample preparation and human limitations. This 

limits the need for manual quantification while increasing the precision of double-tagged 

synaptosomes being measured in a short amount of time. It can also be used to study 

molecular alterations in post-mortem tissue of individuals with neurodegenerative 
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diseases, as done by Postupna et al. (2018) as a relatively fast and efficient way to 

characterize synaptosomes.  

Compared to the lengthy processes of IHC, silver and Timms-sulfide staining of 

neurons which includes multiple steps and reagents that could affect the final staining and 

visualization of the results, fresh preparation of synaptosomes for flow cytometry allows 

the synaptosomes to be quantified in relatively intact conditions with minimal 

disruptions. This was demonstrated by Gylys et. al (2000) when the majority of 

synaptosomes stained using the viability dye Calcein AM throughout the sample 

preparation and flow cytometric process were found to be intact and viable. In a later 

study, this finding was further supported when Sokolow et. al. (2011) found that 99% of 

size-gated synaptosomes were labeled with Fluo-4NW, a calcium-sensitive dye indicating 

membrane intactness. With this, flow cytometry allows multiple parameters of individual 

synaptosomes, such as size, shape, and protein expression, to be measured 

simultaneously amidst samples with large numbers of synaptosomes. 

The synaptic flow protocol was performed previously by Krukowski et. al (2021) 

when investigating the effects of deep space radiation on cognitive performance in rats. 

Amongst the different biomarkers used to assess the cognitive performance between rats 

subjected to a simulation of galactic cosmic radiation (GCRsim) and controls, rat 

hippocampal synaptosomes were quantified using flow cytometry as a means of assessing 

neuronal changes in relation to GCRsim-induced learning deficits. They found that rats 

subjected to 50 centigray (cGy) had significantly increased synaptosomal counts 

compared to control rats seven days after exposure. However, the rats exposed to 50 cGy 

of radiation and fed microglia-depleting (PLX5622) chow had hippocampal 
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synaptosomal counts similar to control rats. Combining these findings with other 

measured biomarkers, the researchers concluded that temporary microglia depletion 

shortly after exposure to GCRsim mitigated the synaptic changes and learning deficits 

induced by the simulation. 

 In conclusion, flow cytometry can be used to count large numbers of 

synaptosomes via the co-expression of protein-specific antibodies, which can increase the 

accuracy of synaptosomal identification. The synaptic flow protocol developed and 

published by Krukowski et. al (2021) serves as a useful resource that can be adapted to 

measure the effects of specific variables on synaptosomal quantity. 
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CHAPTER 3 

SYNAPTIC FLOW PROTOCOL ADAPTATION 

3.1 Overview of the Synaptic Flow Protocol  

 The synaptic flow protocol consists of four main components: synaptosome 

isolation consistent with the method depicted in Figure 2 standardization of sample 

protein concentration; antibody staining; and flow cytometry, as previously done by 

Krukowski et. al (2021) and illustrated in Figure 5. 

 

Figure 5 An overview of the synaptic flow protocol. Synaptosomes are isolated from 

brain tissue (1) using a 0.32 M sucrose gradient (2-3) and the protein concentration is 

standardized to 75 µg/mL (3). After Fc-blocking, primary (4) and secondary (5) 

antibodies are used to stain synaptosomes. After several rounds of washes (6-7), the 
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pellet of the solution is obtained (8) and fixed before flow cytometry (9). Created with 

BioRender.com 

Synaptosome Isolation 

 From a fresh or snap-frozen brain, the region of interest was homogenized in 0.32 

M sucrose with a 2 mL Teflon/glass Dounce homogenizer (DWK Life Sciences, 

Wertheim, Germany) for 10 times with a full clockwise turn of the homogenizer each 

time and centrifuged at 1200 x g for 10 minutes at 4 ℃ to isolate the supernatant from the 

pellet. The synaptosome-containing supernatant was then centrifuged at 13,000 x g for 20 

minutes at 4 ℃ whereas the pellet consists mainly of unwanted tissues and was 

discarded. The pellet of this second centrifugation step contained synaptosomes and was 

subsequently diluted with 200 µL of phosphate-buffered saline for the determination of 

protein concentration.  

Standardization of Protein Concentration 

The protein concentration in the sample was standardized to 50 or 75 µg/mL 

using a BCA assay (Pierce™ BCA Protein Assay Kit, 23225, Thermo Fisher Scientific, 

Rockford, IL). The bicinchoninic acid (BCA) assay is amongst the most common 

techniques used to determine the protein concentration of a biological sample. 

Normalizing the protein concentration ensures that the stoichiometric ratio between 

protein and antibodies are appropriately matched during the subsequent labeling step. 

Proteins are measured by the reduction of Cu²⁺ ions to Cu⁺ ions in the presence of amino 

acids, most notably Tyr, Trp and Cys, including the peptide backbone present in 

biomolecules when subjected to basic conditions. This is known as the biuret reaction. 

BCA and the Cu⁺ ions produced in the biuret reaction react via a copper-chelation 
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mechanism. While a higher protein concentration in a sample does not necessarily 

correlate to a higher number of synaptosomes, standardizing the protein concentration 

across samples allows the equivalent amount of antibodies to be added for optimal 

labeling.  

For each synaptic flow run, the protein in the homogenized samples were 

measured against a standard curve generated by increasing concentrations of bovine 

serum albumin (BSA). Upon incubation with BCA at 37 ℃ for 30 minutes, the well-plate 

containing the samples used to generate the standard curve and samples were put into a 

plate-reader to measure the optical density of each well. The optical densities of the wells 

containing BSA were then plotted against the increasing protein concentration to generate 

a standard curve with a linear equation that can be used to find the sample protein 

concentration using its optical density. From here, sample protein concentrations and 

sample volumes were standardized to 75 µg/mL and 200 µL, respectively, via the 

addition of phosphate-buffered saline (PBS). A worksheet was used to calculate the 

protein concentration and PBS to be added and is included in Appendix D of this thesis.  

Sample Permeabilization 

The synaptosomes were incubated in 100 µL of a fixation and permeabilization solution 

on ice for 20 minutes (0.1x BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit, 

554714, BD Biosciences, San Jose, CA) to permeabilize synaptosomal membranes and 

increase antibody staining of the synaptic proteins. This process also causes partial 

fixation of the samples to increase intracellular staining by antibodies.  



 

  23 

Antibody Labeling  

 To reduce non-specific binding of antibodies, 0.2 µL of Fc-block (Human 

TruStain FcX™, 422301, BioLegend) inhibits the Fc-regions of non-synaptosomal 

populations. Fc-receptors are usually present in immune cells such as phagocytes and 

monocytes and specifically binds to antibodies to stimulate pathogen destruction (Mora 

& Rosales, 2009). Introducing proteins or antibodies that block Fc-receptors of non-

synaptosomal populations minimizes non-specific synaptosomal staining as the synaptic 

flow results depend on the distinction between the negative and positive synaptosomal 

populations. As shown in Figure 6, Fc-block reduces the likelihood of false positive 

results. This step, despite not being part of the original protocol, reduced background 

signal during initial runs of the adapted protocol, as depicted by the more distinct 

clustering of events relative to the sample without Fc-block (see Figure 7).  

 

 

Figure 6 Fc-block mechanism of action. A) The binding of antibodies to the Fc-receptors 

of cells/membranes would increases the likelihood of non-specific labeling of non-

synaptosomal elements. B) Addition of antibodies or proteins that specifically target and 
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bind Fc-receptors would ‘block’ the Fc-receptors, increasing the specificity of antibodies 

to stain synaptosomes.  

 

Figure 7 The dot plot of a sample stained with pre- and post-synaptic markers with Fc-

block (B) has more distinct clusters of events than the sample without Fc-block (A). 

Two sets of antibodies, each consisting of a primary and secondary antibody, 

were used to stain the pre- and post-synaptic terminal, although more antibodies may be 

added to stain specific components or proteins. In this study, rabbit anti-synapsin I and 

goat anti-rabbit APC were used as pre-synaptic markers; mouse anti-PSD-95 and goat 

anti-mouse Alexa Fluor 488 were used as post-synaptic markers, as summarized in Table 

1. Synapsin I is a neuron-specific molecule with a key role in synaptogenesis and kinetic 

regulation of synaptic vesicle fusion (see Figure 8). While different neuronal subtypes 

contain different isoforms of Synapsin, the most common are isoforms Ia and Ib (Mirza 

& Zahid, 2018; Thiel, 1993). Synapsins facilitate synapse formation via the anchoring of 

synaptic vesicles to reduce neurotransmitter depletion at inhibitory synapses. By 
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organizing synaptic vesicles for exocytosis, Synapsin I also modulates neurotransmitter 

release. This was observed by Li et al. (1995) when the synaptosomes, 

electrophysiological responses, and synapses of Synapsin I-deficient mice revealed 

altered synaptic vesicle organization at pre-synaptic terminals, decreased 

neurotransmitter release, and delayed recovery of synaptic transmission after 

neurotransmitter depletion relative to wild-type mice. In the post-synaptic terminal, post-

synaptic density 95 (PSD-95) is a member of the membrane-associated guanylate kinase 

family and regulates synaptic scaffolding in addition to synaptic plasticity. 

Overexpression of the PSD-95 protein blocked LTP and facilitated long-term depression 

(LTD) while decreased expression decreased LTD. Observation under a fluorescence 

resonance energy transfer (FRET) biosensor by Wu et al. (2017) showed that these 

processes are mediated by kinases and phosphatases that induce conformational switches 

and mutations at specific amino acids to increase the stability and interaction of PSD-95 

to its binding partners. These targeted synaptic markers are retained in synaptosome 

preparations and depicted in Figure 8. 
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Figure 8 The Synapsins, consisting of Synapsin I and its isoforms Synapsin II and III, are 

proteins associated with vesicles located in the pre-synaptic terminal while the 

scaffolding protein PSD-95 is located at the surface of the post-synaptic terminal. Taken 

from Osimo et. al (2019).  

Table 1 

Primary and Secondary Antibodies for Labelling Pre- and Post-Synaptic Markers 

 
Pre-synaptic marker Post-synaptic marker 

Primary 

antibodies 

Rabbit anti-synapsin 

I  (Syn) (MAB1543, 

Millipore, Burlington, 

MA) 

Goat anti-rabbit allophycocyanin (APC) 

(A10931, Invitrogen, Carlsbad, CA) 

Secondary 

antibodies 

Mouse anti-PSD-95 

(PSD-95) (ab13552, 

Abcam Cambridge, UK) 

Goat anti-mouse IgG (H+L), Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 488 (A11001, Invitrogen, 

Carlsbad, CA) 
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Note. The table above shows the pairs of primary and secondary antibodies used to label 

the pre-synaptic and post-synaptic elements as components of isolated synaptosomes for 

flow cytometry. 

The synaptosomes were incubated in primary antibodies at a concentration of 

0.005 µg/µL for 30 mins at room temperature and agitated after 15 minutes to promote 

binding opportunities. To wash the synaptosomes, 750 µL of Perm/Wash Buffer (554723, 

BD Biosciences, Franklin Lakes, NJ) was added before centrifugation at 13,000 x g for 5 

minutes at 4 ℃ and the supernatant was discarded. The staining process was then 

repeated with the secondary antibodies (0.01 µg/µL for 488 and 0.0025 µg/µL for APC) 

incubated at 4℃ in the dark. The wash step was then repeated for a total of three times 

after antibody incubation.  

