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ABSTRACT

Depressionis one of the leading causes of disability worldwide. Diagnosis and treatment
are difficult due to a lack of understanding of the underlying causes and mechanisms of
the disorder. Several theories have been proposed over the years, including the
monoamine, neuroplasticity, and inflammation theories of depression. The
neurotransmitters serotonin and histamine are of particular interest in depression
research. Techniques that can accurately capture neurotransmitter dynamics in the
brain are constantly being developed and refined, such as fast scan cyclic voltammetry
(FSCV) and its offshoot fast scan controlled adsorption voltammetry (FSCAV). The
objective of this dissertation is to apply innovative approaches to improve FSCV and
FSCAV measurements for histamine and serotonin. To begin this thesis, | introduce
neurotransmission, serotonin and histamine signaling, and techniques to measure
neurotransmission. Next, | review the three theories of depression and emphasize
essential analytical techniques used to study the disorder and showcase how
inflammation affects the neurotransmitters dopamine, serotonin, and norepinephrine in
the brain. | then detail the general methods used in this research. | then describe an
innovative electrode surface modification using amino acids to enhance extracellular
serotonin measurements with FSCAV. Subsequently, | introduce the development of
FSCAV for histamine detection and describe how anesthetics and an H3R targeting drug
alter extracellular histamine concentrations. Additionally, | describe a new approach to
replicate in vivo conditions in vitro. | conclude by summarizing the work done in this

thesis and my perspectives on future work.
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CHAPTER 1 - INTRODUCTION



Mental Health

Mental health disorders affect millions of people worldwide. The World Health
Organization estimates that around 280 million people suffer from depression, making it
one of the leading causes of disability worldwide (Organization, 2023). Diagnoses and
treatments for depression are flawed and inconsistent. Diagnoses are based on patient
responses to questionnaires that are open to interpretation (Eack et al., 2006, Wittkampf
et al., 2009). Treatments are given on a trial-and-error basis and can often take months

to years to become effective, if ever.

Despite its high prevalence, the causes of depression remain unclear. Over the years,
numerous theories have been proposed to explain the underlying mechanisms of

depression.

The first theory proposed as to the underlying cause of depression was the Monoamine
Hypothesis of Depression in the 1960s. This theory states that extracellular serotonin,
norepinephrine and dopamine levels are dysregulated during depression. Initially,
several studies found that serotonin levels were lower in the brain of depressed suicide
patients (Shaw et al., 1967), and norepinephrine levels were lower in the cerebral spinal
fluid and urine of patients with depression (Bunney and Davis, 1965, Schildkraut, 1965).
During that time, it was also discovered that drugs targeting monoamines, such as
monoamine oxidase inhibitors and tricyclic antidepressants, could help relieve
depression (O’Connor, 1953, Lehmann et al., 1958, KUHN, 1958, Schatzberg, 1998).

Eventually, antidepressants that specifically target the serotonin system were developed

15



(Wong et al., 1974, Wong et al., 2005, Fuller et al., 1974). These selective serotonin
reuptake inhibitors (SSRIs) act by blocking serotonin transporters (SERTs) and preventing
serotonin reuptake (Fuller etal., 1974, Wong et al., 1974, Wong et al., 2005). While these
medications were widely popular for some time, the low success rate, adverse side
effects and delayed onset (as patients have to take SSRIs for weeks to notice a response,
if any) have motivated the medical community to pursue alternative theories of

depression.

Another major theory of the basis of depression is the neuroplasticity theory of
depression. Neuroplasticity is the process in which the brain is able to reorganize itself
by forming new neural connections. The idea behind the neuroplasticity theory of
depressionisthatdepressionis caused by impairments in the brain’s ability to adaptand
generate these new neuronal connections. In the 1990s, scientists discovered that
patients with recurrent depression suffered a loss in hippocampal volume and,
moreover, they discovered a link between hippocampal volume and the length of
depression (Sheline et al., 2003, Sheline et al., 1999, Sheline et al., 1996). Additionally,
studies found that acute stress suppressed the rate of dentate gyrus (part of the
hippocampus) neurogenesis in adults of a number of species (Sapolsky, 1996). This work
was reinforced when Jacobs and colleagues showed that chronic fluoxetine (an
antidepressant) increased hippocampal neurogenesis in rats (70% increase in the
number of cells) (Jacobs and Fornal, 1999). This theory has spurred the use of ketamine
and lysergic acid diethylamide (LSD) as potential therapeutics for the treatment of

depression (Nutt et al., 2023, Smith-Apeldoorn et al., 2022).
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The final major theory for the catalyst of depression is the inflammation theory of
depression which states that depression is caused by activation of the immune system.
At the same time scientists were discovering a link between neuronal loss and
depression, they were also finding a link between immune cells and depression. It was
shown that patients treated with inflammatory cytokines developed depressive-like
behaviors (Smith, 1991). This concept gained quick support when it was proposed that
sickness behavior and depression share similar pathways through immune activation
(Maes et al., 1995a, Maes et al., 1995b). Soon after, non-steroidal anti-inflammatory
drugs (NSAIDs) and cytokine inhibitors emerged as potential treatment options for

depression (Hang et al., 2021, Du et al., 2024).

While all three theories show promise as to revealing the causes of depression, no single
theory stands alone. The challenges that accompany studying the brain indicate more

work is needed to uncover the underlying cause of this illness.

Neuroinflammation

Inflammation is a term used to describe the body’s immune response to a harmful or

foreign stimulus.

Acute inflammation is a short-term tightly regulated process. Inflammation occurs when
pattern recognition receptors (PRRs) located on the surface of immune cells recognize
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs). These PRRs trigger the secretion of cytokines (small signaling proteins

produced by cells that regulate immune responses by facilitating communication
17



between cells, modulating inflammation, and influencing various physiological
processes). Cytokines include tumor necrosis factor-alpha (TNF-a), interleukin-1B (IL-
1B), and interleukin-6 (IL-6). Chemokines are also secreted; these are a subset of
cytokines that specifically direct the movement of immune cells to sites of infection,
injury, or inflammation through a process known as chemotaxis and include CCL2
(Monocyte Chemoattractant Protein-1, MCP-1) and CX3CL1. Finally, transcription
factors, such as Nuclear Factor kappa B (NF-kB) and Activator Protein-1 (AP-1), are also
involved in acute inflammation. Transcription factors are proteins that regulate the
expression of genes involved in inflammation by binding to specific DNA sequences,
thereby controlling the activation or suppression of inflammatory pathways and govern

the response of immune cells (Ahmed, 2011, Turner et al., 2014, Akira et al., 2006).

Chronic inflammation is an ongoing and abnormalimmune response where the immune
system remains activated beyond the resolution phase of acute inflammation. This
sustained activationis typically due to unresolved pathogen clearance or tissue damage,
or an autoimmune response. Reactive oxygen species (ROS), such as superoxide anions
(O,7), hydrogen peroxide (H,0,), and hydroxyl radicals (OH-), play a significantrole in the
onset and progression of chronic inflammation. ROS can intensify inflammatory
signaling by activating several intracellular pathways, including the NF-kB pathway, a key
regulator of inflammation. As ROS accumulate, they increase the production of pro-
inflammatory cytokines, such as TNF-q, IL-13, and IL-6, along with chemokines, which
exacerbate the inflammatory response. This creates a continuous cycle where
inflammation persists, leading to ongoing tissue damage and dysfunction. ROS can

directly activate immune cells, such as macrophages and neutrophils, by triggering the
18



release of inflammatory mediators like TNF-q, IL-1B, and IL-6. This activation maintains
the immune response, causing immune cells to remain in the tissue and continue
producing cytokines and ROS. As a result, the ongoing release of these molecules
contributes to the persistence of chronic inflammation and ongoing tissue damage
(Mittal et al., 2014). This ongoing immune dysfunction has been linked to several

diseases, including depression (Troubat et al., 2021).

Neuroinflammation specifically refers to inflammation of the brain and spinal cord and

is mediated by the brain's glial cells, particularly microglia and astrocytes.

Microglia are the resident immune cells of the central nervous system (CNS). When
triggered by a foreign substance, microglia are activated and undergo microgliosis,
where they release various pro-inflammatory cytokines (such as TNF-a (Hide et al.,
2000), IL-1B, and IL-6 (Olson and Miller, 2004)) and chemokines (e.g., CCL2, CXCL1) that
recruit other immune cells to the site of damage (Hausler et al., 2002, Lee et al., 2002).
Activated microglia also release ROS and nitric oxide (NO), which can exacerbate

neuroinflammation (Simpson and Oliver, 2020).

Astrocytes are the most abundant glial cells in the brain and play a vital role in
maintaining the blood-brain barrier, supporting neurons, and regulating the extracellular
environment (Heithoff et al., 2021, Liddelow and Barres, 2017). In response to
neuroinflammation, astrocytes become activated and undergo astrogliosis and can
release pro-inflammatory cytokines, such as TNF-q, IL-1B, and IL-6, chemokines like

CCL2-5and CXCL12,and ROS such as O,” and H,0O,, which contribute to the recruitment
19



and activation of other immune cells (Lau and Yu, 2001, Ambrosini et al., 2005, Sheng et
al., 2013). Additionally, astrocytes can release and reuptake glutamate, an excitatory
neurotransmitter, in response to inflammation (Martinez-Hernandez et al., 1977). Excess
glutamate in the extracellular space can lead to neurotoxicity by excessive stimulation

of NMDA (N-methyl-D-aspartate) receptors on neurons (Choi et al., 1988).

Neuroinflammation is not only caused by direct exposure of the brain and/or spinal cord
to a stimulus, but can also be induced by peripheral inflammation via vagal nerve
innervation (Jin et al., 2024). Additionally, this response can be triggered by toll-like
receptor 4 (TLR4) present in the central nervous system. TLR4 can be reached through
the bloodstream due to their localization on microglia (which constitute the blood brain
barrier (BBB)) suggesting avitalrole for TLR4 in also engaging the innate cerebralimmune
response (Trotta et al.,, 2014). Depression has been increasingly linked to
neuroinflammatory processes. Given that neuroinflammation can be triggered by
peripheral immune activation via vagal nerve innervation, it is plausible that sustained
peripheral inflammation may contribute to the development or exacerbation of

depression symptoms.

There is a strong link between inflammation and depression, so investigating how

inflammation affects the brain’s chemicals will help provide a deeper understanding of

depression's underlying pathology.
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Neurotransmission

Signaling within the brain is regulated by chemical messengers termed
neurotransmitters. These molecules, secreted by neurons, exert their effects on target
cells across synaptic junctions. The role of chemicals as transmitters was first
elucidated by Dale and Loewi in the 1920s with the discovery of acetylcholine, marking a
seminal discovery in the field and winning the men the Nobel Prize in 1936
(NobelPrize.org, 2025a). From that point on, numerous other neurotransmitters have
beenidentified and extensively studied: dopamine (Carlsson etal., 1957, Carlsson et al.,
1958), serotonin (Twarog and Page, 1953), norepinephrine (NobelPrize.org, 2025b),

glutamate (Krebs, 1935), and GABA (Roberts and Frankel, 1950) to name a few.

Neurotransmission typically occurs in four steps as shown in Figure 1.1. Briefly: 1) an
action potential moves down the axon toward the axon terminal, 2) voltage-gated
calcium channels open and calcium enters the axon terminals causing the release of the
neurotransmitter into the synapse, 3) the neurotransmitter binds to receptors on the
post-synaptic neuron and triggers a reaction, and 4) the neurotransmitter is destroyed or

taken back into the pre-synaptic cell (Bear et al., 2016).

Neurotransmitters are classified into two major types, excitatory and inhibitory.
Excitatory neurotransmitters, such as glutamate, work by allowing an influx of Ca?* or Na*
into the post-synaptic cell thereby depolarizing the membrane and bringing the cell

closer to an action potential. Conversely, inhibitory neurotransmitters like GABA act by
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facilitating an influx of Cl" or an efflux of K* which hyperpolarizes the post-synaptic cell

membrane, reducing the likelihood of producing an action potential (Bear et al., 2016).

@ Action potential arrives at
the presynaptic terminal

@ Voltage-gated Ca?*  Ca™ l.,
channels open, allowing
influx of Ca?* and causing
the release of
neurotransmitters Neurotransmitter is re-

uptaken or degraded

@ Neurotransmitter binds to N
receptors, causing 4 2s, ° ®
channels to open (or close) :

and triggers a reaction on
postsynaptic cell

Figure 1.1 Steps of Neurotransmission. 1) Action potential moves down the axon toward the axon
terminal, 2) voltage-gated calcium channels open and calcium enters the axon terminals causing the
release of the neurotransmitter into the synapse, 3) the neurotransmitter binds to receptors on the post-
synaptic neuron and triggers a reaction, 4) the neurotransmitter is destroyed or taken back into the pre-

synaptic cell (Bear et al., 2016). Image created using Biorender.

Neurotransmitter receptors are a class of proteins located on the surface of neurons.
These proteins bind to and respond to neurotransmitters, such as serotonin, dopamine,

or histamine, when they are released into the synaptic space by presynaptic neurons.
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The two main types of receptors are ionotropic and metabotropic. lonotropic receptors,
like NMDA and AMPA receptors, are ligand gated ion channels that allow for the rapid
flow of ions like Ca?*, Na*, or K" across the cell membrane leading to changes in the
membrane potential (Engelman and MacDermott, 2004). Metabotropic receptors are
slower than ionotropic receptors, but their function is more complex and amplified to a
greater extent. Activation or inhibition of these receptors ultimately influences neuronal

excitability, synaptic plasticity, and signal propagation (Tuteja, 2009).

Neurotransmitter transporters are a type of membrane transport protein that carry
neurotransmitters across cell membranes and clear them from the synaptic space.
There are two main categories of neurotransmitter transporters: plasma membrane
transporters and vesicular transporters. Plasma membrane transporters, such as DATs,
NETs, and SERTs, reuptake neurotransmitters from the synaptic space back into the
presynaptic neuron. Vesicular transporters, such as VMATSs, package neurotransmitters

into vesicles for storage and eventually release.

The processes underlying neurotransmission and the roles of various neurotransmitters
are of critical importance, as dysfunctions in neurotransmission are central to the

pathophysiology of neuropsychiatric disorders, such as depression.

Serotonergic system

The human serotonergic system is a complex and dynamic network which is responsible

for many important biological functions.
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The serotonergic system originates in the raphe nucleus of the brainstem and projects to
many areas of the brain, including the hippocampus, hypothalamus, and cortex (Moore
et al., 1978). Serotonin is synthesized in serotonergic neurons from the amino acid L-
tryptophan in a two-step process. Tryptophan hydroxylase converts L-tryptophan into 5-
hydroxytryptophan and then aromatic L-amino acid decarboxylase converts 5-
hydroxytryptophan into serotonin (Tyce, 1990). Serotonin is then packaged and stored in
vesicles by VMAT and upon neuronal firing is released by either synaptic or volume
transmission acting upon serotonin receptors on the postsynaptic cell (Wang et al.,
2024). Serotonin is then reuptaken by a variety of protein transporters via two uptake
systems, uptake-1 and uptake-2. Uptake-1 is the uptake of serotonin by ‘high-affinity
low-efficiency’ serotonin transporters (SERTs) while uptake-2 is the uptake of serotonin
by ‘low-affinity high-efficiency’ transporters such as the dopamine transporters (DATs),
norepinephrine transporters (NETs), organic cation transporters (OCTs), and plasma
membrane monoamine transporters (PMATs) (Shaskan and Snyder, 1970). Once
reuptaken, serotoninis either recycled backinto vesicles or broken down by monoamine
oxidase (MAOQ) into its metabolite 5-hydroxyindoleacetic acid (5-HIAA) (Bortolato et al.,

2010). Figure 1.2 shows a schematic of this process.

Drugs that target these transporters, such as selective serotonin reuptake inhibitors

(SSRIs), are important in the treatment of psychiatric disorders.
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Figure 1.2 Serotonin synthesis and metabolism in the nervous system. TPH - tryptophan hydroxylase; 5-
HTP - 5-hydroxytryptophan; AADC - amino acid decarboxylase; 5-HT - serotonin; VMAT - vesicular
monoamine transporter; SERT - serotonin transporter; MAO - monoamine oxidase; 5-HIAA - 5-

hydroxyindoleacetic acid. Image created using Biorender.
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Histaminergic system

The human histaminergic system is an intricate network that plays an important role in
regulating various biological functions. This system is responsible for a range of
functions including sleep, arousal, appetite, and inflammation (Brown et al., 2001,
Tashiro et al., 2002, Passani et al., 2004, Morimoto et al., 2001). Dysregulation of the
histaminergic system has been implicated in both neurological and psychiatric
disorders, including Alzheimer’s and Parkinson’s diseases to name a few (Panula et al.,

1997, Rinne et al., 2002, Anichtchik et al., 2001).

The histaminergic system originates in the tuberomammillary nucleus of the posterior
hypothalamus with an extensive network of projections to almost every brain region,
including the cortex, hippocampus, hypothalamus, and brainstem. Histamine is
synthesized in histaminergic neurons from the amino acid L-histidine in a process which
uses histidine decarboxylase to convert histidine into histamine. Histamine is then
packaged and stored in vesicles by VMAT and upon neuronal firing is released acting
upon pre- and postsynaptic histamine receptors. It is then broken down by histamine N-
methyltransferase (HNMT), converting histamine into tele-methylhistamine (Benarroch,
2010) as shown in Figure 1.3. There is no known histamine specific transporter, but itis

believed to be partially reuptaken by OCTs and PMATs (Daws, 2021).
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There are four known histamine receptors within the histaminergic system: H1R, H2R,
H3R, and H4R. The H1R, H2R, and H3R are expressed in the brain while the H4R is
expressed in the periphery (Haas et al., 2008, Jutel et al., 2009, Strakhova et al., 2009,
Schneider and Seifert, 2016, Dong et al., 2014). In addition to the brain, The H1R is also
expressed in the periphery in cells such as nerves, respiratory epithelium, endothelial
cells, hepatic cells, vascular smooth muscle cells, dendritic cells, and lymphocytes.
Additionally in the periphery, the H2R is expressed in B cells, T cells, dendritic cells,
gastric parietal cells, smooth muscle cells, and cardiac tissues (Thangam et al., 2018a).
It is worth noting that the H4R is expressed on mast cells which can cross the BBB
(Esposito etal., 2001, Zhuang et al., 1996). The H1R is a postsynaptic excitatory receptor.
Common over-the-counter antihistamines target the H1R, such as diphenhydramine,
and cause receptor inactivation and block signal propagation (Sadiq et al., 2011, Simon
and Simons, 2008). Unlike the H1R, the H2R is an inhibitory postsynaptic receptor and
treatments that target the H2R are typically used to reduce gastric acid secretion
(Parsons and Ganellin, 2006, Thangam et al., 2018b). The H3R is an inhibitory
autoreceptor located on presynaptic histamine neurons and controls the synthesis and
release of histamine (Arrang et al., 1987, Torrent et al., 2005, Moreno-Delgado et al.,
2006, Gomez-Ramirez et al., 2002). The H3R has also been shown to modulate other
neurotransmitters such as dopamine (Varaschin et al., 2018, Vanhanen et al., 2016,
Schlicker et al., 1993), serotonin (Samaranayake et al., 2016, Threlfell et al., 2004),
acetylcholine (Baux et al., 1992), norepinephrine (Schlicker et al., 1999), glutamate and
GABA (Schlicker et al., 1999), making the H3R a viable target for therapeutic treatment

(Leurs et al., 2005, Gemkow et al., 2009, Passani and Blandina, 2011).
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Serotonin and Histamine Co-Modulation

Histamine has previously been shown to have modulatory effects on serotonin. In 2004,
Threlfell and Cragg et al. demonstrated that the H3R mediates serotonin release in the
substantia nigra pars reticulata in rat brain slices. The researchers found that the H3R
agonists immepip and (R)-(-)-a-methyl histamine inhibited evoked serotonin release;
however, these inhibitory effects were suppressed by the H3R antagonist thioperamide
(Threlfell et al., 2004). Additionally, the group revealed that the H2R was implicated in
serotonin modulation by revealing how the H2R inverse agonists ranitidine and tiotidine
augmented serotonin release whereas release was diminished by the agonist

amthamine (Threlfell et al., 2008).

Expanding upon this work, the Hashemi lab revealed that histamine release in the mouse
posterior hypothalamus elicited the swift and robust suppression of extracellular
serotonin levels that were dependent on concentration and that a large dose of
thioperamide (50 mg kg') induced a significant and sustained inhibition of serotonin.
(Samaranayake et al., 2016). Additionally, the lab demonstrated that a high dose of
diphenhydramine, an H1R inverse agonist, rapidly decreased serotonin levels
implicatingthe H1R in serotonin modulation (Berger et al., 2022). Another notable finding
was that in mice with higher levels of histamine due to stress induced inflammation, an
SSRI alone was not enough to increase extracellular serotonin levels above baseline in
the mouse hippocampus. Instead, only by combining the SSRI with a histamine synthesis

inhibitor (a-fluoromethylhistidine (FMH)) were extracellular serotonin levels able to
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reach above baseline, further implicating histamine in the modulation of serotonin

(Hersey et al., 2021a).

These results suggest that histamine functions as a co-modulator of serotonin signaling

in the brain and influences serotonin activity through receptor-specific mechanisms.

Neurotransmitter Measurement Techniques

The brain is a dynamic and complex network so monitoring neurotransmission poses
unique challenges and requires precise and specialized approaches. The techniques
that are used must meet a specific set of requirements as defined by Lama et al. termed

the ‘Four S’s’: size, selectivity, sensitivity, and speed (Lama et al., 2012).

The brain is a delicate organ that is highly susceptible to injury. The measurement
technique must be minimally invasive in order to cause as little damage to the
surrounding tissue as possible making a small probe size is imperative. Additionally, the
brain is extremely complex with many different molecules present having similar
physical properties, so the method must be able to distinguish the analyte of interest
from all other compounds. Next, many neurotransmitters exist in the brain in very low
concentrations (picomolar to micromolar range) so the technique must be sensitive
enough to detect the analyte over a broad range of concentrations. And finally,
neurotransmission occurs on a sub-second timescale so the technique must possess a

high temporalresolution in order to accurately analyze the neurotransmitter in real time.
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Many techniques have been developed to measure neurotransmission, including
microdialysis and fast voltammetry. Both techniques offer unique advantages and

limitations in meeting these requirements.

Microdialysis

Microdialysis is a technique that has traditionally been used to measure extracellular
neurotransmitter concentrations in the brain. This method works by continuously
sampling the interstitial fluid through a semipermeable probe implanted in the brain, as
shown in Figure 1.4. Small molecules are able to diffuse across the membrane along a
concentration gradient. The sample is then analyzed with a separation technique such
as high-performance liquid chromatography (HPLC) or mass spectrometry for chemical

identification and quantification.

Microdialysis is useful as it allows for the measurement of basal neurotransmitter levels
and, when coupled with a separation technique, offers high chemical selectivity.
However, this technique has limitations. Because sampling is on the scale of minutes,
microdialysis cannot detect rapid changes in neurotransmitter dynamics. Additionally,
microdialysis probes are quite large (approximately 200-500 um in diameter). The large
probe size can cause damage to the surrounding tissue and elicit an immune response
which has the potential to affect the reliability of neurotransmitter measurements.

While microdialysis remains a valuable tool for measuring basal neurotransmitter levels,
its limitations in temporal resolution and tissue damage have led to the development of

alternative electrochemical techniques.
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perfusate

dialysate

Figure 1.4. Microdialysis schematic. Microdialysis probe (between 200-500 pm in diameter) implanted in
the brain continuously perfused with a solution known as the perfusate. Neurochemicals present in the
surrounding extracellular space diffuse across the semi-permeable membrane into the probe and are
carried out as the dialysate. The dialysate is then collected, and its constituents are separated using high-
performance liquid chromatography (HPLC) for subsequent qualitative and quantitative analysis via
analytical techniques such as UV/Vis spectroscopy, electrochemistry, or mass spectrometry. Image

created using Biorender.

Fast scan cyclic voltammetry
In the 1980s, Millar, Wightman and colleagues developed a technique they coined fast

scan cyclic voltammetry (FSCV) to study dopamine neurotransmission in real time (Baur
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etal., 1988, Millar et al., 1985). Similar to cyclic voltammetry, FSCV is an electrochemical
technique that applies a sweeping voltage to an electrode to induce the oxidation and
reduction of a molecule at particular potentials depending on the molecule’s
electrochemistry. This sweepingvoltage is known as a waveform and can be adapted and
optimized to be selective to different analytes. While cyclic voltammetry typically utilizes
scan rates of less than 1 Vs and, therefore, does not have a high enough temporal
resolution to fully capture sub-second neurotransmission, FSCV uses scan rates of 400
Vs or higher enabling accurate real time detection of neurotransmission. However, the
disadvantage of these high scan rates is that they generate a large non-faradaic
capacitive current that can conceal the faradaic oxidation current generated by the
analyte. These capacitive currents (or background currents) must be subtracted, but
since they remain relatively stable over time, this background subtraction can be
performed without compromising the signal. This background subtraction, however,
means that FSCV can only detect changes, or evoked response, to the analyte
concentration and not the ambient concentration. In the brain, these changes are
typically stimulated by electrical, optical, or pharmacological methods (Venton and Cao,

2020).

FSCV utilizes carbon fiber microelectrodes (CFMs) which possess many unique
advantages. CFMs are biocompatible, adsorb cations, have favorable surface kinetics,
are minimally invasive (<7 pym in diameter), are stable over time, and are low-cost
(Wightman, 2006). Additionally, the carbon surface striations allow for enhanced

sensitivity (Heien et al., 2003).
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Since its advent in the 1980s, FSCV has expanded beyond dopamine and is now used to
study serotonin (Hashemi et al., 2009, Jackson et al., 1995), histamine (Samaranayake
et al., 2016, Samaranayake, 2015, Berger et al., 2022, Hersey et al., 2022, Hersey et al.,
2021b), and norepinephrine (Park etal., 2015, Park etal., 2013, Park etal.,2011),to name

a few.

Data collected using FSCV is represented as a 2D color plotwhere currentis represented
in false color with green typically being indicative of oxidation and blue of reduction.
Figure 1.5 provides an example of a typical data set obtained for serotonin in the CA2
region of the hippocampus of a mouse. A serotonin specific waveform, known as the
‘Jackson’ waveform (Jackson et al., 1995), is applied to the electrode. Upon electrical
stimulation, serotonin is released and undergoes a two-electron transfer generating the
color plot. Serotonin oxidation is the green event around 0.7 V and serotonin reduction is
the blue event around 0 V. The vertical white line indicated by the green star is used to
generate the CV in the bottom right, with oxidation and reduction peak locations allowing
for identification of the analyte. The horizontal white line indicated by the purple star
generates a current vs. time trace shown in the bottom left, which allows for monitoring

the release and reuptake of serotonin.
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Figure 1.5. FSCV schematic. A CFM applies a serotonin specific waveform and measures the oxidation
and reduction of serotonin molecules, depicting information in a color plot. The representative CV and

concentration time traces are denoted by the green and purple stars, respectively. Orange boxes represent

time of electrical stimulation.
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Fast scan controlled adsorption voltammetry

As previously stated, the disadvantage of FSCV is that it is a background subtracted
technique and therefore cannot measure ambient levels of neurotransmitters. To
address this, in 2013 Heien and colleagues developed fast scan controlled adsorption
voltammetry (FSCAV) to measure ambient dopamine concentrations (Atcherley et al.,
2013, Atcherley et al., 2015) and was later adapted for serotonin in 2017 (Abdalla et al.,
2017). FSCAV is a three step process as shown in Figure 1.6. In the first step, the analyte
specific waveform is applied at a very high frequency (100 Hz as compared to 10 Hz for
FSCV) which forces the analyte to desorb from the electrode producing a ‘clean’
electrode surface. Second, the electrode is held at a constant potential to allow the
analyte to adsorb onto the electrode surface until it reaches equilibrium with the
surrounding environment. Finally, the waveform is reapplied, and the charge of the
oxidation peak of the first CV is used to determine the analyte concentration. The
electrode is then postcalibrated to convert charge into concentration. FSCAV achieves a
temporalresolution of 60 s, which is significantly faster than the minutes-long resolution
of microdialysis. Moreover, as FSCAV is done on a CFM (diameter = 7 um), it greatly
reduces the damage to the tissue surrounding the probe compared to microdialysis
(diameter = 200-500 pym) (Nesbitt et al., 2013). In addition to its improved temporal
resolution over other techniques, FSCAV also offers the advantage of being compatible

with FSCV on the same electrode, enabling multimodal neurochemical analysis.
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Figure 1.6. FSCAV schematic. The steps of FSCAV are shown from left to right. 1. A 2 s adsorption
minimization period where the waveform is applied at a high frequency to repel molecules from the
electrode surface; 2. A controlled adsorption period where the electrode is held at a constant potential to
allow the analyst to adsorb to the electrode surface; and 3. Oxidation and reduction of the adsorbed
species when the waveform is reapplied. An example color plot, CV, and integrated oxidation peak are

shown.
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Electrode Modifications

Modifications to the carbon surface of CFMs have greatly improved analyte sensitivity
and selectivity during FSCV measurements. One commonly used modification involves
applying a polymer to the carbon surface. Nafion, a cation exchange polymer containing
sulfonated and fluorinated functional groups, is frequently used for biochemical
analyses, especially for measurements of serotonin with FSCV. When polymerized onto
an electrode surface, Nafion possesses an overall negative charge. This negative charge
attracts cations (such as serotonin) and repels anions. Additionally, the structure
contains pores or channels which allow smaller molecules, such as neurotransmitters,
to pass through while restricting the passage of larger molecules (i.e. proteins) thereby
helping to prevent fouling of the electrode surface. This polymer has been shown to repel
interferences presentin the brain, such as ascorbic acid and the serotonin metabolite 5-
hydroxyindoleacetic acid (5-HIAA), while also increasing the sensitivity toward serotonin
and limiting the biofouling of the carbon surface (Gerhardtet al., 1984, Singh et al., 2011,
Hashemi et al., 2009). Another polymer that has been shown to increase analyte
sensitivity with FSCV is poly-(3,4-ethylenedioxythiophene) (PEDOT), which has been
used for enhanced dopamine detection (Rafi and Zestos, 2021, Vreeland et al., 2015).
Additionally, amino acids provide beneficial advantages as many can be
electropolymerized and are already present in the brain matrix. One such amino acid is
glutamic acid, which has been shown to polymerize to poly-glutamic acid onto the
carbon surface and increase sensitivity to serotonin in vivo (Holmes et al., 2021). In
addition to polymers, application of carbon nanotubes (CNTs) have been used to

improve the detection of neurotransmitters such as serotonin, dopamine, and
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adenosine (Ross and Venton, 2012, Swamy and Venton, 2007) (Schmidt et al., 2013,
Hocdevar et al., 2005)). CNTs have unique physical properties that facilitate electron
transfer reactions, as well as an abundance of reactive functional groups. Their high
porosity and large specific surface area, combined with excellent adsorption
characteristics make them ideal electrochemical sensors and biosensors. Moreover,
CNTs have been demonstrated to effectively reduce electrode surface fouling, further
improving sensor performance (HoCevar et al., 2005). Other additional modifications
have been used, such as overoxidation of the carbon surface by applying a potential over

1V, whichincreases surface oxides and sensitivity toward dopamine (Heien et al., 2003).