Tissue Fixation 

Prior to flow cytometric analysis, the samples were fixed with 200 µL of 2% PFA 

stored at 4 ℃. To maintain the quality of the fixation process, fresh batches of 100 mL 

2% PFA were prepared each week via the addition of 2 drops of 1M sodium hydroxide 

(NaOH) and 2 g paraformaldehyde prills (Fisher Scientific, 50-276-34) in 100 mL of 

60 ℃ PBS.  

Flow Cytometer Setup 

The NovoCyte Quanteon Flow Cytometer (Agilent Technologies, Santa Clara, 

CA) was used to collect synaptosome counts among 30,000 events for each sample. A 

quality control (QC) test was performed daily using freshly prepared QC beads (1 drop of 

beads with 500 µL of PBS or 400 µL of PBS and 100 µL of 1X NovoRinse). After 

ensuring that the QC test passed, a new experiment was created and ‘Auto 
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Compensation’ settings were used to establish compensation controls. The compensation, 

described in detail in a later section, was run based on the parameters of area vs area and 

the appropriate detector voltages were set for each fluorophore: 300 V for FSC, 265 V for 

SSC, 515 V Alexa-Fluor 488 and 675 V for APC. After collecting 10,000 events for 

compensation, the FSC vs SSC and positive/negative gates are automatically adjusted but 

may be altered by clicking on the gate, deleted or adjusted using the keyboard and arrow 

keys. When this process was completed for all three sets of compensation beads, the 

compensation matrix was applied to the experiment by clicking and dragging 

Compensation to the untitled.ncf and selecting ‘New Specimen’. This can also be 

achieved by making a new Specimen and Sample by right clicking and selecting 

‘Rename’. 

To set up the parameters for sample event collection, the sheath fluid flow rate 

was set to 10 µL/min and the stop condition was set at 30,000 events, and the threshold of 

exclusion was set to 50,000 on FSC-H. The option to rinse the sample-collection probe 

was also selected to ensure minimal carry over between samples. Prior to placing the 

sample in the tube holder for data collection, 200 µL of freshly prepared flow cytometry-

assisted cell sorting (FACS) buffer was added into each tube and vortexed to mix with 

the fixed synaptosomes. A total of 30,000 events were collected for each sample and 

visualized using dot plots. Gating strategies are described in a later section and were 

completed by selecting the icons corresponding to each type of gate. A detailed protocol 

of this process is attached in Appendix A of this thesis.  
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Compensation 

In flow cytometry, compensation involves the digital removal of any 

fluorochrome from all detectors except the one devoted to measuring the signals from a 

specific fluorochrome. This is crucial in preventing the spillover between fluorescence 

signals as the flow cytometer is able to detect the fluorescence emitted by each distinct 

fluorochrome on beads or cells and calculate the amount of fluorescent signal spillover of 

each fluorochrome into the detection channel of another fluorochrome. The unwanted 

fluorescence signal can then be subtracted from the other detection channel to correct for 

the spectral overlap and thus allowing accurate fluorescence values for each 

fluorochrome used in the experiment to be obtained.  

Gating for the synaptosome populations was completed using 1, 3 and 6 µm 

beads, which corresponded approximately to the synaptosomal diameter of 0.5 to 1.5 µm 

(Picone et al., 2021; Gulyássy et al., 2020). The compensation controls were completed 

using either synaptosomes or UltraComp EBeads Compensation Beads (01-2222-41, 

Thermo Fisher Scientific, Waltham, MA) that were incubated with either a set of pre- or 

post-synaptic antibodies and washed alongside experimental samples for a total of 4 

times with 750 µL of Perm/Wash Buffer. Since the centrifugation of beads at 13,000 x g 

for 5 minutes at 4 °C does not generate a visible pellet, 50 µL of the solution was left in 

the tube after each wash and the supernatant was discarded. Each drop of compensation 

beads contains spherical particles of two populations: a positive one that will capture any 

mouse, rat or hamster antibody and a negative one that is unreactive to antibodies. An 

‘unstained’ set of beads is one containing only one population - beads or cells without 

antibodies added. For each experiment, there was an approximate 50-50 split between the 
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positive and negatively stained population of the beads incubated with the pair of pre-

synaptic or post-synaptic antibodies relative to the unstained beads. This maintains 

compensation quality as the separation of the two populations detects the presence and 

intensity of a fluorescence signal and serves as a means of calibrating the instrument to 

ensure reproducible experiments. An example of the distinction between the positive and 

negative population for the pre- and post-synaptic markers is depicted in Figure 9. A 

total of 10,000 events each were obtained for the three sets of beads.  

Figure 9 A) The population of the unstained beads measured in the APC channel. B) The 

approximately 50-50 split between the populations of beads incubated with the pre-

synaptic antibodies Synapsin I and APC. C) A dot plot of the split populations of 

Synapsin I and APC. D) The approximately 50-50 split between the population of the 

unstained beads measured in the Alexa Fluor 488 channel. E) The split populations of 
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beads incubated with the post-synaptic antibodies PSD-95 and Alexa Fluor 488. F) A dot 

plot of the split populations of PSD-95 and Alexa Fluor 488. 

3.2 Applications for Data Analysis 

 The applications NovoExpress (Agilent Technologies Inc.) and FlowJo (v10, 

TreeStar Inc.) were used to analyze the count data.  

The initial graphs of SSC vs FSC were plotted using a linear scale and a polygon 

gate was drawn to select the ‘center’ portion of the data while leaving out the ‘front’ and 

‘tail’. From this population, a graph of APC (Synapsin 1) vs Alexa Fluor 488 (PSD-95) 

was plotted on a logarithmic scale. Here, a ‘population’ refers to the events measured 

within a quadrant or gate. The negative control, a sample containing synaptosomes but no 

antibodies, was used to establish the boundaries of the quadrant gates where the 

population is split into four quadrants. All quadrants other than the bottom left were kept 

below 1% in conjunction with the quadrant boundaries kept between 10³ and 10⁴ events, 

as depicted in Section A of Figure 10. 

Gating for the synaptosome populations was completed using 1, 3 and 6 µm beads 

as well as using guidelines set by Krukowski et. al (2021). Briefly, from the linear scale 

graph of SSC vs FSC, the center portion of the ‘comet-shaped’ population was gated   to 

select the ‘P1’ population, avoiding the area of the densest signals (red) and the tail of 

comet, as shown in Figure 11. The P1 population represents the events that are within the 

size range of synaptosomes.  
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Figure 10 Gate used to select the P1 population of the ‘comet’-like plot of the (A) 

unstained synaptosomes and (B) synaptosomes stained with pre- and post-synaptic 

antibodies on the linear graphs of SSC-A (area) vs FSC-A. 

Gating Strategies 

After gating by size to identify the P1 population, different gating methods were 

tried to identify an approach to isolate the target synaptosome population, as shown in 

Figure 11. The gating methods included a ‘quadrant’ gate that split the plot into four 

quadrants on the logarithmic graph depicting the fluorescence intensity of APC vs Alexa 

Fluor 488, based on the negative control for each experiment. The gates were added so 

that the majority of the negative population was contained in the Q3 quadrant, while the 

Q1, Q2 and Q4 quadrants had <1% of fluorescence intensity. The population in Q1 and 

Q4 represents the events that express only the pre- or post-synaptic markers, respectively; 

Q2 represents the events that co-express both pre- and post-synaptic markers; Q3 

represents the events that do not express any markers. From here, the percentage of 
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events in Q2 alone and Q2+Q4 were obtained, with the addition of Q4 being due to an 

issue observed with the pre-synaptic markers discussed in detail in a later section. Other 

gating methods such as the ‘negative-naught’ and the ‘floating population’ gate were also 

trialed. The negative-naught gate was drawn based on selecting the events outside of the 

negative control, ensuring that the gate included only the events above 10³ on the APC-A 

scale and 10⁴ on the Alexa Fluor 488 scale with less than 1% of events when applied to 

the control. This population represents the events that occur outside of those present in 

the negative control. The floating population gate was drawn based on a sample with a 

second cluster of events present, ensuring that most of the events within that cluster are 

included in the gate for comparison to samples with only one cluster of events. This 

population represents a second cluster of events which may be a more specific type of 

synaptosomes. The gating strategy chosen for further comparison in the synaptic flow 

protocol validation experiments will be explained in a later section.  
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Figure 11 The gating strategies that were trialed in the protocol adaptation process. A) 

The ‘quadrant’ gate was drawn based on the negative control to ensure that all quadrants 

other than Q3 (Q2-3) had <1% of fluorescence signals. B) The gate was drawn based on 

the negative control so that the majority of the population other than the negative control 

was included in the region. This is termed the ‘negative-naught’ population and is 

represented by P6. C) Due to the presence of a second cluster of events, this gate was 

drawn based on the ‘positive control’ which is a sample that showed a significant 

population relative to the negative control. This is termed the ‘floating’ population and is 

represented by P7. 

3.3 Protocol Adaptation: Challenges, Results and Improvements 

 A series of trials focused on replicating the protocol set by Krukowski et. al 

(2021) and formed the basis of the working synaptic flow protocol described in Sections 
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3.1 and 3.2. This section recounts the challenges and obstacles experienced and 

overcome, where the synaptic flow protocol was adapted to meet the experimental goals 

of this thesis.  

 The ideal concentration of the sucrose gradient was confirmed to be isotonic at 

0.32 M by the observation that a higher number of synaptosomes were isolated when 

compared to a lower concentration of 0.16 M. The isotonic sucrose is consistent with the 

original isolation protocol developed by Gray & Whittaker (1962).  

 Minimal to no pellet was collected during a wash step after standardizing the 

protein concentration to 50 µg/mL. Exceptionally high fluorescence intensity signals 

were observed with the incorrect protein-antibody ratio. To confirm an ideal protein 

concentration that results in a visible pellet and a suitable protein-to-antibody ratio for 

staining, titrations were conducted for both protein and antibody concentrations. Protein 

concentrations of 50, 75, 100, 250 and 500 µg/mL and both primary and secondary 

antibody concentrations of 0.5x, 1x, 2x and 3x relative to their original concentrations 

were subjected to the synaptic flow protocol. The concentration of 75 µg/mL and original 

(1x) antibody ratios produced a consistent pellet and increased difference in 

synaptosomal counts between stained samples and controls.  