Scope of Dissertation

This dissertation aims to use novel approaches to improve FSCV and FSCAV
measurements. The overarching research questions that | set out to answer was can we
develop a robust research capacity to measure histamine in depressive disorder? There
are currently no methods that can measure basal histamine dynamics in real time. This
thesis explores the relationship of histamine in depressive disorder and proposes novel
means to improve the performance of electrodes. The culmination of the work is a novel
method to measure basal histamine in vivo.

Chapter 2: This published article reviews studies that find chemical changes in the brain
after administration of the endotoxin LPS, which is an effective method to trigger rapid
inflammation. From these studies, we interpret how LPS influences dopamine,
serotonin, and norepinephrine levels in various regions in the brain.

Chapter 3: In this chapter, we present the history and development of three theories of

depression and discuss the treatments associated with each hypothesis. We conclude
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that these theories are interdependent and are each a small part of a bigger picture and
suggest that future therapies should take into account all three hypotheses.

Chapter 4: In this chapter, we present critical analytical methods that have been used in
depression studies.

Chapter 5: This chapter describes general methods used during this research.

Chapter 6: In this chapter, we describe a novel and robust electrode surface treatment
utilizing amino acids to improve ambient serotonin detection with FSCAV.

Chapter 7: This chapter describes the development of FSCAV for the detection of
histamine. We apply this method invivo and observe how anesthetics and an H3 receptor
antagonist influence extracellular histamine levels.

Chapter 8: In this chapter, we describe how bespoke electrode coatings and buffers are
the best approach to replicate in vivo conditions in vitro.

Chapter 9: This chapter summarizes the work and proposes future directions.
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Abstract

Immune activation in the body is well studied, however much less is known about how
peripheral inflammation changes brain chemistry. Because depression and
inflammation are close comorbidities, investigating how inflammation affects the brain’s
chemicals will help us to better understand depression. The levels of monoamines
dopamine, serotonin and norepinephrine are thought to be affected by both
inflammation and depression. In this perspective, we review studies that find chemical
changes in the brain after administration of the endotoxin LPS, which is a robust method
to induce rapid inflammation. From these studies, we interpreted LPS to reduce
dopamine and serotonin and increase norepinephrine levels in various regions in the
brain. These changes are not a sign of ‘dysfunction’ but serve an important evolutionary

purpose that encourages the body to recover from an immune insult by altering mood.
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Introduction

Inflammation is a blanket term used to describe the body’s immune response to an
irritant. Immune activationin the periphery serves important physiological purposes (i.e.,
elimination of pathogens/foreign bodies) via biochemical cascades, involving several
cell types, that are relatively well established (Sompayrac, 2022). In recent times, the
literature supports a strong connection between body and brain inflammation (Jin et al.,
2024). However, the effect of inflammation on brain chemistry is much less understood.
What is clear is that inflammation and mental health disorders, particularly depression,

exhibit significant comorbidity.

Researchers have found in animals that ‘sickness’ and ‘depressive’ phenotypes bear
striking similarities (Dantzer et al., 2008, Maes et al., 2012). Given the comorbidity
between depression and inflammation, itis likely that there is a significant or full overlap
between sickness and depressive behaviors. Therefore, researchers are studying the
underlying pathology of inflammation to better explain depression (Beurel et al., 2020).
To this end, observing the detailed effects of inflammation on neurotransmitters, which

control mood, would be highly informative.

The neurotransmitters that drive mood likely involve the neuromodulators dopamine
(DA), serotonin and norepinephrine (NE) (Bunney and Davis, 1965, Schildkraut, 1965,
Woolley and Shaw, 1954). These modulators are thought to be involved because of a
long-standing notion arising from the monoamine hypothesis of depression (that the

levels of DA, serotonin and NE are lower during depression). While this hypothesis has
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cycled in and out of popularity for decades, a rich body of literature supports how
monoamines drive affective behaviors (Elhwuegi, 2004, Jiang et al., 2022). Compellingly,
there is also extensive literature to support a profound effect of inflammation on these

monoamines (reviewed in this chapter).

It is difficult to select an appropriate model to study how inflammation orchestrates
monoamine concentrations because immune system activation is complex,
heterogeneous, and comorbid with many other brain disorders such as Parkinson’s
disease and autism spectrum disorder (Liu et al., 2022, Onore et al., 2012). Arobust and
well-studied way to induce rapid, acute inflammation is via the introduction of

lipopolysaccharide (LPS) to the peripheral system.

LPS is found in the outer membrane of Gram-negative bacteria and is detected at
picomolar levels by toll-like receptor 4 (TLR4). In the periphery, TLR4 is located mostly on
immune and nerve cells (Poltorak et al., 1998, Takeuchi et al., 1999) and with respect to
the former, TLR4 are densely expressed macrophages, monocytes, dendritic cells (Vaure
and Liu, 2014) and interestingly on Schwann cells: “The neuroglia of the peripheral
nervous system” (Qin et al., 2012). LPS has been found to activate NF-kB (an ancient
transcription factor that regulates innate immunity) (Albensi, 2019) which induces TNF-
arelease from Schwann cells (Bunimovich et al., 2017). In macrophages, TLR4 activation
triggers biosynthesis of a diverse array of inflammation mediators including TNF-a and
IL-1B (Chavez-Sanchez et al., 2010). Although LPS does not go through the blood brain
barrier (BBB) (Singh and Jiang, 2004), TLR4 present in the central nervous system can be

reached through the bloodstream due to their localization on microglia (which constitute
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the BBB) suggesting a vital role for TLR4 in also engaging the innate cerebral immune
response (Trotta et al., 2014). As part of this response, LPS rapidly activates the microglia

(da Silva et al., 2024) (Figure 2.1).
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Figure 2.1 - Representation of LPS induced microglial activation (da Silva et al., 2024).
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LPS induces rapid sickness behavior in rodents showing that, despite not crossing the
BBB, this endotoxin drives behavior (Biesmans et al., 2013, Lacosta et al., 1999). While
the mechanisms of LPS induced behaviors are not fully established, more details are
emerging such as the importance of the vagus nerve in also transducing the LPS induced
inflammation signal from the body to the brain (Jin et al., 2024). The neurotransmitters
that are associated with mood are thought to be DA, serotonin and NE. Interestingly,
these biogenic amines regulate a range of peripheral immune processes, including
cytokine secretion, cell adhesion, cytotoxicity, and chemotaxis (Cosentino et al., 2007,
Gaskilletal., 2012, Kipnis etal., 2004, Nolan et al., 2019, Watanabe et al., 2006). Immune
system activity can also influence dopaminergic signaling both centrally and peripherally
(Kumai et al., 2000, Song et al., 2006). Serotonin concentration decreases in blood and
plasmaand accumulatesinthe liver (Endo, 1983, Endo and Nakamura, 1992) during LPS-
induced inflammation while NE turnover increases in the rat spleen and lungs in

response to LPS (Akiyoshi et al., 1990).

Therefore, it is clear that these monoamines are pivotal in mediating a bidirectional
brain/body immune axis. Therefore, in this perspective, we review the changes in the
monoamine concentrations in the extracellular space of the brainin response to LPS and
correlate these changes to behavior. It is incredibly challenging to measure brain
chemistry, and we found studies that included methods such as microdialysis and
voltammetry. In the studies, LPS dosage has a big impact on chemical changes. We
included only studies that reported measurable impacts on monoamine levels. When
accounting for technique artifacts, our interpretation of the literature is that peripheral

LPS:
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a) decreases DA levels due to increased DA turnover, increased dopamine
transporter (DAT) activity and the neurodegenerative effects of LPS on DA
neurons.

b) decreases serotonin levels because of increased serotonin turnover, increased
serotonin transporter activity and increased inhibition of serotonin via Hs
receptors.

c) increases NE levels because of this messenger’s role in modulating microglial

activity.

In sum, having reviewed the effects of peripheral LPS on monoamines, it is our opinion
that inflammation may serve an important physiological function in altering mood. The
sickness/depressed mood may be evolutionarily advantageous to bodily recovery (i.e.,

lethargy forcing rest).

Dopamine

DA is a versatile modulator with various roles in the brain, including cognition and
reward. There is much evidence that DA is an envoy of the inflammation message
between the brain and body (Gaskill and Khoshbouei, 2022). For example,
hyperdopaminergic systems have been associated with heightened LPS-induced
cytokine production in macrophages (Gopinath et al., 2023, Kavelaars et al., 2005,
Teunis et al., 2004). In rats, elevating CNS DA levels with L-DOPA affected peripheral T-
cells (llani et al., 2004). DA was found to suppress pro-inflammatory and promote anti-
inflammatory cytokines in mouse splenocytes (Kawano et al., 2018), and direct

activation of dopaminergic neurons in the ventral tegmental area (VTA) of mice, using
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designer receptors exclusively activated by designer drugs (DREADDs), enhanced the
phagocytic activity of splenic dendritic cells and macrophages (Ben-Shaanan et al.,
2016). In support of this, Sato et al. showed that repeated stimulation of neurons
expressing D1 receptors in the mouse brain nucleus accumbens decreased tumor size

in the periphery (Sato et al., 2022).

These findings underscore the critical role of dopaminergic neurotransmission in
immunoregulation. As a result, evaluating the immunological impact of DA throughout
the body is essential when assessing the therapeutic efficacy of dopaminergic drugs.

DA is an important neuromodulator, which has long been implicated in depression.
Patients with depression often display motivational and motor impairments and fatigue.
These deficits are associated with DA dysfunction in the brain. Several human studies
have linked inflammation to reduced motivation, increased fatigue, and motor slowing
(Brydon et al., 2008, Capuron et al., 2007, Capuron et al., 2012, Felger and Miller, 2012,
Harrison et al., 2016, Majer et al., 2008). One notable study in human volunteers found
that after endotoxin injection, there was an increase in self-reported and observer rated
depressed mood. These mood states were correlated with altered responsivity in basal
ganglia function as measured with fMRI (Eisenberger et al., 2010). Another study showed
that treatment with the pro-inflammatory cytokine, IFN-alpha, led to an increase in
fatigue and increased glucose metabolism in the basal ganglia (measured with PET),
suggesting altered dopaminergic activity (Capuron et al., 2007). A final study of note
found that humans treated with the typhoid vaccine had increased rates of fatigue that
correlated with the proinflammatory cytokine, IL-6 (measured with ELISA). These studies

found that humans with higher levels of IL-6 had slower reaction times (motor deficits)
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(Brydon et al., 2008). From these studies, it should follow that DA release would be
decreased during inflammation and rapidly after LPS. Few people have measured DA
chemically after LPS and predominantly with microdialysis, and there are disparate

findings with respect to the effect of LPS on DA levels.

Studies tend to agree that the long term or chronic effect of LPS is a reduction in DA
levels, due to LPS’s neurodegenerative effects on DA neurons, increased DA turnover
and reduction in DAT activity (Bodea et al., 2014, Guo et al., 2016, Hunter et al., 2009,
Qinetal., 2007, Van Heesch et al., 2014). However, several studies found that DA levels
increased transiently after acute LPS (Guo et al., 2016, Van Heesch et al., 2014), which
is at significant odds with the human behavioral and imaging data and the findings of

increased DA turnover.

Some notable studies have shed light on this contradiction. For example, LPS has been
shown to induce DAT internalization, which acutely increases DA levels but
subsequently reduces DA recycling. This reduction in recycling leads to DA depletion,
and when combined with increased DA turnover, ultimately results in decreased DA
levels over time (Baharnoori et al., 2013, Mackie et al., 2022). Another study showed that
LPS-induced increase in DA was mitigated by indomethacin, a non-steroidal anti-
inflammatory agent (Lavicky and Dunn, 1995). Itis possible that this acute increase in DA
arises from local microglia-induced dopaminergic cell death (Brown and Vilalta, 2015,
Mastroeni et al., 2009). DA neurons are fragile and do not easily regenerate, in part due
totheirlarge energy demand as well as their long, extensive arbors (Pissadakiand Bolam,

2013). It is well documented that microdialysis probe implantation induces immediate
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activation of microglia (Kozai et al., 2016, Nesbitt et al., 2013). This effect, combined with
the factthat LPS also rapidly activates microglia (Jung et al., 2023), is likely to cause local
neuronal death around the microdialysis probe. The acute increase in DA may therefore
be a consequence of measuring the contents of these dead neurons. Indeed, direct
administration of LPS in vivo causes microglia-induced loss of dopaminergic neurons
(Arai et al., 2004, De Pablos et al., 2005).
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Figure 2.2 Effects of Microdialysis Probe - Figure showing (a) experimental setup to test effect of
microdialysis probe on DA neurotransmission (b and c) results showing that the disruption in DA

transmission caused by microdialysis probe is rescued with dexamethasone (Nesbitt et al., 2013).
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In accord with this notion, Nesbitt et. al showed, using voltammetry, that the
microdialysis probe significantly disrupts dopaminergic transmission, an effect that
could be rescued with dexamethasone (glucocorticoid steroid). This rescue effect was
hypothesized by the authors to arise from curtailing glial activation with dexamethasone

as seenin Figure 2.2. (Nesbitt et al., 2013).

In sum, the literature supports different mechanisms leading to reduced DA
transmission in response to LPS, that follows the behavioral roles of dopaminergic

dysfunction in depression.

Norepinephrine

NE, also known as noradrenaline, is thought to be involved in the regulation of mood,
attention, and the stress response. NE in the body is produced by the adrenal glands,
liver and spleen (Benedeczky et al., 1964, Benedeczky et al., 1966, Eisenhofer et al.,
1995, Vriend et al., 1993) and plays a strong and well-established role in peripheral
inflammation. During inflammation, NE is released from the nerve terminals of lymphoid
organs, acting on adrenoreceptors on immune cells (Scanzano and Cosentino, 2015). In
this respect, NE has been shown to blunt pro-inflammatory and encourage anti-
inflammatory cascades. A subset of intestinal macrophages expresses B-adrenergic
receptors that promote a tissue-protective phenotype (Gabanyi et al., 2016), while
adipose macrophages adjacent to sympathetic terminals express functional
norepinephrine transporters (NET), which modulate proinflammatory states and
thermogenesis (Pirzgalska et al., 2017). Stolk et al. showed that in humans under LPS

challenge, NE infusion reduced pro-inflammatory cytokines and promoted a better anti-
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inflammatory cytokine balance (Stolk et al., 2020). Furthermore, the group showed that
NE inhibited the production of radical oxygen species. This idea was supported in a later
review by Thoppil et al. who summarized the literature on how NE regulates oxidative

metabolism in immune cells (Thoppil et al., 2023).

Specifically in the brain during depression, extracellular NE levels are thought to be
reduced. This notion has spurred the development of selective NE reuptake inhibitors
(NRIs), which are thought to enhance NE availability in the brain by inhibiting this
modulator’s reuptake into neurons. However, the premise that depression is associated
with decreased NE is not supported by the literature on inflammation and this modulator
indicates a more nuanced relationship. Microdialysis studies above showed that DA
increased acutely after LPS, and we attributed this to microglial induced dopaminergic
cell death. This sort of cell death may not extend to NE neurons. NE is widely accepted
to regulate microglia through B,-adrenergic receptor activation (O’Donnell et al., 2012).
This receptor activation decreases microglia proliferation and cytokine release, while
increasing soma migration and phagocytosis of harmful debris (Figure 2.3) (Pearson-

Leary etal., 2016).

Therefore, we propose that in themselves, NE neurons create a chemically privileged
microenvironment that makes them less susceptible to microglial induced cell death. In
accord with this, in vitro tissue slice preparations produce more NE when exposed to LPS
and stay viable throughout the experiment (Francis et al., 2001). Indeed, several in vivo
studies have found NE to increase in several brain structures after LPS (Linthorst et al.,

1996, Linthorst and Reul, 1998).
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Figure 2.3 - Acute NE exposure can decrease release of cytokines by microglia (Pearson-Leary etal., 2016).

In these studies, the increase in NE is sustained, suggesting a key role for NE during
inflammation. Several studies have suggested thisrole to be neuroprotection of neurons.
For example, when rat mesencephalic neuronal cultures were exposed to low doses of
NE, the function and survival of the cortical neurons was increased (Madrigal et al.,
2005). Other studies supported this finding by showing that depletion of NE accelerates

LPS induced cell death in vivo (Jiang et al., 2015, Song et al., 2019a, Song et al., 2019b).

In sum, it would appear that inflammation rapidly induces a sustained NE response that
serves to modulate microglia and protect DA neurons from cell death. We now refine the
original clinical notion that NE is reduced in depression since the literature
overwhelmingly supports higher NE levels during inflammation. We hypothesize that

NRIs do not compensate for a lack of NE but increase NE above baseline (O'Sullivan et
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al., 2009). This increased NE has an anti-inflammatory effect with downstream benefits

for depression.

Serotonin

Serotonin is a modulator that is found in high levels in the periphery where it controls
digestion, smooth muscle contraction and thermoregulation (Fidalgo et al., 2013). In the
body, serotonin is predominantly synthesized by enterochromaffin (EC) cells in the gut.
It is well known that serotonin is a potent mediator of peripheral inflammation. With
respect to the gut, in particular, there are well-known pathophysiological connections
between serotonin and inflammation that cause disorders such as inflammatory bowel
disease (IBS) (Bishop et al., 1987, Coates et al., 2004, El-Salhy et al., 1997, Khan and
Ghia, 2010). Serotonin receptors and serotonin transporters (SERTs) are expressed on
innate immune cells such as monocytes, macrophages, dendritic cells (DCs) and mast
cells (Ahern, 2011, Baganz and Blakely, 2013). During acute inflammation, serotonin
stimulates recruitment of some of these immune cells (Boehme et al.,, 2004,
Duerschmied et al., 2013, Kushnir-Sukhov et al., 2006, Muller et al., 2009), modifies DC
cytokine production, and promotes production of pro-inflammatory cytokines from
macrophages (Ahern, 2011, Freire-Garabal et al., 2003, Ghia et al., 2009). Serotonin also
plays an important role in circulatory immunity, where platelets have high
concentrations of SERTs (Lesch et al., 1993, Qian et al., 1995, Rudnick, 1977). These
SERTs take up serotonin into the platelets with high affinity (Jedlitschky et al., 2012) and
release their contents upon immune activation (Berger et al., 2009, McNicol and Israels,

1999).
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It is well established that peripheral and brain serotonin are connected via the bi-
directional vagus immune axis (Jin et al., 2024). Despite only a small fraction of serotonin
being present in the brain, this modulator has long been thought to be involved in
depression because of the monoamine hypothesis (Bunney and Davis, 1965). This theory
states that low extracellular serotonin levels drive the pathology of depression. Selective
serotonin reuptake inhibitors (SSRIs) are designed to block the reuptake of serotonin
back into cells, thereby increasing extracellular serotonin levels and alleviating
depression symptoms (Aberg-Wistedt, 1989). SSRIs have variable efficacy; thus, the
serotonergic theory of depression has moved in and out of favor for decades, recently
enjoying a resurgence because of clinical trials targeting depression with psychedelics
(with high affinity for serotonin receptors) (Duan et al., 2024). An important recent study
found, using positron emission tomography, that serotonin release capacity was
reduced in depressed human patients compared with healthy controls (Erritzoe et al.,

2023).

However, contrary to these notions, microdialysis measurements have found serotonin
to transiently increase after LPS (as with DA and NE) (Guo et al., 2016, Linthorst et al.,
1996, Linthorst and Reul, 1998, Van Heesch et al., 2014). A theme in these works is
increased turnover or metabolism of serotonin (Lavicky and Dunn, 1995) which
theoretically should decrease serotonin levels. Indeed, in our own work with
voltammetry, we have shown a rapid decrease in basal hippocampal serotonin after LPS
(Hersey et al., 2021), which we attributed to activation of inhibitory H; receptors by
inflammation induced histamine (Figure 2.4 shows the biochemical model of

histaminergic inhibition of serotonin) (Mena et al., 2024). This reduction is supported by
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the theory of increased serotonin turnover and by increased SERT function. In an elegant
study by Zhu et. al, the function of SERTs was shown to rapidly increase after LPS. The
authors found that an i.p. injection of LPS increased SERT activity through IL-1R and p38
MAPK pathways. Additionally, they showed that systemic LPS induced an increase in
immobility during the tail suspension testin mice, indicating despair like behavior, which

was not present in SERT knockout mice (Zhu et al., 2010).

Figure 2.4 - A detailed representation of the co-modulation of serotonin, histamine, and glia (Mena et al.,

2024).
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The increase in serotonin observed by microdialysis can be potentially explained via
mast cell recruitment around the probe. It is well known that BBB breakage results in
rapid mast cell recruitment (Dong et al., 2014, Hendriksen et al., 2017, Silverman et al.,
2000) and mast cell degranulation has been reported at the site of implanted devices
(Tang et al., 1998). Mast cells contain serotonin and histamine and release both when
activated (Pihel et al., 1995). Therefore, we propose that despite LPS induced increased
serotonin turnover, increased SERT function and increased inhibition of release via Hs
receptors, microdialysis observes anincrease in serotonin due to serotonin release from

mast cells at the microdialysis site.

Conclusion

Inflammation is synonymous with immune activation and while the effect of
inflammation on the body is well researched, there is less known about how peripheral
inflammation changes brain chemistry. There is comorbidity between depression and
inflammation, thus studying the underlying pathology of inflammation on the brain’s
chemicals will aid a better understanding of depression. There is compelling evidence to
support the monoamines DA, serotonin and NE’s roles in both inflammation and
depression. In this perspective, we reviewed chemical changes in the brain after LPS, a
robust and well-studied way to induce rapid, acute inflammation. From these studies,
we interpreted LPS to reduce DA and serotonin and increase NE in the brain. We
proposed that these changes serve an important evolutionary purpose (e.g., bodily

recovery).
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CHAPTER 3 -THREE PIECES OF THE SAME PUZZLE: HOW
DEPRESSION THEORIES CONVERGE AT INFLAMMATION?
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Abstract

Three main theories of depression have been developed: the monoamine, plasticity and
inflammation theories. While each theory has been bolstered by decades of excellent
scientific evidence, individually each idea falls short for developing universally effective
treatments for depression. In this perspective, we present the history and development
of each theory and discuss the therapies that follow each hypothesis. We conclude that
these theories complement each other and are smaller parts of a larger puzzle. We
suggest that future therapies should involve all three: monoamines, plasticity and

inflammation.
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Introduction

Human health has improved in many ways over the last century with one exception;
mental health. Incidences of mental health disorders are continually rising, with an
estimated 300 million people globally diagnosed with depression alone. This number
(whichis likely an underestimate due to stigma and lack of access to healthcare) renders

depression one of the globe’s most prevalent disorders.

Diagnosis and treatment of depression are inconsistent and controversial because the
underlying pathology of this illness has yet to be fully elucidated. There have been three
major theories of depression: the monoamine, plasticity and inflammation theories.
There is compelling evidence for each theory, but individually they fail to explain the
phenotype and treat the symptoms of depression. In this perspective, we will cover the
development of these major theories and discuss their associated therapies. We
speculate that these theories are not discrete but rather form small and synergistic
pieces of the larger puzzle of depression pathology, around the central theme of
inflammation. Finally, we suggest that future therapies should be designed around all

three aspects: monoamines, plasticity and inflammation.

Theories of Depression

Until the 1950s, depression was so ill-understood that treatments were arbitrary and, at
times, cruel. Thousands of years ago, depression was a spiritual issue, and treatments
involved trephinations (Robison et al., 2012). In the 1600s, the ancient Greeks employed

bloodletting and purging to restore balance to the humors of the body (Giraldi, 2017).
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Post 1600s, depressed individuals were institutionalized and isolated from other
humans, treated with ice baths and restraint techniques (Braslow, 2023). Little progress
was made until the early 1900s, when the world entered a modern age of medicine that
included important drug discoveries, including insulin (Rosenfeld, 2002). Insulin coma
therapy was the first time drugs were used for depression. Here, patients were forced
into a hypoglycemic coma under the rationale that this state would “reset” the brain
(Sakel, 1938). Around the same time, Metrazol, a nervous system stimulant, was used to
induce seizures to the same effect (Cummins, 1940). This precipitated the highly
controversial electroconvulsive therapy (ECT) in the 1940s as an alternative to Metrazol
because it enabled more precise control of the duration and intensity of the seizures
(Shorter and Healy, 2007). Perhaps the most infamous depression treatment was the
lobotomy, which was first introduced around the same time. A celebrated therapy at this
time (Egas Moniz won the Nobel Prize in Medicine for the lobotomy in 1949) (AB, 1949),
this treatment was later recognized as unethical and harmful. These early 20th century
treatments became obsolete in the 1950s, when chemical theories of depression began

to be developed.

Monoamine Theory of Depression
“Depression is caused by a deficiency of serotonin, dopamine and norepinephrine” Mid

1960s.

The 1950s were a time of rapid growth for biochemistry and drug development and
transformed how the scientific and medical communities viewed depression. Scientists

at Hoffmann La Roche discovered interesting ‘side effects’ of a new compound they were
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trialing for tuberculosis (O’Connor, 1953). These side effects included ‘euphoria’,
improvements in sleep and better appetite. This drug, iproniazid, kills bacteria by
inhibiting the synthesis of mycolic acid, a key component of the bacterial cell wall, butis
also a monoamine oxidase inhibitor (MAOI). Monoamine oxidase is found at high
concentrations in the brain and is the key enzyme in the brain that is tasked with
catabolizing monoamine transmitters (serotonin, dopamine and norepinephrine).
Iproniazid was the first antidepressant and was used off-label to treat depression in
1958. Atthe same time, scientists started to investigate the roles of neurotransmittersin

depression and to develop more selective drugs.

Imipramine, first synthesized by Hafliger and Schindler (Schindler and Hafliger, 1954),
was originally investigated as an antipsychotic treatment. This agent did not have anti-
psychotic effects in patients but was found to improve depression symptoms (Lehmann
et al., 1958, KUHN, 1958). Imipramine was approved by the FDA to treat depression in
1959. It is a tricyclic antidepressant (TCA) that inhibits the reuptake of norepinephrine

and serotonin back into neurons (Schatzberg, 1998).

Seminal studies in the mid-1960s found that serotonin levels were lower in the brain of
depressed suicide patients (Shaw et al., 1967), and norepinephrine levels were reduced
in the cerebrospinal fluid and urine of depression patients (Bunney and Davis, 1965).
These findings, taken together with the pharmacological success of MAOIs and TCAs,
propelled the development of a new theory of depression. This new theory, the
monoamine hypothesis of depression (Schildkraut, 1965), postulates that depression is

caused by a deficiency of serotonin, dopamine and norepinephrine. As such, Eli Lilly
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started developing agents to selectively inhibit serotonin reuptake via the serotonin
transporters, under the rationale that this effect would correct a serotonin deficiency. In
1974, the first paper describing a selective serotonin reuptake inhibitor (SSRI) was
published (Wong et al., 1974, Fuller et al., 1974), the agent was named LY110140 or
fluoxetine and approved by the FDA and marketed as Prozac  in 1987 (Wong et al.,

2005).

A rich and varied body of experimental literature has studied monoamine roles in
depressive disorder (Jauhar et al., 2023, Fakhoury, 2016, Belujon and Grace, 2017,
Felger, 2017, Seki et al., 2018, Maletic etal., 2017). While itis notyet possible to measure
human brain monoamines as a biomarker fordepression, exciting recentwork in humans
using positron emission tomography showed that the release of serotonin was reduced
in depressed vs. control patients (Erritzoe et al., 2023). Thus, this might represent an
exciting new direction for biomarker research. Since Prozac!”, an array of serotonin,
norepinephrine and dopamine targeting agents have been approved (and some taken off
the market) for depression (Cipriani et al., 2018, Choi, 2003). Of these, a small subset is
routinely prescribed to vast numbers of people. These agents have helped millions of
people and represent huge advances in depression treatment over the last century.
However, in recent years, the low success rate, bad side effects and delayed onset
(patients typically must take SSRIs for weeks for clinical effectiveness) of therapeutic
actions of SSRIs have spurred the medical community to seek alternative theories of

depression.

Neuroplasticity and Neurogenesis
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“Depression is caused by impairments in the brain’s ability to adapt and generate new

neurons and neuronal connections” Mid 1990s

A healthy brain can reorganize itself by forming new neural connections. This process,
called neuroplasticity, allows the brain to learn new information, recover from damage
and adapt in response to new experiences and changes in the environment. In two
specific brain regions, the hippocampus and the subventricular zone, the brain can also
actually regenerate itself, in a process called neurogenesis (Alvarez-Buylla and Garcia-

Verdugo, 2002, Eriksson et al., 1998).

The hippocampus became a critical area of interest in depression studies in the mid-
1990s because scientists found, utilizing fMRI, loss of hippocampal volume in a group of
older women with recurrent major depression (Sheline et al., 1996). The same group
confirmed their original report in a later study and showed a correlation between
hippocampal volume and the duration of depression (Sheline et al., 1999). Other work
during this period found a similar loss of hippocampal volume in post-traumatic stress
disorder patients (Bremner et al., 1995). These clinical findings were supported by a
series of animal studies earlier that decade, which found that acute stress suppressed
the rate of dentate gyrus (part of the hippocampal formation) neurogenesis in adults of

several species (Sapolsky, 1996a).

The plasticity hypothesis of depression was solidified in a seminal Society for
Neuroscience Meeting in 1999 where Barry Jacobs and his colleagues presented a paper

entitled “Chronic Fluoxetine Treatment Increases Hippocampal Neurogenesis in Rats: A
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Novel Theory of Depression”. Here, they showed that chronic fluoxetine increased
hippocampal neurogenesis in rats (70% increase in the number of cells) (Jacobs and
Fornal, 1999). Other work supported this finding into the 2000s (Encinas et al., 2006,
Malberg et al., 2000), and eventually the same was found clinically in humans (Frodl et
al., 2008, Sheline et al., 2003). However, hippocampal volume was not successful as a
biomarker for depression because of individual variability in hippocampal size and
overlap with other illnesses (Amico et al., 2011, Ruchinskas et al., 2022, Gosnell et al.,

2020).

The proposed mechanism for the neuroplasticity theory is that stress and depression
induce glucocorticoids (stress hormones) which decrease glutamate (Di et al., 2009) and
serotonin levels (Haleem, 2022, Lanfumey et al., 2008, Sapolsky, 1996b). Decreased
glutamate can cause widespread morphological changes and even cell death in the
hippocampus (Zhang and Bhavnani, 2006). Serotonin is a well-known neuroplastic factor
(Kraus et al., 2017), however the inherent question here is can glutamate itself be

pharmacologically targeted for depression?

Ketamine

Ketamine is an NMDA (glutamate) receptor antagonist (Moghaddam et al., 1997) which
caused much excitement as a potential antidepressant in 2000 with the publication of
its first double-blind placebo-controlled trial for major depression (Berman et al., 2000).
A contributing factor to the buzz around ketamine was the rapidity of onset as an
antidepressant. Whereas SSRIs typically need to be administered for several weeks for

clinical effects, several studies have shown that antidepressant effects could be
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achieved within hours or days of a single subanesthetic dose of ketamine given
intravenously (Berman et al., 2000, Zarate et al., 2006, Aan Het Rot et al., 2010, Murrough

et al., 2013a, Murrough et al., 2013b).