 Early variations of the protocols resulted in non-specific staining as observed by 

unusually high fluorescence intensities in samples stained with only a pair of pre- or post-

synaptic markers relative to the negative control. FBS and an Fc-block were trialed to 

minimize non-specific antibody staining of non-synaptosomal populations. The Fc-block 

showed an increased defined distinction between stained samples and controls and thus 

was adapted as part of the protocol.  
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 In data collection, the compensation and PMT voltage settings of the flow 

cytometer had influenced the resultant plots. Various voltage settings and compensation 

methods were tested using both compensation beads and synaptosomes. The established 

voltages were 300 V for FSC, 265 V for SSC, 515 V Alexa-Fluor 488 and 675 V for 

APC, which aligned with a protocol by Hobson & Sims (2019). It was also found that 

incubation of compensation beads with both primary and secondary antibodies alongside 

the synaptosomes produced a distinct separation of positive and negatively-stained 

populations for optimal compensation. Therefore, flow cytometry compensation for each 

run was completed using three sets of polystyrene beads: one with no antibodies, one 

stained with the pre-synaptic markers and one stained with the post-synaptic markers. 
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CHAPTER 4 

CHARACTERIZATION OF SYNAPTOSOME QUANTITY IN RATS  

4.1 General Experimental Approach  

To validate the adapted synaptic flow protocol, three independent experiments were 

conducted using rat brain to measure synaptosome quantity in response to (i) TBI; (ii) 

neurodevelopmental stages of synaptic pruning, and (iii) administration of high dose 

ketamine.   

Once harvested, fresh brain tissue samples were used in the synaptic flow 

protocol detailed in Section 3.1. Briefly, the tissue was homogenized, and its protein 

concentration was standardized before antibody staining and quantification in the flow 

cytometer. Four gating strategies were applied to analyze synaptosome populations, in 

accordance with the aforementioned methods, namely Q2 or Q2+Q4 populations of the 

quadrant gate, the negative-naught population, and the floating population.  

 For all experiments, rat cortical hemispheres were processed for synaptic flow, 

which aids in the analysis and comparison of experimental findings. Changes in 

synaptosomal counts and profile in the cortex have also been observed when rats were 

subjected to TBI, synaptic pruning, and ketamine administration. By referring to previous 

findings regarding the changes in synaptic and synaptosomal quantity in response to these 

treatments, the adapted synaptic flow protocol can be validated. 

4.2 Synaptosomes in Three Experimental Conditions 

First, an experimental model of TBI highlights the potential importance of synaptosomes 

in neuropathological studies. Second, emphasis is placed on the role of synaptosomes in 

measuring synaptic growth and the effects of neurodevelopment. Finally, the delivery of 
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the psychoplastogen ketamine is employed to highlight changes in synaptosome quantity 

in developing psychiatric and neurological interventions. 

4.2.1 The Effect of TBI on Synaptosomal Quantity in Rats 

Introduction to TBI 

 With increasing reports regarding head injuries in athletes, veterans and victims of 

violence or abuse, TBI is a growing public health concern and the leading cause of 

mortality after other physical traumas. Over 50 million TBIs occur around the world 

annually, both in underdeveloped and highly developed countries alike (Maas et. al, 

2017; DeCuypere et. al, 2012). It occurs when the impact of an external force on the 

brain causes the deformation of brain tissue, altered brain function, or neuropathology. 

TBI can be caused by a combination of biomechanical conditions including, but not 

limited to: rotational forces, accelerating/decelerating forces, blunt impact, penetration 

from a projectile, or blast-wave exposure (McKee & Daneshvar, 2015; Giordano & 

Lifshitz, 2021). Depending on the magnitude of mechanical force, location of trauma, 

genetic factors, and pre-injury lifestyle, the resultant pathophysiology and clinical 

symptoms are used to classify TBI severity into categories such as mild, moderate, 

debilitating, and fatal (Giordano & Lifshitz, 2021). However, given the variability of 

symptoms even amongst patients with similar injury designations, the complex 

interaction between pathophysiology, biological sex, age, and physical activity levels 

post-injury can make it difficult to distinguish between the patients who recover and 

those with chronic morbidities (Iverson et al., 2017; D’Lauro et al., 2018; Leddy et al., 

2019; Willer et al., 2019). Some of the most common enduring symptoms are broadly 

classified as cognitive, somatic, or emotional, although most TBIs usually resolve 
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between 1 to 10 days post-injury (DPI) and more long-term negative outcomes are 

usually associated with increasing injury severity (Giordano & Lifshitz, 2021).  

 While there are other qualitative types of TBI, the focus here is placed on diffuse 

TBIs, the most common form presented in clinical settings. Diffuse TBIs are induced by 

inertial forces exceeding a specific threshold. The tissue shear and distortion at the time 

of injury lead to axonal, hypoxic-ischemic, and microvascular injuries (Giordano & 

Lifshitz, 2021). Diffuse TBI also damages vascularization, leading to synaptic loss, 

behavioral deficits and morbidity as damaged circuits undergo reorganization in an 

attempt to restore homeostasis (Lifshitz et al., 2016; McKee & Daneshvar, 2015). In a 

laboratory setting, diffuse injuries can be modeled via the midline fluid percussion injury 

model (mFPI) that represent mild and diffuse clinical brain injury due to the acute and 

late-onset behavioral deficits and morbidities (Rowe et al., 2016). Primary injuries are 

irreversible and refer to direct damages resulting from impact such as blunt-force trauma, 

penetrating injuries and rapid acceleration and deceleration of the head. Contrarily, 

secondary injuries encompass the neuropathology that results from primary injuries, 

which may be reversible. These injuries may present as ischemic and hypoxic damage, 

increased intracranial pressure, or cerebral edema from the initiation of complex 

inflammatory signals on a cellular level. 

On a pathological level, TBI has been shown to disrupt neurological function with 

pathophysiology that differs by TBI mode and severity. The acute neuropathological 

effects of TBI range from ionic and metabolic disruptions in neurons, diffuse axonal 

injury, vascular disruption and dysfunction, inflammation, to alterations in neural 

circuitry (McKee & Daneshvar, 2015). On the other hand, more chronic pathophysiology 
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present in TBI survivors may be associated with the onset of neurodegenerative diseases 

such as dementia, Alzheimer’s, or Parkinson’s disease (Moretti et al., 2012; Graham et 

al., 2023; Amerongen et al., 2022). Recent studies have emphasized the implications of 

TBI-induced diffuse axonal injuries on microtubule function, leading to synaptic loss and 

increased amyloid-beta plaques and neurofibrillary tangles (Tagge et al., 2018; Graham 

& Sharp, 2019; Mac Donald et al., 2007).  

With its varying clinical presentations and post-traumatic conditions, the 

importance of understanding the neuropathology associated with TBI at different time 

points (acute, subacute, chronic) post-injury cannot be overstated. Knowing how TBI 

impacts neuronal growth, death, and neurotransmission can facilitate the comprehension 

of disease progression in a temporal manner. Based on a previous study by Giordano et 

al. (2022) where the neuropathology of TBI rats at 1, 7, and 28 DPI was compared, the 

neuropathology across all brain regions increased acutely from 1 DPI to subacute time 

points around 7 DPI. Other studies on mice and humans have also demonstrated an 

accumulation of TBI-induced neuropathology. Observation under diffusion tensor 

imaging showed decreased white matter fractional anisotropy whereas observation under 

electron microscopy showed decreased synaptic connectivity and neuronal proliferation 

from acute to subacute time points in those subjected to TBI compared to controls (Edlow 

et al., 2016; Singh et al., 2006). 

Despite the increasing availability of treatments for TBI such as surgery, therapy 

and medications, patients often suffer from permanent brain damage or disabilities 

(Lifshitz et al., 2016). The pathophysiology that results from different types and severity 

of TBI at different time points post-injury can serve as biomarkers in the diagnosis and 



 

  41 

prognosis of TBI. This is demonstrated by the clinical translation of experimental studies 

such as the timing of decompressive craniectomy in the alleviation of intracranial 

pressure (Zweckberger et al., 2006). Zweckberger et al. (2006) found that early 

craniectomy reduces brain edema and secondary brain damage using mice that were 

subjected to TBI and decompressive craniectomy at time points ranging from 2 hours to 7 

DPI. Experimental studies measuring the effects of hyperbaric oxygen therapy and Ca²⁺-

channel blockers on injury pathophysiology have also informed the behavioral outcomes 

of TBI and intensive care unit monitoring on blood pressure, glucose and oxygen 

metabolism, and cerebral blood flow (Xu et al, 2010; Maeda et al., 2005).  

Goals and Hypotheses  

Although TBI biomarkers and pathophysiology have been researched, few have 

investigated the effects of TBI on synaptosomal quantity.   

TBI neuropathology includes synaptic loss, axonal damages and mitochondrial 

dysfunction. As a homeostatic response, inflammatory molecules, such as cytokines and 

reactive oxygen species, are activated and thus alter signaling cascades and synaptic 

quantities (Giordano & Lifshitz, 2021). Synaptosomes are isolated synaptic terminals 

containing pre- and post-synaptic proteins that can be used in the detection of changes in 

synaptic numbers (Trebesova & Grilli, 2023) given that many of the neuronal metabolic 

and enzymatic activities are preserved in synaptosomes (Ahmad & Liu, 2020). As such, it 

was hypothesized that the cortices of rats subjected to TBI induced using a mFPI model 

would have lower synaptosomal counts compared to uninjured sham rats 7 days post-

injury.  
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Animals 

Adult male Sprague-Dawley rats (n = 12, 6-7 weeks; Harlan, IN) were acclimated 

to the university vivarium for 7 days after arrival. The animals were housed in cages of 4, 

in a 12 h light: 12 h dark cycle at a constant temperature (23 ℃), with food and water 

available ad libitum according to the Association for Assessment and Accreditation of 

Laboratory Animal Care International. The rats were 8-9 weeks postnatal at the time of 

tissue collection, with the timeline of events illustrated in Figure 12. 

 

Figure 12 The timeline of events for the rats in the TBI vs sham experimental cohort. 

Rats were acclimated for 7 days and separated into two groups for injury. Post-operative 

monitoring was conducted from 1 to 3 DPI and the brain tissues were collected at 7 DPI. 

Created with BioRender.com. 

Midline Fluid Percussion Injury (mFPI) 

Rats were subjected to midline fluid percussion injury (mFPI) consistent with the 

methods described by Giordano et. al (2022), which are included here. At the time of 
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surgery, rats were anesthetized using 5% isoflurane in 100% oxygen for 5 minutes and 

the head of the rat was placed in a stereotaxic frame with continuously delivered 

isoflurane at 2.5% via a nose cone. During surgery, body temperature was maintained at 

37°C with an isothermal heating pad (Braintree Scientific). A midline incision was made 

exposing bregma and lambda landmarks on the skull. Fascia was removed from the 

surface of the skull. A trephine (4.8 mm outer diameter) was used for the craniectomy, 

centered on the sagittal suture between bregma and lambda without disruption of the 

dura. A skull screw was secured in a 1-mm hand-drilled hole into the right frontal bone. 

An injury cap prepared from the female portion of a Luer-Loc needle hub was fixed over 

the craniectomy using cyanoacrylate gel and methyl-methacrylate (Hygenic Corp, Akron, 

OH). The incision was sutured at the anterior and posterior edges and topical Lidocaine 

ointment was applied. Rats were placed in a heated recovery cage and monitored until 

ambulatory. 