The mechanisms for this rapid onset of action are still being studied (Zanos and Gould,
2018, Krystal et al., 2024), but it has been found that a single ketamine dose rapidly
increases the number and function of synapses. This plasticity is thought to arise from a
surge of glutamate that causes the release of brain-derived neurotrophic factor (BDNF),
activation of mechanistic target of rapamycin complex 1 (mTORC1) (Li et al., 2010) and
tropomyosin-related kinase receptor B - protein kinase B (TrkB-Akt) signaling, and the
rapid synthesis of synaptic proteins that contribute to the formation of new synapses

(see Figure 3.1) (Duman, 2018, Li et al., 2010, Liet al., 2011).
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Figure 3.1 - Mechanism of ketamine action on plasticity, taken from Duman (Duman, 2018).
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While the effects of ketamine on plasticity are inconsistent, one study found that the
antidepressant effects of ketamine are independent of the effects on neuroplasticity,
implying other nuances in the mechanisms of action (Soumier et al., 2016). In addition,
ketamine’s effectiveness as an antidepressant is variable and very difficult to compare
to SSRIs. This is because typically, only patients who do not respond to SSRIs undergo
ketamine therapy. Moreover, there are ethical and safety concerns around ketamine
because of its potential for abuse and its toxicity (Zhang et al., 2016, Singh et al., 2017,

Zhang and Ho, 2017).

As ketamine was being explored for its antidepressant effects, a parallel new idea was
brewing. It is well known that psychedelics are neuroplastic agents (Vollenweider and
Kometer, 2010), and after some clinical success using psychedelics to treat obsessive
compulsive disorder (Moreno et al., 2006) and tobacco (Johnson et al., 2014) and alcohol
addiction (Bogenschutzetal., 2015), a natural new direction was to explore psychedelics

in depression.

Psychedelics

Psychedelics, such as psilocybin, are powerful serotonergic hallucinogens that alter
perception and affect cognitive processes (Nichols, 2016). Importantly, these agents are
known to affect mood (Nichols, 2016). There were clinical studies in the mid-2010s, using
small patient cohorts (10-20 patients per study), that found promise in psychedelic
therapy for recurrent or treatment resistant depression (Gasser et al., 2014, Griffiths et

al., 2016, Grob et al., 2011, Ross et al., 2016).
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A key feature of these studies is that the psychedelic was administered in conjunction
with psychotherapy. Psychotherapy is known to change brain function (Straub et al.,
2015) in a way that suggests plasticity is involved (Goldapple et al., 2004, Kunas et al.,
2019). One notion is that the connections associated with painful
memories/stress/trauma are gradually replaced and/or overwritten with a larger number

of connections that cue more positive emotions.

Therefore, one way to integrate psychotherapy with psychedelic therapy is to suppose
that serotonergic psychedelics render the effect of psychotherapy more effective and
efficient. Indeed, it was hypothesized by Carhart Harris et al. that the therapeutic effects
of psychedelics are “fundamentally reliant on context” (Carhart-Harris et al., 2018).
Hence, providing psychological support and a positive environment (good atmosphere)
is a keyforclinical success. Not providing the correct environment or support means that
the treatment may not only be clinically ineffective but also potentially harmful (Erritzoe
and Richards, 2017). As such, the state of the art psychedelic treatment involves the
patients being treated with psilocybin in a custom-designed treatment room with low
lighting, music and full support from two psychiatrists at all times (Carhart-Harris et al.,
2016). The neuroplastic effects of the psychedelics, therefore, are very much guided by

a positive environment and psychological guidance.

In sum, ketamine and psychedelics are exciting avenues of research for depression that
are being actively trialed and explored. There are, however, concerns that both are

controlled substances with abuse potential and limited effectiveness. Therefore, the

84



community is eagerly anticipating the results of large-scale trials for drug efficacy and

safety.

Cytokine/Inflammation Theory of Depression

“Depression is caused by immune activation” Early 1990s

In parallel to the plasticity theory of depression, another hypothesis was being
developed, based on inflammation. In 1991, Ronald Smith, professor of Chemistry and
Nutrition at Gavilan College, published a new hypothesis of depression in a paper
entitled “The Macrophage Theory of Depression” (Smith, 1991). In the work, he argued
that cytokine secretion was the cause of depression under several points of rationale,
but most importantly, human volunteers that were treated with cytokines developed
depressive-like behaviors (Niiranen et al., 1988). This notion was quickly backed up in 2
papers from Maes et al. who suggested that sickness behavior and depression share
common pathways in the form of immune activation (Maes et al., 1995a, Maes et al.,
1995b). Since these early papers, a superfluity of studies have linked inflammation to
depression, with a comprehensive summary of the literature provided in a review by

Nemeroff and colleagues (Beurel et al., 2020).

It is essentially undisputed that chronic illnesses (including chronic stress) and
depression are comorbid and the precise mechanisms of how inflammation drives
behavior are still being elucidated. This mechanism is clearly considerably complicated
involving blood brain barrier function (Turkheimer et al., 2023) and overproduction of

proinflammatory cytokines, e.g. tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-
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6), and interleukin-1 beta (IL-1B) (Raison et al., 2010). Cytokines have been shown to
directly affect brain function by altering neurotransmitters (Dunn, 2006, Miller et al.,
2013), in particular the mood driving serotonin, dopamine, and norepinephrine. The
effects of inflammation on these monoamine levels in the brain has recently been
reviewed by Batey et al (Batey et al.,, 2024). Lipopolysaccharide (LPS) induced
inflammation, through varied and nuanced mechanisms involving the blood brain barrier
(Medina-Rodriguez and Beurel, 2022), reduces the brain’s serotonin and dopamine
signaling and increases norepinephrine signaling (Batey et al., 2024). This effect on
mood-altering neurotransmitters begs the question, why does inflammation induce
depressive behavior? Early evolutionary immune pressures were primarily pathogenic in
nature and the mood response was directed towards energy conservation for healing and
recovery. In modern society, where pathogens are less of a challenge, social issues (e.g.
stress) have become the predominantimmune activator, as seenin Figure 3.2. The latter

is less tangibly resolved and can often be chronic (Miller and Raison, 2016).
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Figure 3.2 - Evolutionary hypothesis of inflammation and depression. The human immune system has
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exposure promoted immunoregulatory mechanisms, including the induction of TReg and BReg cells, M2
macrophages, and the secretion of anti-inflammatory cytokines like IL-10 and TGFB. However, in modern
urban societies where exposure to infectious agents is minimal and psychological stressors are abundant,
thisimmunoregulatory balance is disrupted. Therefore, evolutionary immune and behavioral patterns may
be inappropriately activated, causing higher rates of inflammation-associated conditions, such as

depression. Taken from Miller et al (Miller and Raison, 2016).

There is compelling evidence to show that patients with high levels of inflammation are
more likely to be resistant to conventional SSRI treatment (Haroon et al., 2018). In animal
work, SSRIs were shown to be less capable of restoring serotonin levels under

inflammation. This was due to inflammation-induced brain histamine which inhibits
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serotonin via H; receptors (Hersey et al., 2021). Figure 3.3 shows basal serotonin
measurements in the mouse hippocampus. Two cohorts (red and purple) received
peripheral LPS and very rapidly the serotonin levels declined. Serotonin levels could not
be recovered to control values with escitalopram alone (red). The co-application of an
SSRI with a pharmacological agent that inhibited histamine synthesis (purple) was
necessary to resolve the serotonin levels to control values. Therefore, utilizing anti-

inflammatory therapies may represent an exciting new avenue for depression.
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Figure 3.3 - Peripheral LPS effects on brain serotonin. LPS - lipopolysaccharide; FMH - a-

fluoromethylhistidine; ESCIT - escitalopram. Taken and modified from Hersey et al (Hersey et al., 2021).

The literature on using anti-inflammatories as a depression treatment is mixed but shows
some promise (Kéhler et al., 2014, Kohler-Forsberg et al., 2019, Bai et al., 2020b, Husain
etal., 2017). Non-steroidal anti-inflammatory drugs (NSAIDs) and cytokine inhibitors are
the main therapies used (Du et al., 2024, Hang et al., 2021), but there are also many
adjuncts such as statins (Kohler-Forsberg et al., 2019). Interestingly, ketamine and

psychedelics are also considered to have anti-inflammatory properties (Nichols, 2022).
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A challenge with this anti-inflammatory treatment is dosage. Recent reviews of the
clinical literature that correlate markers of inflammation to depression concluded that
inflammatory responses in depressed patients were different from control patients in
approximately one-third of subjects (similar to SSRIs). The studies reviewed disagreed
on the direction and the magnitude of the differences (Strawbridge et al., 2017, Bai et al.,
2020a, Kohler-Forsberg et al., 2019). This is an extremely important aspect to decode
when trying to treat depression with anti-inflammatories since there is evidence showing
that using anti-inflammatory agents in patients without inflammation can lead to adverse

outcomes (Arteaga-Henriquez et al., 2019).

In sum, the inflammation theory of depression describes a potential behavioral outcome
of the evolutionary response to acute and chronic illnesses and to modern stressors.
Anti-inflammatories serve as an exciting new therapy for the treatment of depression

with the remaining challenges for type, dose and side effects.

Three Theories: One Story

It is clear to see, now, that the three main theories of depression are small parts of the
same jigsaw puzzle. During inflammation, the body has evolved to conserve energy to
recover, thus, mood-driving monoamine levels change. While the sickness behavior
serves its purpose evolutionarily, in modern sanitized societies, the response is
synonymous with stress. Low serotonin is not a cause but a consequence of depression
and can serve as anindicator to diagnose and monitor depression progression. Targeting

serotonin does not necessarily help patients recover from depression, since the cause
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of depression lies in inflammation rather than a singular marker in serotonin. This issue
leaves the majority of depressed patients (with differing levels of inflammation) partially

or totally unresponsive to SSRis.

This lower serotonin, along with lower glutamate and other facets of inflammation,
decreases hippocampal plasticity which can be recovered to differing extents with
SSRIs, ketamine and psychedelics, though none are universally efficacious. Again, this
is because the loss of neuronal connections is a result (marker) and not the cause of

depression.

The issue of targeting inflammation is complicated. A big challenge is creating a robust
system to measure neuroinflammation as a biomarker of depression. Without this, we
don’t know how and when to intervene in the inflammation chain to stop the detrimental

effects on mood.

To conclude, we propose that the monoamine, plasticity and inflammation theories of
depression are not discrete or in competition with each other. They are, at their core,
foundational parts of a larger story. Therefore, improving future treatments is critically
dependent on accurately and chemically defining ‘neuroinflammation’ status and

considering all three theories for drug discovery.
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Abstract

Mental health disorders, such as depression, represent a growing global challenge.
Depression is difficult to diagnose and treat. These difficulties stem from an insufficient
understanding of the underlying mechanisms of the disorder. It is incredibly challenging
to improve diagnostic and therapeutic approaches without a clear understanding of
depression pathology. Neurotransmitters are low in concentration and fluctuate rapidly,
making them difficult to investigate. Progress in methods to study the brain has
uncovered clues to the pathology of depression and antidepressant mechanisms. In this
review, we first describe the three medical hypotheses of depression: the monoamine,
plasticity and inflammation theories. We highlight key analytical methods that have been
employed in depression studies. Lastly, we show how these investigations have
advanced our knowledge of depression mechanisms and treatment strategies. Thus, via
this review, we present the status quo of how chemical measurements are guiding our
understanding of the chemical underpinnings of depression and pointing the community

towards new antidepressant treatment targets.
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Introduction

Depression presents one of the globe’s most pertinent challenges, affecting an
estimated 300 million individuals worldwide. It is very difficult to diagnose depression
and there remains much controversy around depression treatments. Furthermore, large
scale drug discovery efforts for antidepressants have been dramatically toned down over
the lasttwo decades. These issues are grounded in ourincomplete understanding of the
underlying pathology of this disease. Without a clear grasp of the brain’s intricate
chemical landscape, identifying and addressing the root causes of depression remains
challenging. Brain chemistry is notoriously difficult to study due to the rapid, low-

concentration, and nanoscale dynamics of neurotransmitter signaling.

However, recent advancements in neurochemical analysis have begun to shed light on
the biochemical underpinnings of depression and the mechanisms of antidepressant
therapies. We begin this review with a description of major depressive disorder. We then
critically outline the three salient theories of depression: the monoamine, plasticity and
inflammation hypotheses. We then describe key analytical chemistry methods that
researchers have used to probe depression. Finally, we critically explore how these
chemical studies have informed our understanding of underlying depression pathology

and therapeutic approaches for this disorder.

We therefore present a state-of-the-art picture of how chemical measurements are
shaping our understanding of the chemical underpinnings and uncovering potential new

treatment targets for depression.
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Diagnosis and Treatment of Depression

Depressionis one of the globe’s leading health problems. As we enter into a post-COVID
era, we are braced for an unprecedented increase in psychiatric disease. Diagnosis and
treatment of depression are imprecise and inconsistent. Many do not seek help because
of lack of access and stigma. For those that do, current diagnoses are based on
questionnaires which often fail (Eack et al., 2006, Wittkampf et al., 2009). There are many
reasons for the difficulty of a diagnosis, including the different ways patients seek help,
how they describe their symptoms, and how their concerns are processed by different

healthcare practitioners.

Depression treatments are also variable across the board. Selective serotonin reuptake
inhibitors (SSRIs) are some of the world’s most prescribed medicines and carry with
them side effects and a clinical regime whereby type and dosage are altered on a trial-
and-error basis. Importantly, there is speculation about whether clinical responses to
antidepressants are significantly meaningful with respect to placebo, exercise or
psychotherapy (Recchia et al., 2022). A further, and alarming, problem is that because
there are no reliable pre-clinical screening tools for antidepressants; pharmaceutical
companies have dramatically toned-down antidepressant drug discovery and there are
few, if any, new antidepressants on the horizon. The new potential antidepressant
strategies have been discovered in smaller academic labs, and are based on existing,
controlled substances (such as ketamine and psychedelics) (Nutt et al., 2023, Smith-

Apeldoorn et al., 2022).
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Despite decades of research by some of the world’s best scientists, a biological or
chemical pathophysiological basis of depression has not been universally agreed upon.
Such an understanding would naturally ‘de-mystify’ depression (that is for the most part

invisible) but has been hampered by lack of technology.

Studying the Brain Requires Exquisite Technology

Tools that can capture fast biochemical processes from functioning brain cells have
steadily been developed and applied over the past few decades. The brain is chemically
complex, physically delicate and the chemical processes (neurotransmission) that
change during pathology occur on the subsecond time scale. Measuring brain chemistry
is particularly important for translating mental health research to humans because
clinical diagnoses/therapeutics benefit greatly from a chemical output. Micro- and nano-
electrode technology have changed this game and analytical techniques for

neurotransmitters using such micro and nano devices include:

e Directelectrochemical methods such as chronoamperometry and voltammetry

e Biosensors based on enzymes or other biological molecules.

In the next sections we will briefly discuss the three pathological theories of depression.
We will then briefly describe the methods that exist to measure brain chemistry and
review how chemical measurements with these analytical methods are shaping our

understanding of these theories and precipitating new treatments.

102



The Three Theories of Depression

Monoamine Hypothesis of Depression

In the 1960s several studies found that serotonin levels were lower in the brain of
depressed suicide patients (Shaw et al., 1967), and norepinephrine levels were lower in
the cerebral spinal fluid and urine of patients with depression (Bunney and Davis, 1965,
Schildkraut, 1965). It was also discovered during that time that monoamine targeting
drugs (such as monoamine oxidase inhibitors) could alleviate depression (West and
Dally, 1959). Thus was born the Monoamine Hypothesis of Depression. This theory (that
extracellular serotonin, norepinephrine and dopamine levels are lower during
depression) has moved in and out of favor for decades, recently enjoying a resurgence
because of clinical trials targeting depression with psychedelics (high affinity for
serotonin receptors). A recent review article posited that serotonin does not underlie
depression in humans (Moncrieff et al., 2022), reviving intense debate in this topic. In
recent years a growing body of evidence suggests that plasticity and inflammation have

central roles in the pathogenesis of depression.

Neuroplasticity Theory of Depression

Using fMRI in the 1990s, researchers found loss of hippocampal volume in patients with
recurrent depression (Sheline et al., 1996). Animal studies found that acute stress
suppressed the rate of hippocampal neurogenesis (Sapolsky, 1996a). Taken together
these findings precipitated the Neuroplasticity Theory of Depression. The notion here is
that stress decreases glutamate levels (Sapolsky, 1996b, Di et al., 2009). Because

glutamate is a key factor for neuroplasticity, low levels of this transmitter can cause
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dramatic and widespread morphological changes and, at worst, cell death in the
hippocampus (Zhang and Bhavnani, 2006). Ketamine and psychedelics are known to
improve plasticity and are currently being trialed as antidepressants (Nutt et al., 2023,

Smith-Apeldoorn et al., 2022).

Inflammation Theory of Depression

The inflammation or cytokine theory of depression was developed in parallel to the
plasticity theory. This theory was based on studies that found that human volunteers
developed depression-like behaviors after being treated with cytokines (inflammation
signaling molecules) (Niiranen et al., 1988). Cytokines themselves directly affect
serotonin, dopamine, and norepinephrine, but the story here is likely much bigger

because inflammation is complex and involves many cascades.

There is compelling evidence to show that patients with high levels of inflammation are
more likely to be resistant to conventional SSRI treatment (Haroon et al., 2018). Targeting
inflammation with anti-inflammatory medication is challenging because it is difficult to
establish the level of inflammation, and thus to titrate the anti-inflammatory therapies
accordingly. Nonetheless, these strategies show promise (Strawbridge et al., 2017, Bai
et al., 2020, Kohler-Forsberg et al., 2019, Arteaga-Henriquez et al., 2019).

These are the main theories of the pathology of depression. In the next section, we will
discuss the analytical methods that have the capacity to measure the neurotransmitters

that are implicated in these theories.
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Analytical Methods for Brain Chemistry

Chronoamperometry is an electrochemical technique that applies a square wave

potential to a carbon fiber microelectrode (CFM), measuring redox-driven changes in
current to analyze neurotransmitter dynamics. It has been widely used to study
monoamine systems, particularly serotonin reuptake, by calculating clearance kinetics
across different brain regions. This method offers real-time measurements of
neurotransmitter transporter activity in vivo, providing insights into the effects of drugs,
environmental factors, and physiological conditions on neurotransmitter dynamics.

The technique has limited chemical selectivity and necessitates careful experimental
design to accurately interpret the data. Such careful designs have been achieved by Lynn
Daws using high-speed chronoamperometry. This version of the method involves
coupling the technique with multi-barreled glass micropipettes, allowing for precise
microinjection of neurotransmitters and pharmacological agents into specific brain
regions. This approach enhances the spatial resolution and versatility of
chronoamperometric recordings, enabling detailed investigation of serotonin reuptake

(Zhu et al., 2010, Annamalai et al., 2020, Daws et al., 2016).

Voltammetry is another direct electrochemical method that applies a waveform ramp to
an electrode. Current is measured at increments across this waveform and analytes are
identified based on unique redox potential peaks and quantified via the amplitudes of
these same peaks. Fast scan cyclic voltammetry (FSCV) involves applying rapid voltage
sweeps (400-1000 Vs™) across microelectrodes and ultramicroelectrodes allowing for

sub second timescale redox reactions of analytes. FSCV has seen arise in popularity due
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to its capability for investigating neurotransmitter dynamics in real-time (Rodeberget al.,

2017).

Biosensors are typically electrodes that employ a biological recognition element
interacting with a transducer to selectively detect analytes and other biological
characteristics (e.g. cell morphology) (Keese and Giaever, 1994). Biological molecules
such as enzymes and antibodies provide unparalleled selectivity for analytes of interest.
Transducers are designed to engage electron transfer processes from the analyte-
biological molecule interaction to provide a measurable signal (Mohanty and Kougianos,

2008).

Biosensors have dramatically evolved beyond glucose detection with glucose oxidase
(Clark and Lyons, 1962, Turner, 2013). Currently, there is a vast collection of methods
and analytes that can be measured with biosensors. Among these sensors, relevant to

this review, enzyme-based and DNA biosensors.

Fast-Scan Cyclic

Chronoamperometry Voltammetry Biosensors
T -
256 2
B 2 Z Transducer
) g [
i H £ 4
£ L e e =4S 4 Amplifer
@ Timescale (ms) ¥ Vehage (V) 4
Time scale (ms) b. |
5 : 7 \ —
= iy / Carbon Fiber
E] '/ Carbon Fiber '/ Microelectrade ‘\
B Microelectrode \ | Sensing Signal
= Element
2 Time scale(ms) .7+ | o} 5 2&.
o
) OF -\
o o B4 o By

106



Figure 4.1 - Overview of three analytic techniques used in neurotransmitter research:
Chronoamperometry, showing square-wave potential and resulting current response; FSCV, illustrating a
color plot, as well as resulting current-voltage and current-time responses; Biosensor-based detection
using a biological recognition element, transducer and amplifier to generate a signal. Image created using

Biorender.

Figure 4.1 outlines the experimental and data aspects of these methods. We next review
the use of these sensors to measure neurotransmitters in depression research and
discuss the relevance of the work to furthering our understanding of the chemical

underpinnings of depression.

Chemical Underpinnings of Depression

Chronoamperometry

In 1997, chronoamperometry described the effects of lesions and SSRIs on serotonin
reuptake (Daws et al., 1997), firmly establishing the method for further studies of
serotonin in depression. A seminal study using this method came in 1998 where the
group showed that a norepinephrine transporter (NET) inhibitor, desipramine,
contributed to the active clearance of serotonin (Daws et al., 1998). This finding
complemented a much earlier discovery by Shaskan and Snyder who found two distinct
mechanisms of serotonin reuptake; a high affinity, low efficiency mechanism and a low
affinity, high efficiency mechanism (Shaskan and Snyder, 1970). These mechanisms
were coined Uptake 1 (serotonin transporters (SERTs)) and Uptake 2 (NETs, dopamine
transporters (DATs) and organic cation transporters (OCTs)), respectively. Evidence for

serotonin transport through OCTs was provided through a series of elegant experiments
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inthe early 2000s (Engel et al., 2004, Engel and Wang, 2005, Gasser et al., 2006, Schomig

et al., 2006), some of which are highlighted below.

In 2004, The Daws group used an engineered mouse with a targeted disruption of the
serotonin transporter gene, meaning that knock out mice had little or no SERTs and
heterozygotes had approximately 50% less SERTs than wildtypes. The group found no
differences in serotonin clearance under control conditions between the heterozygotes
and the wild type mice, whereas serotonin reuptake was severely disrupted in the SERT
knockout (KO) mice. After injection with an SSRI however, differences were apparent
between the wildtype and heterozygous mice (heterozygotes were more sensitive to
SSRI). It was speculated that the lack of effect on serotonin clearance in control and
heterozygotes was due to a compensatory mechanism that was overwhelmed after SSRI

(Montanez et al., 2003).

Some clues about these compensatory mechanisms came in 2008 where it was shown
that OCT expression was increased in heterozygotes and in the SERT KO mice (Baganz et
al., 2008). This phenomenon was previously independently shown via semi-quantitative
competitive polymerase chain reaction (PCR) and in situ hybridization (Schmitt et al.,
2003). Administration of an OCT3 inhibitor, decynium-22 (D22) had no effect on control
and wildtype mice but was associated with slowed serotonin reuptake in heterozygotes
and in KOs. This experiment showed that OCTs may be the compensatory mechanism
and can reuptake serotonin when SERTs are less able to (either because there are fewer

of them or that they are blocked). Accordingly, this drug potentiated the effects of SSRIs
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and showed stronger antidepressant-like behavior in wildtype mice. These effects were

reduced in OCT3 KO mice (Horton et al., 2013).

The group next showed that acute stress (as modeled with repeated swim) impaired
serotonin clearance; a phenomenon that may serve as a compensatory mechanism to
temporarily elevate extracellular serotonin levels (Baganz et al., 2010). However, with
prolonged or chronic stress, additional neuromodulators such as histamine appear to
become involved, as a result of inflammation, that inhibit serotonergic signaling (Hersey
et al., 2022). The group have also studied how alcohol and brain-derived neurotrophic

factor (BDNF) modulate serotonin clearance (Daws et al., 2007, Daws et al., 2006).

Most recently, researchers are concentrating on the atypical antidepressant, ketamine.
First, they found that another class of uptake 2 transporters, the plasma membrane
monoamine transporters (PMATSs) are critical for ketamine’s actions. In wild-type mice,
ketamine inhibited serotonin clearance in the CA3 region of the hippocampus (a finding
recently complemented with FSCV in drosophila) (Dunham et al., 2024), but this effect
was completely lost in mice lacking either SERTs or PMATs, see Figure 4.2 below
(Bowman et al., 2020). Similar results were found for OCT deficient mice (Bowman et al.,
2019). It was concluded that both PMATs and OCTs are involved in the antidepressant

effects of ketamine in mice.
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Figure 4.2 - Chronoamperometry measurements of serotonin clearance in the CA3 region of a mouse
hippocampus. Ketamine inhibits serotonin clearance in wild type but not SERT or PMAT deficient mice.

Adapted from Bowman et al. (Bowman et al., 2020).

This body of work using chronoamperometry, very much led by Lynn Daw’s group, is
highly relevant to depression because it has shed light on a previously ignored transport
mechanism for serotonin (Uptake 2 via OCTs and PMATs). Modern antidepressants
primarily target serotonin transporters; thus, this finding is paving the way towards

fundamentally new drug targets as antidepressants (Bowman et al., 2017).

Voltammetry

Voltammetry has been used for decades to study dopamine (Venton and Cao, 2020);
however, little work has investigated dopamine transmission with respect to depression.
Since serotoninis a strong molecule of interestin depression, in the late 90s researchers
started to look at using voltammetry to study the dynamics of this messenger. In 1990,
Jon Stamford, Ziggy Kruk and Julian Millar performed an elegant experiment whereby they
administered high doses of the serotonin precursor, 5-hydroxytryptophan, to a mouse,

and pharmacologically abolished striatal dopamine release. Under these conditions,
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they were able to measure in vivo serotonin release at carbon fiber microelectrodes,
which was dependent on the 5-HTP dose (Stamford et al., 1990). Serotonin
electrooxidation is complex, with many unstable electrooxidation products that can
polymerize onto the electrode and deteriorate the response (Hashemi et al., 2009). In
1995 Brad Jackson and Mark Wightman developed a new electrochemical waveform, the
‘Jackson’ waveform, that mitigates serotonin’s electrooxidation side products and
maintains the integrity of the electrode for longer (Jackson et al., 1995). Jackson and
Wightman repeated the Stamford experiment using this waveform (Jackson and Mark

Wightman, 1995).

In the following decade, FSCV was used to study serotonin dynamics in mast cells (Travis
et al., 2000) and tissue slice preparations (Bunin and Wightman, 1998). With respect to
the latter, some basic aspects of serotonin transmission were ascertained. Serotonin
was shown to engage in paracrine or volume transmission (Bunin and Wightman, 1998).
Additionally, serotonin reuptake rates were reduced to differing degrees after SSRIs

depending on the brain region (Bunin et al., 1998).

Serotonin remained very difficult to measure in vivo, this is because of a combination of
very low releasable levels of serotonin in vivo, and the fact that it’s not just serotonin, but
also serotonin metabolites (that are highly concentrated in vivo) that can foul electrodes.
In 2009, Hashemi and Wightman made the first measurements of serotonin in vivo with
FSCV, by coating the carbon fiber with Nafion, and identifying a brain region where
serotonin was abundant (Hashemi et al., 2009). In parallel work, Venton employed

channel rhodopsin optogenetics in the single larval Drosophila ventral nerve cord to
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induce serotonin optically and measure release and reuptake with FSCV. They found that
serotonin synthesis plays a significant role in shaping the serotonergic response to

reuptake inhibition (Xiao et al., 2014).

In 2012, Hashemi and Wightman simultaneously measured serotonin and dopamine in
one rat in different brain regions and showed that very different mechanisms control
release and reuptake of the two modulators. Notably serotonin release was not as
sensitive to inhibition of synthesis and vesicular packaging as dopamine but was much
more sensitive to inhibition of reuptake and metabolism (Hashemi et al., 2012). Related
to this, Kile et. al. showed that synapsins (that control the vesicle availability for release)
reduced dopamine release but did not affect serotonin release (Kile et al., 2010).
Hashemi went on over the next decade to show that, in mice, responses to the SSRI
escitalopram were dynamic (Wood and Hashemi, 2013), that Uptake 1 and 2 can be
mathematically modeled (Wood et al., 2014), to predict the local architecture of the
tissue around the probe (Hashemi et al., 2015), that male and female mice have different
serotonin responses to SSRIs (Saylor et al., 2019), and release and reuptake sites in the
brain are connected (West et al., 2019). In 2015, Hashemi and Heien developed an FSCV
offshoot method they coined fast scan controlled adsorption voltammetry (FSCAV) to
measure basal or ambient levels of serotonin in vivo (Abdalla et al., 2017). They found
that different brain regions had slightly different basal levels of serotonin and that this
was related to serotonin transporter (SERT) density (Abdalla et al., 2020). The group then
developed a method to co-detect serotonin and histamine and showed that histamine
release inhibits serotonin via H3 receptors (Samaranayake et al., 2016), an idea that

came from earlier work using slice voltammetry from Stephanie Cragg (Threlfell et al.,
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2004). Interestingly, histamine also mediates serotonin reuptake, potentially showing
interconnectivity between release and reuptake dynamics (Annamalai et al., 2020).
Adenosine has also been shown to inhibit serotonin release via activation of 5HTa

autoreceptors (Shrestha and Venton, 2024).

Using the new tools for ambient serotonin and histamine, the Hashemi group went on to
show that chronic stress induced depression in mice reduces basal, but not stimulated,
serotonin in the hippocampus while increasing histamine release in the hypothalamus
(Hersey et al., 2022). This result was independently recapitulated recently in mice with
chronic restraint stress using field effect transistors (Li et al., 2025). The exact chemical
signature seen in the chronically stressed mice (low basal serotonin and increased
histamine release) was repeated with acute inflammation via lipopolysaccharide (LPS)
(Hersey et al., 2021). Given the almost exclusive comorbidity of depression with
inflammation, this work shows that the chemical signatures of the two are
interchangeable. The group also showed that serotonin is a biomarker of Parkinsonism
(Parkinson’s disease is also highly comorbid with depression (Buchanan et al., 2024). In
all 3 scenarios (stress, LPS and Parkinsonism), SSRIs were less able to increase
serotonin levels than in control conditions. The group showed that this is because

histamine reuptake is also blocked by SSRIs (Hersey et al., 2021).

The group next used experimental and modeling approaches to show that
antidepressants of differing modes of action all increase basal serotonin levels via
different mechanisms that fall in with the different hypotheses of depression. For

example, SSRI and NRIs increase serotonin via inhibition of Uptake 1 and 2 transporters
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and ketamine increases serotonin due to its anti-inflammatory effects (Witt et al., 2023).
The Venton group performed a parallel study in Drosophila, with similar findings

(Dunham and Venton, 2022).

Most recently, researchers have developed a mathematical framework to model
phenomena that are experimentally difficult to perform (such as chronic SSRI
administration). They found that the serotonin system needs significant time to reach
steady state during clinical type regimes (explaining why patients need to take SSRIs for
some weeks to have therapeutic effect). Figure 4i shows how the model predicts
escitalopram to fluctuate between doses during a chronic regime in mice, reaching
steady state after a couple of days. Figure 4ii blue trace shows that it takes extracellular
serotonin (e5HT) significantly longer (8 days) to stabilize. Also, the model showed that
under inflammation (Figure 4ii red trace) serotonin levels are lower due to inflammation
induced histamine acting to inhibit serotonin. Under this condition, SSRIs at therapeutic
doses could increase serotonin levels to control levels, which may explain the clinical

variability of SSRIs (Mena et al., 2024).
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Figure 4.3 - Modeling of oral chronic dosing escitalopram (5 mg pill, ~1.02 mg kg-1) effects on brain (i)
escitalopram and (ii) serotonin during control state (blue) and inflammation (red). For the inflammation
simulation, mast cell and glia production and release of histamine is triggered 35 days before the first dose.