 For injury induction, rats were re-anesthetized (60-90 min after surgery) with 5% 

isoflurane delivered for 5 minutes. The dura was visually inspected through the hub to 

make sure it was intact with no debris. The hub was then filled with normal saline and 

attached to the male end of the fluid percussion device (Custom Design and Fabrication, 

Virginia Commonwealth University, Richmond, VA). A diffuse brain injury (1.8-2.0 

atm) was administered by releasing the pendulum onto the fluid-filled cylinder. Sham-

injured rats underwent the same surgical procedures except the pendulum was not 

released. Rats were monitored for the presence of a forearm fencing response, and 

righting reflex times were recorded for the injured rats as indicators of injury severity. 

The righting reflex time is the total time from the initial impact until the rat 
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spontaneously rights itself from a supine position. The fencing response is a tonic 

posturing characterized by extension or flexion of the forearms that has been validated as 

an overt indicator of injury severity. The injury hub was removed, and the brain was 

inspected for uniform herniation and integrity of the dura. The dura was intact in all rats 

and none were excluded. The incision was cleaned using saline and closed using staples. 

Diffuse brain-injured rats had righting reflex recovery times between 6 to 10 minutes and 

a positive fencing response. Sham-injured rats recovered a righting reflex within 20 

seconds. After spontaneously righting, rats were placed in a heated recovery cage and 

monitored until ambulatory (approximately 5-15 minutes) before being returned to their 

cage.  

Adequate measures were taken to minimize pain or discomfort throughout the 

process and the rats were monitored for post-surgical complications for 3 days after 

injury. A total of 2 animals experienced complications from technical issues during 

surgery and were euthanized during injury.  

4.2.2 The Effect of Synaptic Pruning in Development on Synaptosomal Quantity in 

Rats 

Introduction to Synaptic Pruning 

Specialized equipment has discovered the changes that occur in neurodevelopment. 

Amongst these discoveries are the vast changes in neuronal and synaptic quantity 

throughout the neurodevelopmental process.  

During the early stages of neurodevelopment, synapses are overproduced and 

later ‘pruned’ away to form neural circuits, where unnecessary synapses are eliminated 

(Navlakha et al., 2015; Sakai, 2020). In humans, synaptic density increases from the 
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earliest embryonic stages, peaking around 2 years of age before it declines by 50-60% 

upon reaching adulthood. This targeted elimination of functional synapses is the process 

known as ‘synaptic pruning’ and results in the strengthening of synapses in relevant 

neural circuits. This allows increased efficiency of neurotransmission between the 

strengthened circuits, while other synaptic connections weaken and fade (Navlakha et al., 

2015). The factors that determine which neuronal circuits are strengthened are multifold, 

including high frequency of use and constant sensory, motor, and cognitive input that 

reinforce the synaptic connections. In contrast, the connections that are inadequately 

stimulated are pruned (Santos & Noggle, 2011). The influence of neural activity on the 

developmental rewiring of the brain was initially made by Hubel and Wiesel (1963) in 

their study where cats were monocularly-deprived during their developmental period. 

Strengthened synaptic connections in the visual cortex of the open eye and weakened 

connections for the sensory-deprived eye were observed, suggesting a link between 

neural activity and plasticity. Since then, similar studies have been conducted on various 

species such as monkeys and ferrets to further support this relationship between neural 

activity and plasticity (Hubel et al., 1977; Yu et al., 2011). As a key mechanism used to 

regulate neuroplasticity, synaptic pruning functions to shape individual learning and 

memory-formation processes in response to experience.  

Synaptic pruning is predominant in the early years of life through adolescence and 

is orchestrated by specific proteins and cellular signaling cascades. In a developing brain, 

the sculpting of synaptic connections is influenced by the specific neural pattern of 

activity and time of activation, guided by individual experiences (Faust et al., 2021). 

Given the interplay between synaptic pruning and neuroplasticity in the formation of 
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neural circuits, a determinant of these processes is the activation frequency of NMDARs, 

similar to the mechanisms of synaptic plasticity described in Section 1.4. The synaptic 

connections with weak activation levels get flagged for destruction by microglia, which 

become phagocytic in the brain (Paolicelli et al., 2011; Morini et al., 2021). The 

interaction between microglia and developing synapses can also be mediated by the 

complement cascade as part of the innate immune system. In this mechanism, C1q, the 

protein that initiates the classical complement cascade and complement receptor 3 (C3), a 

downstream protein, tag CNS synapses for elimination by microglia (Schafer et. al, 2012; 

Stephan et al., 2012). By sorting and analyzing synaptosomes tagged with Anti-C1q 

antibodies, Györffy et al. (2018) discovered a link between apoptotic-like processes and 

complement-mediated pruning. As such, synaptosomes can be used as surrogate markers 

in synaptic pruning studies.  

In adulthood, synaptic pruning optimizes learning capacity. At multiple time 

points from juvenile through adulthood, the most drastic changes in the number of 

immunoreactive synaptic boutons were observed in female rats between postnatal day (P) 

35 and 45, aligned with the typical onset of puberty (Drzewiecki et. al, 2016). The 

puberty-induced synaptic pruning is observed across rodents of both sexes, likely 

orchestrated by changes in gonadal hormone levels (Simerly, 2002; Liu et al., 2012). Sex 

steroids abundant at puberty and during embryonic stages of sexual differentiation act as 

signaling molecules that interact with transcriptional regulators to guide sexually 

dimorphic neural circuit formation and synaptogenesis.  

Synaptic pruning refines and restructures neural circuitry. The regulated removal 

of synaptic connections is vital in the prevention of neurodevelopmental disorders and 
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neurodegenerative diseases, such as Alzheimer’s disease and schizophrenia (Sakai, 

2020). During critical periods of neurodevelopment, synapse elimination is tightly 

controlled, and the dysregulation of this process leads to altered neural circuits. Excessive 

synaptic pruning is associated with early synaptic loss and increased plaque deposition 

characteristic of Alzheimer’s disease (Hong et al., 2016). Similarly, the removal of 

synapses from glutamatergic excitatory pyramidal neurons in adolescence correlates with 

the onset of schizophrenia (Keshavan et al., 1994). Conversely, a deficit in pruning may 

lead to the overabundance of synapses, as observed in autism and neurodevelopmental 

delays (Xie et al., 2023; Beopoulous et al., 2022; Hansel, 2019).  

Goals and Hypotheses 

Given the consequences of a dysregulated pruning process, new protocols to understand 

the mechanisms that underlie synaptic pruning may advance therapeutic development. 

The ability to visualize and quantify synaptosomes, including their contents, provides a 

useful method to study various pruning-related diseases (Sellgren et al., 2019; Morini et 

al., 2021). 

In an attempt to quantify the effects of puberty-mediated synaptic pruning in male 

rats, this study hypothesized that the cortical synaptosome quantity in pre-pubescent 

(P30) rats is greater than post-pubescent (P50) rats. This is based on the assumption that 

rats are juvenile through P45 when a surge in androgens characteristic of puberty is 

observed (Drzewiecki et al., 2016).  

Animals 

Young (P30) male Sprague-Dawley rats (n = 4, 23 days postnatal; Harlan, IN) and adult 

(P50) male Sprague-Dawley rats (n = 4, 43 days postnatal; Harlan, IN) and were 
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acclimated to their environment for 7 days following shipment before being subjected to 

tissue collection. The animals were housed in cages of 4, in a 12 h light: 12 h dark cycle 

at a constant temperature (23 ℃) with food and water available ad libitum according to 

the Association for Assessment and Accreditation of Laboratory Animal Care 

International. 

4.2.3 The Effect of Ketamine on Synaptosomal Quantity in Rats 

Introduction to Psychoplastogens as Potential Therapeutics for Cognitive 

Rehabilitation 

Psychoplastogens are a class of compounds that include psychedelics, ketamine, 

and several other traditional, fast-acting antidepressants. These compounds act quickly to 

promote neuronal growth and enhance neuronal connectivity by activating and 

modulating biological targets, such as tropomyosin receptor kinase B (TrkB), the 

mammalian target of rapamycin (mTOR), and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors (Kargbo, 2023; Vargas et al., 2021; Yang et 

al., 2013).  

Psychological disorders are estimated to affect more than 20% of adults in the 

United States with varying forms and degrees of severity that impact their day-to-day 

lives, according to the National Institute of Mental Health. There has been a long-

standing belief that psychological disorders such as depression, anxiety, and attention-

deficit hyperactivity disorder (ADHD) result from ‘chemical imbalances’ in the brain 

(Mental Health, n.d.). The notion is that these conditions are caused by a disruption of 

neurotransmitter regulation and can be ‘fixed’ by introducing medications containing 

compounds or metabolites that increase or decrease certain neurotransmitters (Ang et. al, 
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2022). This chemical imbalance model is in contrast to a biopsychosocial model of 

psychological diseases, where disordered circuitry and function are caused by a 

combination of genetic, social and environmental factors that alter neurodevelopment on 

a molecular and cellular level (Deacon & Baird, 2009; Leo & Lacasse, 2008; Moncrieff 

et. al, 2022; Compton & Shim, 2015). The biopsychosocial model of psychiatric disease 

shifts the priority of interventions in development from medications that alter 

neurochemical levels to targeting neural circuit structure and function. Emerging 

therapeutics include non-invasive approaches, including electricity to modulate brain 

function, such as transcranial magnetic stimulation and deep brain stimulation (Scangos 

et al., 2023).  

Novel approaches of psychoplastogen treatments could reverse disorder-related 

pathologies and promote neuroplasticity. With effects lasting up to months following a 

single administration likely due to changes in gene expression (Ly et al, 2018), the 

psychoplastogens can treat disorders including depression (Hibicke et al.,2020; Mandal et 

al., 2019; Barrett et al., 2020), post-traumatic stress disorder (PTSD) (Dunlap et al.,2018) 

and addiction (Bogenschutz & Johnson, 2016; Krupitsky et al, 2002). The 

psychoplastogens rewire neural circuitry via several mechanisms: metabolites act as 

agonists for serotonin receptors, as observed with the decreased activation of the brain’s 

default mode network and desensitization of serotonin receptors under psychedelics 

(Stoliker et al., 2022; Damjanoska et al., 2004); as an antagonist of NMDAR, as observed 

in the antidepressant mechanisms of ketamine (Mandal et al., 2019); or increased 

synaptic levels of monoamines by traditional antidepressants (Vargas et al., 2021). The 

neuroplastic effects of psychoplastogens can be harnessed to increase the signaling of 



 

  50 

regulatory proteins such as TrkB and growth factors such as brain-derived neurotrophic 

factor (BDNF) (Vargas et al., 2021). 

In this thesis, the focus is on ketamine as an injectable, fast-acting dissociative 

anesthetic and its ability to help users ‘detach’ from their pain and environment. Beyond 

its antagonism of the NMDARs, its use as a therapeutic agent of psychological disorders 

relies on an ability to induce neuronal growth and cortical reorganization (Visser & 

Schug, 2006). Ketamine can repair maladaptive structural changes, such as the 

degeneration of synapses, dendritic spines and diminished dendritic arborization (Kargbo, 

2023). A randomized, controlled trial by Singh et. al (2016) demonstrated ketamine’s 

fast-acting antidepressant effects in patients with treatment-resistant depression when 

patients given twice or thrice-weekly doses of 0.5 mg/kg ketamine up to four weeks 

showed lower scores on the Montgomery-Åsberg Depression Rating Scale (MADRS) 

over 15 days after the last course. Patients who received the placebo maintained higher 

MADRS scores. 

Goals and Hypotheses 

This study investigated the effect of ketamine on synaptosomal quantity in rats to 

illustrate the effect of ketamine on synaptic growth.  

Despite studies of ketamine’s effects on neural circuitry, the use of synaptosomes 

remains novel in measuring the effects of psychoplastogenic compounds on the brain. 

This study hypothesized that at 48-hours post-injection, the cortices of rats given a single 

high-dose of 20 mg/kg ketamine have more synaptosomes compared to the rats given 

saline. Cortical synaptosomes were used because ketamine restored PFC neural function, 
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connectivity, and increased neurotransmission (Abdallah et. al, 2017; Li et. al, 2016; 

Kargbo, 2023). 

Animals 

Adult male Sprague-Dawley rats (n = 8, 6-7 weeks; Harlan, IN) were acclimated to their 

environment for 7 days following shipment before being subjected to ketamine injections. 

The animals were housed in cages of 4, in a 12 h light: 12 h dark cycle at a constant 

temperature (23 ℃) with food and water available ad libitum according to the 

Association for Assessment and Accreditation of Laboratory Animal Care International. 

During the acclimation period, each rat was handled for 10 minutes a day for a total of 3 

days to minimize stress from being handled during the experimental process. The 

timeline of events is shown in Figure 13.  

 

Figure 13 The timeline of events for rats in the ketamine vs saline cohort. Rats were 

randomly assigned to ketamine or saline injections (intraperitoneally). 24 hours later, rats 

were subjected to an open field test and the brain tissues were collected at 48 hours post-

injection. Created with BioRender.com 
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Administration of Injections 

Ketamine Hydrochloride (KetaVed Injection, 100 mg/mL, 10 mL) was purchased from 

Patterson Vet Supply (Greeley, CO). The stock drug solution was diluted in saline to a 

final concentration of 20 mg/mL. Rats were split into two groups of 4 animals and the 

ketamine group was given a single i.p. injection of 20 mg/mL ketamine while the control 

group was given equivalent volume of saline.  

Open Field Task 

At 24 hours post-injection, rats underwent an open field task to promote synaptic 

formation and neural changes associated with learning and memory and thus maximizing 

the effects of ketamine on neuroplasticity. The task took place in a room with white light 

at least an hour after a change in light cycle and ambient background white noise. In 

accordance with the setup used by Law et al. (2023), an open-box metal arena (69.215 cm 

x 69.215 cm) was used with a solid black plastic board floor. Each rat was given 15 

minutes to explore the novel environment and all trials were video recorded using the 

EthoVision software (Noldus, Leesburg VA) to allow for movement tracking. 

4.3 Tissue Preparation and Synaptic Flow Protocol 

Rats were euthanized via an intraperitoneal (i.p.) overdose of sodium pentobarbital 7 DPI 

for the TBI cohort, 7 days upon arrival for the synaptic pruning cohort and 48 hours post-

injection for the ketamine cohort. All rats were flushed with PBS (pH 6.8) for 6 minutes 

with the exception of P30 rats being flushed for 3 minutes until the livers cleared. The 

rats were then decapitated, and the brains were dissected into the left and right cortices, 

hippocampus, cerebellum, and the deep brain consisting of the remaining brain regions. 

These regions were snap-frozen on dry ice and stored at -80 ℃ until use. 
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For each synaptic flow run, a maximum of six samples were processed. In each 

run, at least one negative control sample containing only unstained synaptosomes was 

included. Samples were run in duplicate, with each run consisting of only the right or left 

cortex.  

4.4 Approach to Result Analyses for All Experiments 

The values for the mean and the standard deviation between sample replicates 

were grouped by and calculated for all four gating methods mentioned in Section 2.1. To 

identify significant outliers in the results, the variance value for each sample was 

calculated by dividing the standard deviation of the replicates by their mean. The 

maximum variance value of each gating strategy was used to split the data into decile 

bins and individual frequency distributions were used to determine where the majority of 

data lied for each of the gating methods. A comparison is then made between the four 

gating strategies and the one with lowest variance values was selected for further 

analysis.  

To determine statistical significance, an online one-sample t-test calculator was 

used (https://www.graphpad.com/quickcalcs/oneSampleT1/). A one-sample t-test tests 

the hypothesis that a statistic of a list of numbers is equal to a chosen or known value, 

with an example being the testing of the hypothesis that the median of a set of numbers is 

equal to one (Wadhwa & Marappa-Ganeshan, 2023). In this study, the mean 

synaptosomal quantity of each experimental group was compared to a baseline value. The 

baseline value was calculated from the synaptosome quantity of all control groups: sham 

animals for the TBI experiment (n=4), P50 for the synaptic pruning experiment (n=4), 

saline for the ketamine experiment (n=4), control protocol development samples (n = 2).  

https://www.graphpad.com/quickcalcs/oneSampleT1/
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4.5 Results 

Flow cytometry dot plots were generated for each sample as described in Section 2.2. 

Minimal (<1%) events above 10³ for the pre-synaptic and 10⁴ for the post-synaptic 

markers were detected in samples containing only synaptosomes (no antibodies), which 

was used to set the gates for each experimental run.  

The total events collected are shown on SSC-A vs FSC-A plots obtained from a 

representative sample of each treatment (Figure 14). From here, a polygon gate was 

drawn to isolate the middle portion of the ‘comet’-like plot to select the P1 population; 

the P1 population represents the events that correlate to the size and granularity of 

synaptosomes set by the FSC and SSC values. The P1 population was drawn based on the 

SSC-A vs FSC-A plots of the negative controls (no antibody) for each experiment. The 

percentage of events in the P1 population ranged from 55.36% to 62.69% with an average 

negative control P1 population containing 58.91% and 59.63% for antibody-stained 

samples. From the 30,000 events collected, events in the P1 population corresponded to a 

range of 16,608 to 18,807 events displaying FSC and SSC values representing 

synaptosomes.  

A t-test (https://www.graphpad.com/quickcalcs/ttest2/) revealed no significant 

differences between the P1 population percentage of negative controls and antibody-

stained samples, suggesting that the main difference in synaptosomal counts was not 

observed during this stage of the analysis process. The P1 population was then plotted on 

a logarithmic scale of APC-A vs Alexa Fluor 488-A fluorescent intensity to determine 

the percent of events that co-express both pre- and post-synaptic markers. All four gating 

strategies mentioned in Section 2.2 (Q2, Q2+Q4, negative-naught and floating) were 

https://www.graphpad.com/quickcalcs/ttest2/


 

  55 

trialed. An example of the results generated using the negative-naught gating strategy is 

depicted below in Figure 15. A more detailed analysis of the results from each of the 

gating strategies will be presented in a later section. The antibody-stained samples 

showed a higher percentage of events that co-express both pre- and post-synaptic markers 

compared to the negative controls in all gating strategies. 

 

Figure 14 An example dot plot of SSC-A vs FSC-A of left cortical synaptosomes from 

which the P1 population was selected. All samples showed similar ‘comet’-like 

distributions. The P1 population (in red) was selected from the negative controls of each 
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experiment (A1-C1), sham (A2), injured (A3), P50 (B2), P30 (B3) rats, saline (C2) and 

ketamine (C3) rats.   

 

Figure 15 The logarithmic dot plot of APC-A (pre-synaptic marker) vs Alexa Fluor 488-

A (post-synaptic marker) of the size-gated P1 population depicting left cortical 

synaptosomes. The negative-naught gating strategy (described in Section 2.2) was used to 

select the events outside of the population present in the negative control thereby 

excluding fluorescence signals from debris or events. The P7 population (in gold) was 
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selected from the negative controls of each experiment (A1-C1), sham(A2), injured (A3), 

P50 (B2), P30 (B3) rats, saline (C2) and ketamine (C3) rats.   

For the replicates of each sample within the three experimental treatments, all 

four gating methods illustrated right-skewed frequency distributions. The floating 

population showed the highest mean variance and maximum variance value of 0.49 and 

1.24, respectively; the Q2+Q4 population showed the least mean variance and maximum 

variance 0.13 and 0.40, respectively. The median values of variance between replicates 

were lower than the average values of variance in all four gating strategies, as shown in 

Table 2. This suggests a positively skewed distribution with increased possibility of 

significant outliers towards the higher end of the dataset. The Q2 population had the 

smallest range of variance with a value of 0.40 while the floating population showed the 

largest range of variance with a value of 1.22. The negative-naught and Q2+Q4 

populations share a median value of 0.11, which was the lowest of all groups.  
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Table 2 

Gating Strategy Statistics 

 
Q2 Q2+Q4 Negative-naught Floating  

Mean 0.32 0.13 0.16 0.49 

Median 0.28 0.11 0.11 0.43 

Standard Deviation 0.24 0.11 0.15 0.37 

Minimum Value 7.23 x 10⁻³ 1.10 x 10⁻³ 1 x 10⁻⁶ 1.67 x 10⁻² 

Maximum Value 1.04 0.40 0.68 1.24 

Note. The table above shows descriptive statistics (mean, median, standard deviation, 

minimum, and maximum values) of each gating strategy across all samples.  

When the maximum variances of the sample replicates were divided into decile 

bins, the frequency distributions shown in Figure 16 depict that a majority of the 

variation between replicates lie below 50% of the maximum variance. Out of 48 samples, 

the negative-naught gating method generated samples with the largest proportion of 

variance values being within 0 to 20% of the maximum variance (n=32), whereas the 

floating population gating method generated samples with the smallest proportion of 

variance values between 0 to 20% of the maximum (n=17). As such, the negative-naught 

gating method was selected to compare outcomes in different 
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treatments.

 

Figure 16 The frequency distributions of the variance in the (A) Q2 population alone, (B) 

Q2+Q4 population, (C) negative-naught population and (D) floating population when 

plotted against decile increments of the respective maximum values for each gating 

strategy. 

 For the baseline data used in the one-sample t-test, the average number of 

synaptosomes calculated from a pooled control group (n=27) was 8494.4. This value was 

compared to the average synaptosome counts of the TBI, P30 and ketamine groups; 

results are illustrated in Table 3. Amongst the three groups, the TBI (p=0.0005) and 

ketamine (p=0.0051) groups had significantly different synaptosome quantitities than the 

pooled control. The synaptosome count for the P30 group was not statistically significant 

from the control group (p=0.706). 