Administration is then repeated every 8 h. Adapted from Mena et al. (Mena et al., 2024).

Thus, voltammetry has been used to explain basic aspects of serotonin transmission,
shown that serotonin is a biomarker of stress, depression, inflammation and
Parkinsonism and that most antidepressants affect the serotonin system (i.e. a
biomarker of antidepressant efficacy). This method has also shown why people might
need to take antidepressants for weeks for clinical effect and why these agents may not

work for all people.

Biosensors

There are relatively fewer reports of using in vivo biosensors in depression research.
There are some reports of enzyme-based biosensors in depression research. For
example, Greg Gerhardt developed Fast Analytic Sensing Technology (FAST) sensors.
Here, ceramic sensors are modified with glutamate oxidase and when coupled to a
custom software enable rapid glutamate measurements (Burmeister et al., 2002,
Hascup etal., 2008). These FAST sensors were used by Vesna Lazarevic et al, in mice and
found that ketamine elicited significant reduction of KCl-evoked glutamate release
(Lazarevic et al., 2021). Another group showed, using enzyme-based microelectrode
arrays selective for glutamate, that resting glutamate levels were higher and there were
more glutamate transients in genetically depressed mice (Hascup et al., 2011).
Aptamer modified field effect transistor (FET) biosensors are an emerging method for

neurotransmitter sensing (Zhao et al., 2021, Nakatsuka, 2022, Nakatsuka et al., 2021,
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Nakatsuka et al., 2018). In a recent study, an acupuncture needle-type extended-gated
FET was engineered with gold membranes and the high-performance nanomaterial
MXene and functionalized with 5-HT-specific aptamers. The sensors were applied to
gut/brain axis studies in mouse models of chronic restraint stress and high fat diet. The
authors found thatin animals that were exposed to stress and high fat diet, the serotonin

levels were significantly lower (Li et al., 2025).

Conclusion and Future Perspectives

Depression is very difficult to accurately diagnose. The lack of brain measurement tools
means that depression pathology remains elusive. However, rapid progress has been
made in the last decade towards precision analytical tools for brain chemistry. In this
review, we described the three most popular hypotheses of depression. We outlined the
electroanalytical methods employed to study depression and we highlighted how these
efforts have furthered our understanding of depression and antidepressants. As new
tools, such as biosensors, are being developed and refined, we will uncover ever more
nuanced aspects of depression pathology and acquire different clues that will help us

better diagnose and treat this disorder.
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Solutions

Stock solutions were prepared at room temperature by dissolving histamine
dihydrochloride, dopamine hydrochloride, serotonin hydrochloride, norepinephrine
hydrochloride, adenosine, gamma-aminobutyric acid (GABA), glycine, l-glutamic acid, -
tyrosine, l-tryptophan, l-cysteine, l-lysine and l-aspartic acid into the buffer and diluting

to the desired final concentration.

All buffers were prepared at room temperature and adjusted to physiological pH (7.4).
PBSwas composed of 137 mM NaCl, 2.7 mMKCL, 10 mM Na2HPO4 and 1.8 mM KH2PO4.
TRIS was composed of 15 mM Trisma, 140 mM NaCl, 3.25 mM KCl, 1.2 mM CaCl2, 1.25
mM NaH2PO4, 1.2 mM MgCl2 and 2.0 mM Na2S04. HEPES was composed of 20 mM
HEPES, 140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCI2 and 10 mM glucose.
Amino acid buffer was composed of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8
mM KH2PO4, 2.5 pM gamma-aminobutyric acid (GABA), 34 uM glycine, 21.3 uM
glutamate, 7.2 uM tyrosine, 11.1 uM tryptophan, 1.1 pM cysteine, 46 pM lysine and 0.2

MM aspartate.

Thioperamide maleate (20 mg kg™') was dissolved in sterile saline (0.9% NaCl solution)
at 5 mL kg™'. Urethane was dissolved in sterile saline as a 25% w/v solution and
administered at 7 pL g™'. Sleep mix was composed of 2 mL of 0.05 mg mL™" fentanyl, 2 mL
of 5 mg mL" medetomidine, 1 mL of 1 mg mL™" midazolam, and 15 mL sterile saline (0.9%
NaCl solution) and administered at 0.05, 5 and 0.5 mg kg™, respectively. All solutions

were made fresh at the time of injection.
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All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise

specified.

Tips for solutions:
1. The amino acid buffer should be made fresh daily and not stored overnight. It
should also be kept in the dark while using.
2. Solutions containing dopamine, serotonin, norepinephrine, adenosine, and
histamine should be kept out of the light at all times as they are light sensitive.
3. ldeally, any experiment involving amino acids, dopamine, serotonin,

norepinephrine, adenosine, or histamine should be performed in the dark.

Electrode Fabrication

Carbon fiber microelectrodes (CFMs) were made individually by aspirating a single T-650
carbon fiber (Goodfellow Corporation, PA, USA) into a 1.0 mm x 0.50 mm x 10 cm glass
capillary (World Precision Instruments, Hertfordshire, UK). The capillary was then pulled
using a PE-22 vertical puller (Narishige, Tokyo, Japan) to create a carbon-glass seal
between 200 - 500 um. The carbon fiber was trimmed by hand to 150 = 3 um (serotonin
and histamine experiments) or 50 £ 3 um (dopamine experiments) with a scalpel blade

under a light microscope. See Figure 5.1.
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Figure 5.1. CFM under light microscope.

Next, a 1 cm long piece of heat shrink was placed on the middle of the capillary to protect
the capillary from breaking while in the micromanipulator or flow cell depending on the
experiment. Next, a stainless-steel wire was painted with silver paint and inserted into
the back of the capillary to create a connection with the carbon fiber, and a heat shrink
was placed half over the capillary and half over the stainless-steel wire’s insulation. A
connection pin was then attached to the wire and heat shrink was applied to the pin. A

fully assembled electrode is shown in Figure 5.2.
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Wire Insulatlon Heat Shrink

Figure 5.2. Picture of assembled CFM.

Electrode Modifications

Nafion Electrodeposition

Liquion (LQ-1105, 5% by weight Nafion) (lon Power Solutions, New Castle, DE, USA) was
electrodeposited onto the surface of the carbon fiber by dipping into the solution and
applying a constant potential of 1.0 V vs. Ag/AgCl for 30 s. The electrode was then dried

at 70°C for 10 min and allowed to set at room temperature overnight.

Amino Acid Modification

CFMs were placed into amino acid solutions at previously established physiological
concentrations (in 1X PBS buffer: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8
mM KH2PO4) and cycled using the triangular waveform (-0.4Vto 1.3V to -0.4V, 400V

s™) applied for 10 min at 60 Hz and 10 min at 10 Hz.
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Lubricin Deposition

Lubricin aliquots at a concentration of 1.3 mg mL™" were defrosted and diluted to a final
working concentration of 150 ug mL™" and centrifuged and vortexed. Electrodes were
lowered into solution (as shown in Figure 5.3) and left at room temperature for 15 min,
removed from solution and rinsed with deionized water. Electrodes were stored between

2-8°C.

Figure 5.3. Lubricin Deposition onto CFMs. Image courtesy Marsilea Booth.
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ECM Application

Geltrex (Invitrogen, Carlsbad, USA) was thawed on ice until it became a viscous liquid. A
1.00 pL drop of Geltrex was placed into a premade mold. The tip of a CFM was placed
into the drop of Geltrex and held in place with blue tac. An additional 0.50 yL drop was
placed onto the tip of the electrode to ensure electrode coverage. The CFM was baked at
37 °C for 20 minutes, then left to dry at room temperature overnight. The CFM was
carefully lifted from the mold and placed in HEPES buffer for 20 minutes immediately

before starting the experiment.

Data Collection and Analysis

FSCV and FSCAV were performed using a Dagan Potentiostat, (Dagan Corporation,
Minneapolis, NM, United States), National Instruments multifunction device USB-6341
(National Instruments, Austin, TX), WCCV 4.0 software (Knowmad Technologies LLC,
Tucson, AZ, United States) and a Pine Research headstage (Pine Research
Instrumentation, Durham, NC, United States). Data filtering (zero phase, Butterworth, 2
kHz low-pass) and signal smoothing were achieved within the WCCV 4.0 software.

Analyte specific waveforms were applied to elicit the redox properties of each analyte
(serotonin: 0.2Vto1.0Vto-0.1Vto0.2V, 1000V s™; histamine: -0.5Vt0-0.7Vto 1.1V
t0-0.5V,600V s™'; dopamine:-0.4Vto1.3Vt0-0.4V,400Vs™). For FSCV data collection,
the waveform was applied at 10 Hz. For FSCAV data collection, the waveform was
applied at 100 Hz. A more detailed account for FSCAV data acquisition can be found in

Chapter 1.
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Flow Injection Analysis (FIA)

FIA was performed in a system custom-built in-house (Hexter et al., 2023). A pseudo
Ag/AgCl reference electrode was made by submerging a silver wire in a solution of T M
HClfor 30 s at 5 V. A syringe infusion pump (Harvard Apparatus, Model Pump 11 Elite,
Holliston, MA, USA) was used to maintain flow at 1.7 mL min™. The analyte was
introduced into the flow stream via a six-port HPLC loop injector (Cheminert Valve, VICI,
Houston, TX, USA) as a rectangular plug. Figure 5.4 depicts the FIA setup. The syringe
pump was connected to the valve at the 1 position, the outlet to the flow cellis at position
2, tubing for the sample loop is at positions 3 and 6, sample was injected at position 4,
and a waste stream was at position 5. In the ‘off’ position, the buffer was pumped directly
to the flow cell. The sample was injected and was held in the sample loop. When the
valve was switched to the ‘on’ position, the buffer was then pushed through the sample
loop and then to the flow cell delivering the bolus injection of sample to the electrode.

The valve was then switched back to the ‘off’ position and the process was repeated.
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Figure 5.4. FIA setup. Image created using Biorender.

Tips for successful flow cell experiments:
1. Use a small amount of sticky tack to hold the reference electrode in place and
seal the hole (make sure the outside of the hole is dry so the tack forms a seal).
Movement of the reference electrode will disrupt measurements and leaking from

the reference hole will cause flow abnormalities.
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Use a 60 mL syringe for the buffer. This lessens the number of times you have to
stop the pump and refill the buffer. Make sure the syringe pump settings are set
to the correct inner diameter for the 60 mL syringe you are using. The flow rate
should be set at 1.7 mL min™ as per Hexter.

When cycling the electrode before taking measurements, turn off the buffer so as
to not waste it but keep an eye on the oscilloscope. If the oscilloscope starts to
shrink, the buffer level is falling below the electrode and needs to be topped up a
bit. Turn the flow back on about 3 mins before the electrode is done cycling.

It helps the flow to slightly tip (10 degrees) the flow cell to help the buffer flow
off/away from the electrode. This gives better injection profiles.

Make sure to completely flush the flow cell and all tubing with diH20 after using.
At least a full 60 mL should be flushed through with the valve set to the ‘On’
position to clean out the sample loop tubing. An additional 30-40 mL should be
pushed through the ‘sample in’ tube to flush that tubing out as well (I like to
open/close the valve a few times while water is running through to make sure
everything gets plentyrinsed). If not adequately flushed, salt crystals willform and
subsequent experiments will have flow rate inconsistencies when analyzing the
data.

Always leave water in the flow cell tubing. If it dries out, air bubbles can form and

cause pressure issues during injections.



Animal Surgery

All animal experiments were conducted in compliance with the Home Office license
([Scientific Procedures] Act 1986 and EU legislation). Male and female C57BL/6J mice
(Charles River, Margate, UK), 6-12 weeks old and weighing 18-25 g, were group housed,

had constant access to food and water, and were kept on a 12 h light/dark cycle.

A general schematic of animal experiments is shown in Figure 5.5. Two different
experiment protocols were used after induction of anesthesia, (A) serotonin experiments

or (B) histamine experiments.

A) Serotonin experiments: To induce and maintain anesthesia, 25% w/v urethane
(Sigma-Aldrich Co), dissolved in 0.9% NaCl solution (Hospira) was given via i.p. injection
(7 uL g body weight). Mouse body temperature was maintained using a heating pad
(Braintree Scientific, Braintree, MA, United States). Stereotaxic surgery (David Kopf
Instruments, Tujunga, CA, United States) was performed, and all coordinates were taken
in reference to bregma. A small craniotomy was made using a dental drill and burr and a
CFM was lowered into the CA2 region of the hippocampus (AP: -2.91, ML: +3.35, DV: -2.5
to -3.0) (Paxinos and Franklin, 2019) and adjusted in the dorsal/ventral plane until a
serotonin signal was observed. A small craniotomy was made using a dental drill and
burrand a stimulating electrode (insulated stainless steel, diameter: 0.2 mm, untwisted,
Plastics One, Roanoke, VA, United States) was placed into the medial forebrain bundle

(AP:-1.58, ML: +1.00, DV: -4.8) (Paxinos and Franklin, 2019). A pseudo Ag/AgCl reference
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electrode, created by electroplating chloride (30 s in 1.0 M HCl at 5 V) onto a silver wire,
was placed into the contralateral hemisphere.

FSCV measurements were taken until a serotonin signal was found. Electrical
stimulation of serotonin was accomplished via linear constant current stimulus isolator
(NL8B0OOA Neurolog, Medical Systems Corp, Great Neck, NY, USA) using the following
parameters: frequency of 60 Hz, amplitude of 360 pA each, 2 ms in width, and 2 s of total
duration (120 pulses). Once the serotonin signal was established, FSCAV was then

applied for a specified duration.