 

  60 

Table 3 

Results and Statistics 

 
Average 

Synaptosome 

Count 

Standard 

Deviation 

Number of 

Animals (n) 

Number of 

Observations (n x 

4) 

p-

value 

Control 

Group 
8494.4 11869.63 14 52* N/A 

TBI 5794.0 2431.57 4 16 0.0005 

P30 9913.1 2744.69 4 16 0.706 

Ketamine 9948.8 1773.20 4 16 0.0051 

 

Note. The table above shows the average synaptosome count, standard deviation, number 

of animals and observations for the pooled control group and each of the experimental 

groups. The number of observations is multiplied by 4 to indicate the separation of the 

left and right hemispheres and include the two replicates for each animal. The p-value 

was generated using a one-sample t-test of the average synaptosome counts of the control 

group and each of the experimental groups. *The number of observations for the control 

group does not follow the nx4 pattern due to the inclusion of practice samples which 

were not run in duplicates. 
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CHAPTER 5 

DISCUSSION 

5.1 How the Findings Relate to Previous Studies and Methodology 

Flow cytometry provides the ability to simultaneously quantify synaptosomes in 

large tissue samples. This is advantageous for the investigation of synaptic alterations, 

protein content and neurotransmitter profiles. This study’s findings support the repeated 

use and validity of flow cytometry in synaptosomal quantification in 

neurodevelopmental, neurotrauma or neurodegeneration studies such as Alzheimer’s and 

neuroinflammation (Gylys & Bilousova, 2017; Trebesova & Grilli, 2023; Györffy et al., 

2018). 

 The quantification of synaptosomes in the TBI cohort generated average 

synaptosomal counts that were significantly less than the control group, supporting the 

study hypothesis that the cortical synaptosomes of TBI-rats would be decreased 

compared to uninjured rats at 7 days DPI. This could be due to neuroinflammation and 

neuronal atrophy and degeneration that occurs in response to injury, which is supported 

by the neuropathology at 7 DPI observed by Giordano et al. (2022). In accordance with 

this, a 35 to 45% reduction in the number of healthy neurons was seen alongside 

increased neuronal atrophy across all rat cortical layers at 7 DPI when compared to sham 

(Lifshitz & Lisenbee, 2012).  

 The average synaptosome quantity of P30 rats was not significantly different from 

the control group, indicating that the null hypothesis, which states that there are no 

differences between the synaptosomal quantities of P30 and P50 rats, cannot be rejected. 

The most parsimonious explanation for this discrepancy between the hypothesized effects 
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of adolescence-induced synaptic pruning on synaptosomal quantity is that the pruning 

process did not occur or is diminished in the P50 rats whereas the some of the P30 rats 

could have an earlier-than-expected pubertal onset. The range of puberty onset in male 

rats could have led to this phenomenon, with previous studies showing the period of 

pubertal onset to be between P40 to P60 (Drzewiecki et al., 2016; Koss et al., 2015; 

Fuochi et al., 2022). In rats, the preputial opening can be used as a marker of puberty 

onset due to the coincidental surge of androgens in male rats. However, the weight or age 

ranges are more accurate in measuring puberty onset in Sprague-Dawley rats (Fuochi et 

al., 2022). Since neither marker were measured in this study, the exact time of puberty for 

each P50 rat cannot be determined. As such, the possible inclusion of pre-pubescent P50 

rats within the control group cannot be eliminated. Even if all P50 rats reached puberty 

prior to tissue harvest, the height of the pruning process might not have been reached, 

which could explain the absence of differences in synaptosome quantities between the 

two groups. The decreased synaptic loss could also be due to environmental influences 

and social interaction such as play behavior present in male, but not female, rats. Cortical 

synaptic pruning in female rats during puberty (P35 to P45) may be hormone-mediated, 

but likely influenced by play behavior in males. Koss et al. (2015) found that synaptic 

quantities in prepubertally-castrated and sham males were similar. This suggests that 

increased play behavior in males may impact neural reward circuits, potentially serving 

as a form of environmental enrichment that prevents neuronal loss and reduces the effects 

of synaptic pruning (Lima et al., 1998; Willing & Juraska, 2015). Alternatively, the 

limited sensitivity of the synaptic flow protocol could have minimized the detection of 

synaptic changes that occur during the pruning process (Hobson & Sims, 2019). To 
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mitigate the limited sensitivity of the synaptic flow protocol, alternative quantification 

methods involving Western blots or isotope-labeling can be used to complement current 

findings (McClatchy et al., 2007). 

 In the ketamine cohort, rats given a single high dose of ketamine showed 

significantly increased synaptosomal counts relative to the control group, including rats 

given saline. This aligns with the hypothesis of this study, which states that the cortical 

synaptosomes of rats given a single high dose of ketamine would show increased 

synaptosomal quantity compared to rats given saline. These findings are consistent with 

ketamine’s ability to increase cortical synaptic protein expression and spine number as 

shown by Li et al. (2011) when measuring the effects of ketamine and on chronic stress-

induced synaptic deficits. The increase in synaptosomes of ketamine rats relative to saline 

rats also support ketamine's rehabilitative properties as a rapid-acting antidepressant due 

to the increases in synapses and dendritic spines observed in subjects given ketamine. 

These effects are demonstrated by increased cortical glucose metabolism and global brain 

connectivity in patients with major depressive disorder who were given ketamine 

compared to controls (Li et al., 2016; Abdallah et al; 2017).  

Since ketamine increases the growth of dendritic spines, rats were exposed to an 

open field arena 24 hours after injection as a form of novel stimulation to induce synapse 

formation and the reorganization of neural circuitry (Nithianantharajah et al., 2004). 

when mice were exposed to novel objects or areas, increased levels of the synaptophysin 

and PSD-95 suggested increased synaptic growth throughout the brain, which were not 

observed in control mice. A study by Novkovic et al. (2014) further supports this 

observation as mice placed in an enriched environment with constant novel stimulation 
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showed improved memory performance relative to control rats in a BDNF-dependent 

manner. This correlated with increased synaptic growth and neural rewiring associated 

with memory formation. Future studies could introduce more region-specific tasks or 

complex objects to enhance synaptic growth in other brain regions, such as the 

hippocampus or cerebellum.  

5.2 Study Design and Protocol Limitations 

Given the potential of the synaptic flow protocol, it is essential that the limitations 

and their postulated effects on this study’s findings be identified for improvement in 

future use. 

First of all, standardizing the samples to a protein concentration of 75 µg/mL 

could have been suboptimal, given that the pellet generated by a sample of that 

concentration was small, translucent and missed easily by the naked eye. While 

precautions were taken to ensure that only the supernatant was discarded during each 

wash step, human errors such as pipetting technique or physical limitations could have 

caused the disruption of the synaptosome-containing pellet, resulting in a number of 

synaptosomes being discarded. While the quality control process of the flow cytometer 

was conducted before every use, it does not reduce the possibility of synaptosomes 

clumping together, leading to coincident events, which could have led to fewer individual 

synaptosomes being detected (Hobson & Sims, 2019).  

During the protocol adaptation process, difficulty in synaptosome-antibody 

binding, specifically with the pre-synaptic markers anti-Synapsin I and APC, was 

observed when comparing samples stained with one or both pre- and post-synaptic 

markers. During the protocol adaptation phase, there was minimal change in events 
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expressing the pre-synaptic marker when the different concentrations of pre-synaptic 

antibodies were manipulated. This contrasted with the proportional changes in events 

expressing the post-synaptic marker observed when it was manipulated. As Synapsin I is 

located within the pre-synaptic terminal compared to the location of PSD-95 as 

previously shown in Figure 8, this difference in position may have led to the 

discrepancies between the binding affinity of the pre- and post-synaptic antibodies. While 

the current protocol included partial fixation and permeabilization steps to minimize the 

effects of protein location on antibody binding, the incubation time or concentration of 

the permeabilization buffer (BD Cytofix/Cytoperm) used could have been suboptimal. To 

account for potential false negative events that were excluded from the Q2 gating strategy 

due to potential difficulties of the pre-synaptic antibodies binding to synaptosomes, the 

events collected in the Q4 population of the quadrant gate were included in synaptosomal 

quantification. However, this could also lead to the inclusion of false positives as there is 

no way to accurately distinguish between the events that are synaptosomes and non-

synaptosomal particles. The former would be stained by a pre-synaptic marker, while the 

latter does not contain pre-synaptic proteins. To mitigate this, antibodies that bind to 

other pre-synaptic elements, such as Synaptophysin or SNAP-25, could be used in the 

protocol (Gylys et al., 2004; Gylys & Bilousova, 2017). Primary antibodies with 

conjugated fluorophores can also be used to optimize the staining and labeling of 

synaptosomes as it eliminates the use of secondary antibodies and thus increases staining 

specificity. The introduction of a step to block the Fc-receptors of non-synaptosomal 

particles has also been shown to be effective in reducing non-specific antibody-binding, 

consistent with the findings of Andersen et al (2016) when human immunoglobulin-G 
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(IgG) was used to block the Fc-receptors in reducing the non-specific staining of 

leukocytes used in flow cytometry. 

In the validation experiments, the group sizes were kept small and only male 

animals were included. The small group size increased the susceptibility of findings to 

statistical outliers that result from biological variance. Furthermore, the samples were 

prepared in duplicates instead of triplicates, leaving out the possibility of removing 

significantly different results. This increased the possibility of error and biological 

variance which decreased the reliability of the findings. Therefore, the control groups of 

each experiment were pooled with samples from preliminary studies to form a control 

synaptosomal count for comparison. While the higher sample size decreases the influence 

of each sample and includes all possible data, the mean synaptosomal quantity is 

influenced by statistical outliers. Averaging the synaptosomal counts of both inter- and 

intra-animal samples could have reduced the observed effect sizes.  

The results from the control group were pooled into a ‘baseline’ value to compare 

post-treatment changes. Comparisons were made using a one-sided t-test instead of an 

unpaired or paired t-test (Ross & Willson, 2017). Using a one-sample t-test for statistical 

analysis allowed for independent comparison between the mean of the pooled control and 

experimental groups. The pooled control group served as the true value as they were the 

combined measures from the untreated animals, which allowed a one-sided t-test to be 

used to measure changes in synaptosomal quantity incurred by each treatment for 

comparison to the initial, true value. However, since the comparison was for four 

independent groups, a one-sample t-test does not eliminate possibility of false positives 

(Type I errors) that increases by approximately 5% each time the control group is used. 
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This could lead to a significance level that is higher than suggested by the actual results, 

which could be mitigated by using a one-way analysis of variance (ANOVA). A one-way 

ANOVA compares the mean of three or more groups while accounting for potential Type 

I errors (Mishra et al., 2019). Since the control group in this study included the samples 

for the sham, P50, and saline rats which were used for repeated comparison against the 

independent treatments of TBI, P30, and ketamine rats, using a one-way ANOVA would 

minimize the error resulting from repeated use of the control value. The one-way 

ANOVA allows the mean of the control to be compared independently with all three 

treatments while keeping the chance for Type I error at 5% so that the p-values generated 

are not influenced by the number of t-tests conducted. As such, future studies could 

replace the one-sided t-test or combine both methods for more accurate analysis of 

results.  

The current synaptosomal isolation protocol involves the homogenization of brain 

tissue with 0.32 M sucrose and a Teflon/glass Dounce homogenizer before centrifugation 

for separation of the synaptosomes and non-synaptosomal particles. While this protocol 

allows for rapid synaptosomal isolation without the need for subjecting samples in 

reagents of varying concentrations, the absence of a purification gradient during the 

synaptosomal isolation process could have contributed to larger standard deviations 

between sample replicates - especially in the P30 group. This may be due to non-

synaptosomal particles remaining amongst the synaptosomes and thus increasing the 

possibility of non-specific antibody staining (Gylys & Bilousova, 2017). Synaptosomal 

purification was originally conducted by Gray & Whittaker (1962) during the isolation 

process using an isotonic sucrose gradient. Percoll gradients can also yield synaptosomes 
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with purities comparable to sucrose gradients in a shorter amount of time without 

interfering with biological assays (Dunkley & Robinson, 2018; Tenreiro et al., 2017). A 

Ficoll gradient can also be used in synaptosomal purification as it provides density 

without increasing osmotic pressure. Similar to Percoll gradients, the use of Ficoll 

requires less time relative to a sucrose gradient while increasing the synaptosomal 

homogeneity and viability (Booth & Clark, 1978; Dunkley & Robinson, 2018).  

Compared to traditional methods used in synaptic and synaptosomal 

quantification, the synaptic flow protocol required a shorter time for antibody incubation 

and overall sample preparation. It also allows a large synaptosomal population to be 

quantified and their components simultaneously analyzed using different parameters 

while limiting the use of reagents such as DAB or silver. However, the spatial resolution 

of the synaptic flow data is limited compared to methods such as IHC or Timms-sulfide 

silver staining where synaptic contents can be visualized under a microscope for 

characterization (Whittaker, 1959; Claiborne et al., 1989). With IHC or Timms-sulfide 

silver staining where synaptic contents are stained and observed under an electron 

microscope, components such as synaptic density and the width of the synaptic cleft can 

be measured to observe the morphology of synapses. The synaptic flow protocol also 

does not verify the presence of specific pre- or post-synaptic proteins, which can instead 

be done using Western blots or mass spectrometry by comparing the molecular weights 

or mass-to-charge ratio of synaptosomal contents to those of previously known proteins 

and molecules. An example of such application is illustrated by Schrimpf et al. (2005) 

with the identification of molecules and proteins involved in signal transduction and 
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synaptic metabolism. The study used isotope-tagged synaptosomal proteins which were 

analyzed using tandem mass spectrometry to illustrate synaptosomal proteomics.  

5.3 Areas for Further Study 

With the adapted synaptic flow protocol, the areas of interest that could be 

explored include replication of the experiments conducted in this study on a larger scale, 

using more animals of both sexes to investigate potential differences between the 

responses of male and female rats. With female rats, the effects of the estrous cycle on 

synaptic pruning and synaptosomal counts could be measured to facilitate the current 

understanding of the neurological changes that occur with hormonal shifts. Combined 

with DNA or RNA sequencing methods, the genetic expression in synaptosomes can be 

determined to map the genomes of a specific synaptosomal population to further 

understand neurodegenerative diseases or neurological conditions (Di Paolo et al., 2021; 

Clifton et al, 2022). When investigating the role of the Parkin protein in Parkinson’s-

associated mitochondrial dysfunction, Lichter et al (2023) used DNA sequencing to find 

that the synaptosomes of Parkin-knockout mice showed reduced deleterious DNA 

mutations compared to mitochondrial mutator and Parkin-disinhibited mice. Mass 

spectrometry and electron microscopy can also be applied to synaptosomal studies for 

proteomic analysis and classification (Evans, 2015; Gulyássy et al., 2020; DiGiovanni et 

al., 2012).  

The current protocol could also be used to quantify synaptosomes in the 

hippocampus, cerebellum, and brainstem (Dunkley & Robinson, 2018) to complement 

the findings of the cortex or in the investigation of region-specific effects (Ardalan et al., 

2016; Postupna et al., 2018; Gylys et al., 2000). An example of this would be the use of a 
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similar synaptic flow protocol to investigate neurodegeneration-induced synaptic 

alterations in different brain regions. Postupna et al (2018) measured synaptosomal 

quantities and profiles in the hippocampi, cortices and striata of mice and post-mortem 

humans to observe the region-specific pathology associated with conditions such as 

Alzheimer’s and Parkinson’s. 

To target and quantify inhibitory or excitatory circuits in the brain, the synaptic 

flow protocol could be modified to include antibodies that specifically bind to proteins 

present in inhibitory or excitatory synapses, such as GluR1 receptors or VGLUT1 

(Krukowski et. al, 2021; Hobson & Sims, 2019). The changes in the number of 

synaptosomes containing inhibitory and excitatory proteins can illustrate the development 

of neural pathways throughout a certain period or stage of the neurodevelopmental 

process. The ability to quantify and characterize specific synaptosomal populations such 

as in dopamine transport can also be used when measuring the effects of certain 

behaviors or stimulation on the brain’s reward pathway to inform addiction studies 

(Wells et al, 1999; Paget-Blanc et al., 2022). Furthermore, the synaptic flow technique 

can be developed to specifically target synaptosomes from axo-somatic or axo-dendritic 

synapses, which differ in morphology, size, and properties throughout the developmental 

process (Soghomonian et al, 2010). To hone in on the diverse roles of synapses in 

different parts of the CNS, the synaptosomes can represent the effects of development, 

insult, aging, and disease. This allows for a better understanding of the different 

mechanisms, properties and pathways involved in brain plasticity not just within the brain 

but also throughout the entire central nervous system.  
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APPENDIX A 

SYNAPTIC FLOW PROTOCOL (ADAPTED FROM KRUKOWSKI ET AL., 2021) 
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Required Materials: 

• HEPES (Cytiva HyClone, SH 30237.01, Logan, Utah) 

• 1X Phosphate-buffered saline (PBS) 

• 2% Paraformaldehyde (PFA) (Fisher Scientific, 50-276-34) in PBS 

• Cytofix/Cytoperm solution (BD Biosciences, 554655) 

• 0.32 M Sucrose 

• Perm Wash (BD Biosciences, 554723) 

• Primary Antibodies: Rb anti-Synapsin 1 (presynaptic marker; Millipore, 

MAB1543), Ms anti-PSD95 (postsynaptic marker; Thermofisher, MA1-046) 

• Secondary Antibodies: Anti-mouse Alexa Fluor 488 (Invitrogen, A-11001), APC 

(Allophycocyanin) goat anti-rabbit (Invitrogen, A10931) 

• Teflon/Glass homogenizer (DWK Life Sciences (Kimble) Dounce Tissue 

Grinder, 885303-0002) 

• Tubes with labels stored in 4°C or -20°C (different colored tops for different 

antibodies) 

o 15 mL tubes 

o 1.5 mL tubes  

o FACS tubes 

o 50 mL conical vial for samples (triplicate) 

o 50 mL tubes for unstained (single) 

 

Making Buffers: 

HEPES/0.32 M Sucrose (fresh) 
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1. Add 500 µL HEPES (Sigma-Aldrich, H0887) to 49.5 mL dH2O in 50 mL tube 

then vortex to mix well. 

2. Add 25 mL of HEPES/water solution made in Step 1 to a clean 50 mL tube and 

add 2.73 g sucrose, vortex to mix well while protected from light with foil. 

*For 10 mL of HEPES buffer, add 1.097 g of sucrose to 9.9 mL of dH2O and 0.1 mL of 

HEPES 

 

Perm/Wash (BD Biosciences, 554723) - wash and permeabilize cells for antibody 

staining 

1. To prepare perm wash working solution (1X), add 5 mL perm wash stock solution 

(10X) in 45 mL of dH₂O  

 

Cytofix/Cytoperm (0.1X) (BD Biosciences, 554655) 

1. Add 1 mL of Cytofix/Cytoperm solution (1X) to 9 mL dH₂O  

 

2% PFA in PBS 

1. To make 2% PFA working solution, add 2 mL of 4% PFA to 98 mL PBS. 

 

BEFORE STARTING PROTOCOL: 

1. Obtain cooler and bucket of ice that can be replenished throughout the day. 

2. Place Dounce glass homogenization tubes on ice 

3. Cool centrifuges (Beckman Coulter Allegra X-15R Centrifuge and Eppendorf 

5425 R) to 4°C 
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4. Place 1.5 mL tubes to cool in -20°C. 

PROTOCOL: 

I. SYNAPTOSOME ISOLATION 

1. Add 1 mL HEPES/sucrose to the homogenization tube. 

2. Using spatula, place the sample into the homogenization tube ensuring that it is 

submerged. Place the tissue tube back on ice. 

3. Homogenize 10 strokes (1 stroke = 1 full up and down motion with a full 

clockwise twist of the homogenizer)  

4. Pipette the lysate into a clean 15 mL tube (use smaller pipette to reach into 

homogenization tube)  

5. Rinse the tissue tube and homogenization tube using 1 mL HEPES/sucrose each 

then add the lysates to the 15 mL tube. 

6. Rinse the homogenization tube using 1 mL HEPES/sucrose once more and add to 

15 mL tube (total volume in the 15 mL tube:  3 mL + sample) 

7. Spin the 15 ml tubes using Beckman Coulter Allegra X-15R Centrifuge at 1,200 

RCF @ 4°C for 10 min. 

8. Check the 15 mL tubes for pellets before continuing. 

9. Add ~1-1.5 mL of supernatant to 2 x 1.5 mL tubes. 

• Synaptosomes are in supernatant, keep pellets on ice in case needed 

further. 

10. Spin the 1.5 mL tubes at 13,000 RCF @ 4°C for 20 min using Eppendorf 5425 R 

(adjust temp to 2°C if sample is warmed) 
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11. Check the 1.5 mL tubes for pellets before continuing.  

12. Resuspend the pellet in 200 µl of PBS (~20 up/downs with pipette with new tip 

for each sample and standardize the number of times across all samples) 

13. Combine the duplicate of samples into one 1.5 mL tube and vortex gently to mix 

well before performing BCA. 

14. Run normal BCA with these re-suspended samples - triplicate.  

 

II. BCA ASSAY 

1. Sample Preparation:  

1. Add 5 µL of sample to 120 µL water in a tube to make a 25x dilution 

(make 50x dilution by adding 5 µL of sample to 245 µL water if using rat 

brains) 

2. Standard Preparation: 

1. Add dH₂O and BSA to Eppendorf tube until homogenous. 

3. The first three columns of the plate are for the Standard Curve 

 

Protein Concentration (µg/µL) BSA (µL) dH₂O (µL) 

0 0 100 

1.5 3 97 

3 6 94 
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4.5 9 91 

6 12 88 

7.5 15 85 

9 18 82 

10.5 21 79 

 

 

4. To each well of the triplicate, add 25 µL of diluted sample or standard.  

5. Calculate developer (200 µL per well) 

1. 8 standards + _________ samples + 2 extras = _________ x 3 = ________ 

wells 

2. _______ wells x 200 µL/well = ________µL reagent A 

3. _______ reagent A / 50 = __________µL reagent B 

6. Make developer.  

1. Add Reagent A and Reagent B to a 50 mL conical vial wrapped in foil 

(light sensitive) 

7. Add 200 µL of developer to each well. 

8. Incubate for 37 ℃ for 30 minutes at 300 RPMS. 

9. Cool plate to room temperature (~5 minutes). 

10. Read plate and put plate values into Protein Calculation Excel sheet.  
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11. Using the linear graph given by the standards, find the concentration of protein in 

the sample. 

12. Undo the dilution of the sample to find the actual protein concentration to 

determine the amount of antibody needed.  

1. Final protein concentration should be 75 µg/mL. 

III. ANTIBODY STAINING 

1. Using data from the Protein Calculation Excel sheet, add appropriate PBS volume 

to clean 5 mL tubes. The number of tubes needed is calculated by having 2-3 

replicates per sample and a negative control. 

2. Obtain clean, labeled 1.5 mL tubes stored at -20 ℃  
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3. Add 200 µL of sample to each respective tube with new tip for each sample and 

vortex to mix well. 

4. Add 100 µL of Cytofix/Cytoperm to each sample tube, vortex to mix well and 

place on ice for 20 min. 

5. Wash samples using 750 µL of perm wash working solution. 

6. Pipette to mix, then vortex to mix well. 

7. Centrifuge at 13,000 RCF for 5 minutes at 4 ℃ using Eppendorf 5425 R  

1. Check for a pellet in the tubes, only continue if a pellet is present. 

8. Dump supernatant and repeat wash through spin (Steps 5 to 8) 

9. Add blocking agent (0.2 µL Fc Block) and incubate for 10-12 minutes in the dark 

at 4 °C. 

1. Wash not needed. 

10. Make the primary and secondary antibodies by adding antibodies to PBS, 

calculated using the designed Antibody Calculation Excel sheet, and place on ice. 

11. Dump the supernatant without disrupting the pellet.  

12. Add a drop of UltraComp EBeads to 3 tubes to make beads that are unstained, 

stained with presynaptic and postsynaptic beads, respectively. 

13. Add 400 µL of respective primary antibodies, vortex to mix well, and incubate for 

30 min at room temperature. 

1. Vortex halfway through incubation to ensure proteins get the opportunity 

to attach to antibodies. 

14. Repeat wash, mix, spin, dump (Steps 5 to 8)  

1. For beads - leave 50 µL at the bottom during washes  
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15.  Dump the supernatant without disrupting pellet. 

16. Add 400 µL of the secondary antibodies and incubate for 30 min at 4 °C.  

1. Vortex halfway through incubation to ensure proteins get the opportunity 

to attach to antibodies. 

17.   Repeat wash, mix, spin, dump (Steps 5 to 8) for a total of three times for each 

tube. 

18.  Remove the remaining supernatant.  

19. Add 200 µL of 2% PFA to the pellets, pipet, and vortex to mix well before 

transferring to FACS tube and storing at 4 °C.  

Notes: Flow cytometry gating is based on 1, 3, 6 µm beads
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APPENDIX B 

FLOW-ASSISTED CELL SORTING (FACS) BUFFER PROTOCOL (1 L)
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Materials: 

1. HBSS without Ca or Mg (1 L) 

2. BSA (0.5 g) 

3. 2 mM EDTA (4 mL 1.5 M EDTA) 

4. 25 mM HEPES (25 mL 1M HEPES) 

5. Sodium azide (NaN₃) (0.9 g)  

 

Protocol: 

1. Stir to mix well. 
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APPENDIX C 

FLOW CYTOMETER USER GUIDE (NOVOCYTE QUANTEON) 
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Preparing Controls: 

1. To set up compensation controls in tubes,  

a. 1 drop of Ultracomp EBeads added to 1 µL of secondary antibody and 300 

µL of FACS buffer.  

b. Set up a negative control (beads only) 

Preparing Samples for Flow: 

1. Add 200 µL of FACS buffer to samples.  

a. Can try out different dilutions if needed. 

Machine: Agilent NovoCyte Quanteon Flow Cytometer 

 

1. Turn on the machine ~10 minutes before intended use, check if fluids are at at 

appropriate levels. 

2. Complete Quality Control (QC) if not yet completed for the day.  

a. If QC needed, tube of QC particles is in dairy case to the left of flow 

machine. 

b. If fresh beads needed, mix 1 drop of beads with 500 µL of PBS or 400 µL 

of PBS and 100 µL of 1X NovoRinse. 

c. Vortex the diluted beads to mix well and insert the tube onto the tube 

holder. 

d. Click QC Test: ‘Instrument > Operation > QC Test’ 

e. Enter QC Particles Lot ID (Our last Lot ID was SS000895) 

f. Click ‘Next > Run’, then Report when QC is finished.  
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g. Ensure all the results say ‘Pass’, then click ‘Finish’. If results do not say 

‘Pass’ (eg: ‘Acceptable/Fail’, repeat QC Test on fresh beads and call 

technical support if issue persists. 

3. Create an experiment by right clicking under ‘Experiment Manager.’ 

a. An untitled experiment will automatically generate in the right-hand side 

of the NovoExpress software (Experiment Manager) but you can also 

import a previously saved template 

4. Create compensation controls using ‘Auto Compensation’. 

a. Add your parameters and compensation controls by right clicking on 

untitled.ncf and selecting ‘New Auto Compensation’. 

i. Here, you can choose how to you would like to run compensation 

(height vs area, median vs means etc) 

ii. Select and rename your chosen parameters. 

iii. Clicking ‘Unstained’ means that you are providing a universal 

unstained sample for all single-stained controls. If you do not have 

a universal unstained control, ensure that each single stained 

sample has a positive and negative population within the sample 

and unclick ‘Unstained’. 

5. Run compensation tubes by placing corresponding tube on the holder and clicking 

‘Run.’ 

6. After collecting 10,000 events, the FSC vs SSC and positive/negative gates would 

be automatically adjusted. To change these, click on the gate you would like to 

alter and delete it using the keyboard or adjust it using arrows.  
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a. Repeat this with all single-stained compensation controls. 

b. When done, a compensation matrix will automatically generate (double 

click to view) and the font of the Compensation will turn blue in 

Experiment Manager 

c. Apply the compensation matrix to the experiment by clicking and 

dragging Compensation to the untitled.ncf and selecting ‘New Specimen’ 

or make a new Specimen and Sample by right clicking and selecting 

‘Rename’.  

7. Select the parameters for running your sample (left of page, under ‘Cytometer 

Setting’) 

a. Under ‘Stop Condition’, select the condition under which you would like 

for data collection to stop: # of events, (select which gate you want or 

‘ungated’ would be the default), time, or volume of sample. 

i. Note: If volume is selected, account for extra to be removed from 

sample (eg: if the stop condition is 100 µL, the sample should at 

least be resuspended in 150 µL) 

ii. Only 20-30 µL needed for samples to generate 30,000 events due 

to them having a higher concentration than flow beads. 

8. Under ‘Flow Rate’, select the speed that your sample would be collected at using 

the slider for finer adjustments. 

a. 10 µL/min for samples 



 

  103 

b. Under ‘Threshold’, select the threshold of events you would like to 

exclude from collection - default is 100,000 on FSC-H (recommended for 

most cells) 

c. At the bottom left of NovoExpress, the following options can also be 

selected: 

i. Absolute counting: the settings can be adjusted under ‘Sample > 

Absolute Count Setting’ before or after acquisition. 

ii. Rinse after sample: this reduces carry over between samples. 

iii. Recover remaining samples: After samples are acquired, leave the 

tubes in the holder and the machine will return any unused 

samples. 

d. To apply these conditions to all samples, in the Experiment Manager 

under the sample that is being adjusted, drag, and drop the Cytometer 

Setting to the Specimen you’d like to apply it to.  

9. Creating Gates 

a. Dot plots, contour plots, density plots and histograms can be made by 

clicking their icons at the top of the screen. 

b. The x- and y-axes can be adjusted by clicking on the name and selecting 

the desired parameter. 

c. The scale can be adjusted by right clicking on the axis and clicking 

‘Setting.’ 

d. Create square, oval, polygon, and freehand gates by clicking on the icon, 

located in the same bar as the plots. 
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e. To apply just the cells selected in one gate to another plot, right click a 

new plot and select ‘Gating > Choose Gate’. 

10. When completed, the files can be saved as ‘.ncf ‘(default for NovoExpress 

analysis) or exported to ‘.fcs’ 

11. Turn the machine off by pressing the Power button on the side of the machine. It 

would not be necessary to run bleach or tubes of water.  
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APPENDIX D 

PROTEIN CALCULATION SHEET USED TO STANDARDIZE SAMPLE PROTEIN 

CONCENTRATION 
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APPENDIX E 

ANTIBODY CALCULATION SHEET USED TO CALCULATE ANTIBODY 

DILUTIONS 
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APPENDIX F 

IACUC ANIMAL USE APPROVAL 
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 Verification of Institutional Animal Care and Use Committee (IACUC) 

Review and Approval 
 

This protocol has been reviewed by the IACUC and the work may commence at this time. 
This approval only authorizes the activities reviewed by the IACUC as described on the 
final version of the protocol. 
 
Principal Investigator:  Lifshitz, Jonathan  
Department:   Child Health - PBC 
  
Protocol Number:  13-460 
Title:    Translational neurotrauma research [+DoD] [+MOU] [+VA] 
 
Approval Date:  08/28/2019 
Expiration Date:  08/28/2022 
 
Funding Sources:  Departmental 
    DoD: AZ160056 
    VA: RX002472-01 
    VA: 36C25819D0025 
    NIH/NINDS 1R21NS120022-01 
    Arizona Alzheimer’s Consortium 
    Arizona Biomedical Research Commission 
    Diane and Bruce Halle Foundation 
    American Sleep Society 
     
  
Grant to Protocol Review: Not Applicable  
 
Additional Notes Concerning Submission: Addition of tactile allodynia sensory task.  
 
The Principal Investigator (PI) is responsible for all work conducted on this protocol. As 
such, the PI must ensure that: 
 

Administration 601 
PO Box 210066 

Tucson, AZ 85721-0066  
Ofc: 520-621-3513 
Fax: 520-621-7507 

research.arizona.edu 
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• The protocol will be conducted in accordance with all applicable federal and 
institutional policies, procedures and regulations, including the PHS Policy on 
Humane Care and Use of Laboratory Animals, USDA regulations (9 CFR Parts 1, 2, 
3), the Federal Animal Welfare Act (7 USC 2131 et. Seq.), the Guide for the Care 
and Use of Laboratory Animals, and all relevant institutional regulations and 
policies regarding animal care and use at the University of Arizona. 

• All procedures involving animals will be carried out humanely and as described in 
the approved protocol. 

• IACUC approval will be secured before initiating any change in the study design or 
procedures listed on this protocol. Protocol participants understand that all 
amendments must be approved by the IACUC prior to implementation. 

• Work performed without IACUC approval is not published with certification of 
IACUC approval. 

• All individuals working autonomously on this protocol are qualified to conduct 
procedures involving animals, are competent in the techniques cited in the 
protocol, and will maintain appropriate and complete animal records. All 
untrained staff will be sufficiently supervised until competency is achieved. 

• The IACUC is notified regarding any unanticipated deaths or unexpected study 
results or a phenotype that negatively impacts the welfare of the animals, 
including but not limited to those that require veterinary care or treatment not 
described in the approved protocol. 

• The hazards listed on this protocol will be handled as per Research Laboratory 
Safety Services (RLSS) guidelines and stipulations. Work with hazards is not 
performed until RLSS approval has been granted. 

 

 
John P. Konhilas, PhD 

IACUC Chair 
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