B) Histamine experiments: To induce and maintain anesthesia, a mixture of fentanyl,
midazolam and medetomidine (0.05, 5 and 0.5 mg kg™, respectively) dissolved in 0.9%
NaCl solution (Hospira) was given via i.p. injection and maintained via subcutaneous
injection. Mouse body temperature was maintained using a heating pad (Braintree
Scientific, Braintree, MA, United States). Stereotaxic surgery (David Kopf Instruments,
Tujunga, CA, United States) was performed, and all coordinates were taken in reference
to bregma. A small craniotomy was made using a dental drill and burr and a CFM was
lowered into the cortex (AP: 0.00, ML: +2.00, DV: -0.50) (Paxinos and Franklin, 2019). A
pseudo Ag/AgClreference electrode, created by electroplating chloride (30 sin 1.0 M HCl
at 5 V) onto a silver wire, was placed into the contralateral hemisphere. FSCAV
measurements were taken until a histamine signal was found. FSCAV was then applied

for a specified duration.
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Figure 5.5. Schematic of animal experiment procedure. Image created using Biorender.
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Abstract

Fast scan-controlled adsorption voltammetry (FSCAV) is an innovative method based on
fast scan cyclic voltammetry (FSCV), that quantifies ambient levels of neurotransmitters
at carbon fiber microelectrodes (CFMs). One ongoing challenge with FSCAV is the length
of time (>1 hr) it takes the electrode to reach equilibration after in vivo implantation. We
have previously mitigated this issue in two ways, by either waiting for the electrode to
stabilize, or post-hoc analysis to remove any drift which risks eliminating pertinent data.
In this work, we seek to understand why electrodes necessitate this lengthy equilibration
time. Our first finding is that, in vivo, there is a positive drift in the signal upon insertion of
the probe, whereas in a beaker, there is an exponential decay in signal over repeated
measurements. Based on our and others’ previous work, we ask if glutamate and/or
other amino acids (structurally and functionally similar to glutamate), present at high
basal concentrationsin the brain, interact with CFMs. First, with FSCV we determine how
the pre-modification of each amino acid onto CFMs changes the FSCV response to
serotonin, allowing us to narrow down our scope to glutamate, GABA, glycine, and
aspartate. Next, we use FSCAV to determine if pre-modification of these amino acids
onto CFMs improves the signal, finding that pre-modifying the electrode with a
combination of glutamate, GABA, and glycine increases the sensitivity to serotonin, and
importantly, improves equilibration time in a complex matrix. Therefore, we show that by
pre-modifying CFMs with these three amino acids, the equilibration time for in vivo
FSCAV could be improved to around 20 minutes. Therefore, our investigations of this
interesting phenomenon yield a new experimental strategy to improve FSCAV

equilibration time and reduce experimental length.
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Introduction

Fast scan cyclic voltammetry (FSCV) has been employed for many years to study the
release and reuptake of neurotransmitters, including serotonin, in the brain. This
technique utilizes redox signals at implanted carbon fiber microelectrodes (CFMs) to
qualify and quantify analytes of interestin real time. To achieve real time measurements,
electrochemical waveforms are applied at very fast (>100s V s') scan rates, however
these fast scan rates induce a large capacitive current at the CFM which masks
underlying Faradaic changes (Bard and Faulkner, 2001). Thus, to quantify only Faradic
changes, FSCV employs background subtraction rendering the method only capable of
quantifying changes in concentration, not the starting, basal or ambient analyte
concentration. In response to this limitation, fast scan controlled adsorption
voltammetry (FSCAV) was developed. This method is an offshoot of FSCV; data is
collected during a short period of time at a high waveform application frequency (100 Hz)
where adsorption of analytes to the CFM is minimized. A constant potential is then
applied for 10 seconds, allowing the analyte to come into equilibrium with the electrode
surface after which the waveform is reapplied, enabling quantification of the ambient
analyte concentration around the electrode (Atcherley et al., 2013, Atcherley et al.,
2015). We have used this method for close to a decade to report on basal serotonin
concentrations in vivo (Abdalla et al., 2017, Saylor et al., 2019, Abdalla et al., 2020,
Hersey et al., 2021b, Hersey et al., 2021a, Hersey et al., 2022, Witt et al., 2022, Berger et

al., 2022).
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FSCAV is a one-of-a-kind method in providing spatially and temporally resolved chemical
information about steady state serotonin in vivo, however we have encountered several
experimental and analysis issues that create time demands on the FSCAV experimenter.
One issue we faced was a lengthy and technically difficult analysis procedure. We
recently resolved this issue using a neural network analysis tool on our open-source
online software that dramatically cuts analysis time and improves analysis
reproducibility (Mena et al., 2022). A remaining issue with FSCAV is the length of time
required for FSCAV to reach a steady state. This time period lasts over an hour where the
signals gradually drift in a positive direction after CFM implantation into the brain. Until
now, our only options were to either manually, or via data analysis, remove the drift we
acquired from our data, or to wait over an hour for the electrode to stabilize. This latter
issue is particularly problematic in vivo where adding additional hours for electrode
stability significantly increases the risk of death to the animal before completion of the
experiment. Additionally, post analysis is imperfect as it risks subtracting out real data.
This occurs because the mathematical calculation of the drift, which is subtracted from
the experimental data, is based on a combination of physiological variations and

electrode drift.

In this work, we sought to understand the root of this length of time to reach stability to
ultimately improve our protocols. Our first finding was that we could not replicate this
stability profile in a beaker. While in vivo we found a positive drift in the signal upon
insertion of the probe, in a beaker we found an exponential decay in signal over repeated
measurements. To explain this phenomenon, we turned our attention toward the

differences between the complex chemical environment of the brain and experiments in
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a beaker, which are performed in simple buffers. We and others have previously found
glutamate polymerizes onto carbon with a negative charge (Yu and Chen, 1997, Holmes
et al., 2021). Therefore, we asked here if glutamate and/or other amino acids that are
present at high basal concentrations in the brain matrix interact with CFMs to change

FSCAV responses.

We studied an array of amino acids that are structurally similar to glutamate and are also
present at high concentrations in the brain. We first used FSCV to determine how pre-
modification of each amino acid onto CFMs changed the FSCV response to serotonin.
This led us to narrow down our scope to glutamate, GABA, and glycine, which allimprove
the FSCV signalresponse. Next, we used FSCAV to determine if pre-modification of these
amino acids onto CFMs also achieves signal increases towards serotonin. We found that
pre-modifying the electrode with a combination of glutamate, GABA, and glycine notonly
increased the FSCAV sensitivity to serotonin, but significantly improved equilibration
time of the electrode in a complex matrix of eight amino acids (designed to mimic the
brain matrix). Therefore, as a final experiment, by pre-loading these three amino acids
onto CFMs, we found that we could significantly decrease the equilibration time for in

vivo FSCAV to around 20 minutes.

Thus, we present a new experimental strategy to improve FSCAV equilibration time and

reduce experimental length.

Methods

Chemicals and Reagents
143



Electrodes were treated with solutions of gamma-aminobutyric acid (GABA) 2.5 uM,
glycine 34 uM, glutamate 21.3 pM, tyrosine 7.2 uM, tryptophan 11.1 pM, cysteine 1.1 uM,
lysine 46 uM and/or aspartate 0.2 pM individually or as a combination based on
previously established physiological concentrations (Wang and Cynader, 2000, Ballini et
al., 2008, Dolgodilina et al., 2016, Glykys and Mody, 2007, Ding et al., 1998, Oldenziel et
al., 2006, Tagliamonte et al., 1973, Chaouloff et al., 1985). These amino acids (AAs) were
dissolved into a 1X phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,and 1.0 mM KH,PO,) that was diluted from a 10X premixed buffer. Urethane was
dissolved in sterile saline as a 25 % w/v solution. All chemicals were purchased from

Sigma Aldrich (St. Louis, MO, USA).

Flow Injection Analysis (FIA)

FIA was performed in a system custom built in-house (Hexter et al., 2023). A pseudo-
Ag/AgClreference electrode was made by submergingin a solution of 1 M HClfor 15 s at
5V. A syringe infusion pump (KD Scientific, Model KDS-410, Holliston, MA) was used to
maintain flow at 1.7 mL min™. The analyte was introduced into the flow stream for 10 s

via a six-port HPLC loop injector (Cheminert Valve, VICI, Houston, TX) as a rectangular

plug.

Animals and Surgical Procedure

Mice (C57BL/6J) (Jackson Laboratory, Bar Harbor, ME, USA) were anesthetized via
intraperitoneal (i.p.) injection with a 25% urethane solution at a volume of 7 uL g body
weight. Following anesthetic administration, the mouse was placed into a stereotaxic

system (David Kopf Instruments, Tujunga, CA, United States) where body temperature
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was maintained via heating pad (Braintree Scientific, Braintree, MA, United States). Three
holes were drilled into the skull of the mouse based on coordinates from the mouse brain
atlas. All surgical coordinates were taken in reference to bregma (Paxinos and Franklin,
2019). The working electrode was placed in the CA2 region of the hippocampus (AP: -
2.91, ML: +3.35, DV: -2.5), the stimulating electrode (insulated stainless-steel, diameter
0.2 mm, untwisted, Plastics One, Roanoke, VA) was placed in the medial forebrain
bundle (AP:-1.58, ML: +1.00, DV: -4.80), and the pseudo Ag/AgCl reference electrode
(made via the same specifications in the FIA section) was placed in the opposite
hemisphere of the brain as the working and stimulating electrodes. Stimulation was
accomplished via linear constant current stimulus isolator (NL800OA Neurolog, Medical
Systems Corp, Great Neck, NY, United States) with the following parameters: 60 Hz, 360
MA each, 2 ms in width, and 2 s in length. Animal use followed NIH guidelines and
complied with the University of South Carolina Institutional Animal Care and Use

Committee under an approved protocol.

Microelectrode Fabrication

Carbon fiber microelectrodes (CFMs) were made individually by aspirating a single
carbon fiber (Goodfellow Corporation, PA, USA) into a 0.6mm x 0.4mm glass capillary (A-
M Systems, Inc., Sequim, WA). The capillary was then pulled by a PE-22 vertical puller
(Narishige, Tokyo, Japan) to create a seal. The carbon fiber was then trimmed to either

100 =5 pm (in vitro use) or 150 =5 ym (in vivo use) under a light microscope.

Nafion Electrodeposition
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Liquion (LQ-1105, 5% by weight Nafion) (New Castle, DE, United States) was
electrodeposited onto the surface of the carbon fiber by dipping and applying a constant
potential of 1.0 V for 30 s. The electrode was then dried in an oven at 70°C for 10 minutes

and allowed to dry at room temperature overnight.

Amino Acid Electropolymerization
To deposit AAs, CFMs were placed into AA solutions (in 1X PBS buffer) and cycled using
a triangular waveform (-0.4Vto 1.3V to-0.4V, 400V s™) applied for 10 min at 60 Hz and

10 min at 10 Hz.

Data Collection and Analysis

FSCV and FSCAV were performed using a Dagan Potentiostat, (Dagan Corporation,
Minneapolis, NM, United States), National Instruments multifunction device USB-6341
(National Instruments, Austin, TX), WCCV 4.0 software (Knowmad Technologies LLC,
Tucson, AZ, United States) and a Pine Research headstage (Pine Research
Instrumentation, Durham, NC, United States). Data filtering (zero phase, Butterworth, 2
kHz low pass) and signal smoothing were done within the WCCV 4.0 software. The
“Jackson” waveform was applied to elicit the redox properties of serotonin (0.2 Vto 1.0
V1to-0.1Vto0.2V; 1000V s") (Jackson et al., 1995). For FSCV data collection, this was
applied at 10 Hz. For FSCAYV data collection, this was applied at 100 Hz. A more detailed
account for FSCAV data acquisition can be found in Abdalla et al 2017 (Abdalla et al.,

2017).

FSCAV Measurement Methods
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Limits of integration to estimate the charge of the faradaic peak and maximum amplitude
from FSCAV serotonin cyclic voltammograms are obtained using custom-designed
automatic local minima and local maxima algorithms implemented in The Analysis Kid
(Mena et al., 2021). Charge of the faradaic peak is calculated using the Simpson’s rule.
The first integration point is normalized to have a current value of zero to avoid
subtraction of area between the negative and positive currents of the CVs. A linear
regression is obtained between the two integration points to obtain the baseline used to
measure the faradaic charge. This minimizes the interference from the capacitive peak.
Linear regression models from post calibrations are obtained using linear least squares
between concentration labels and estimated charge of the serotonin faradaic peak. The
coefficient of determination (R?) and the standard error of the estimate are used as
parameters to assess the goodness of fit. FSCAV experimental drifts (vide infra) are
modeled with a shifted negative exponential function shown in eq.1
Q(t) =-QO0e-kt+ Qf (1)

where Q(t) is the charge of the faradaic serotonin peak at time t, Q0 and Qf determine the
position of the exponential function in the Cartesian axes, and k is the exponential
constant that determines the speed of growth. The time constant of the exponential
function, tss% = 1/k, is used to characterize the speed of the sensor to achieve stability.
The sensor response time (this was defined as the time it takes the sensor to reach 95%
stability), was set as three times the time constant, since tesy = 3ts3%. The nonlinear fitting
is performed using the Levenberg-Marquardt algorithm (Ranganathan, 2004).
Subtraction of exponential fit is performed by adding to the experimental trace an

exponential decay function (QO e-kt) with the fitted parameters.
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Statistical Analyses

Statistical significance was defined as p<0.05. All statistical tests were performed using
Python SciPy and Pingouin libraries. Distribution of the samples are shown as mean *
standard error of the mean (SEM). Differences in amplitude of the response and tsz% Were
tested to be significantly different using mixed design analysis of variance (ANOVA) with
a between feature of amino acid applied to the solution and within feature of pre- and
post-application of the polymerization waveform. After that, multiple paired and
independent post-hoc comparisons with Tukey-Kramer correction of p values were

performed to test for differences of specific groups.

Results and Discussion

In Vitro Responses to Serotonin Decay while In Vivo Responses Grow

FSCAV was developed to provide an index of steady-state, basal neurotransmitter levels
at CFMs with a temporal resolution of approximately 1 minute (Atcherley et al., 2013,
Atcherley et al., 2015, Abdalla et al., 2017). We originally applied this method in a similar
way to FSCV where a 20-minute electrochemical cycling period was applied to the
electrode in situ to prepare the surface before data acquisition (Rodeberg et al., 2017).
This preparation is needed because application of an electrochemical waveform results
in specific interactions of the matrix with the carbon surface, a process which typically
takes some time to reach steady state, depending on the complexity of both the matrix
and the waveform. Reliable data cannot be acquired during this period because the
signals suffer significant baseline drift (Hsueh et al., 1997, Hermans et al., 2008). Once
the surface is at equilibrium with the matrix, measurements can be taken more reliably.

For FSCAV this ‘equilibration time’ is significantly prolonged. Figure 6.1B shows the
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electrode response when measuring serotonin in the CA2 region of a mouse
hippocampus once every minute on a Nafion-modified CFM. We have used Nafion-
modified CFMs for serotonin measurements under the rationale that Nafion improves
electrode integrity (Hashemi et al., 2009). The highlight feature of this in vivo sighal is that
the baseline can be fitted with a logarithmic growth function. Here, we define
equilibration time as the time it takes the sighal to come to 63% of equilibrium of a
complex system. Based on this definition, this signal takes 43.93 min to come to stability.
For data that has already been collected, this shift can be subtracted out using an
exponential trace model (see methods). The result of this subtraction is shown inset in

the red trace. However, this post hoc fix is not ideal.
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Figure 6.1: In vitro and in vivo representative examples of FSCAV acquisition for 120 min. (A) In vitro FSCAV
acquisition in PBS-buffered 75 nM serotonin solution. From the fitted curve mode, the time constant is
estimated to be 9.16 min. (B) In vivo FSCAV acquisition from the CA2 region of a mouse hippocampus.
From the fitted curve model, the time constant is estimated to be 43.93 min. The experimental data is

shown for both acquisitions after the exponential model subtraction (vide supra).

The estimation of the drift needs to occur on a section of the trace assumed
physiologically stable (i.e., control state) to make sure the drift estimation is not
influenced by physiological changes that would undermine the drift subtraction process.
However, this assumption carries the inherent possibility of subtracting out biologically
relevant changes. One could wait until the signal stabilizes, however the longer each in
vivo experiment lasts, the higher the probability of failure due to complications with
anesthesia. Thus, we asked what is causing the in vivo drift in a bid to lessen the

equilibration time.

In seekingto replicate this drift in vitro, we encountered an immediate inconsistency. The
invitro trace in Figure 6.1A was obtained by measuring the electrode response to 75 nM
serotonin (physiological range) in PBS for 120 minutes. This in vitro signal decays over
time and reaches a steady state after about 9 minutes, this is in stark contrast to the in
vivo sighalthatincreases with time. As with the in vivo response, the drift can be modeled

with a shifted negative exponential function shown inset in the figure.

The decline in sensitivity when using FSCV is what we expect due to fouling of the
electrode surface by serotonin and its’ oxidation products that has been demonstrated

in a beaker in several studies (Jackson et al., 1995, Brazell et al., 1987, Hashemi et al,,
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2009, Dunham and Venton, 2020, Shin et al., 2021). However, we have recently shown
that this process is likely not the driver for electrode performance in vivo (Holmes et al.,
2021). In this prior work, we found that the complex brain matrix is such that the
processes at the electrode surface serve to increase, not decrease, the FSCV electrode
response (Holmes et al., 2021). This important finding highlighted the inherent
limitations of characterizing electrode sensitivity in a beaker. Nonetheless, in this prior
work, we exploited this finding to confer improved stability to FSCV electrodes by
showing that the amino acid, glutamate, could be pre-polymerized onto Nafion-modified

CFMs to increase in vivo sensitivity (Holmes et al., 2021, Hashemi et al., 2009).

Therefore here, in application to FSCAV, we postulate that glutamate as well as other
amino acids present in the brain matrix serve to slowly modify the electrode surface and
increase the FSCAV response of the CFM to serotonin in vivo. We tested this hypothesis

in the following sections.

Several Brain Amino Acids Improve FSCV Response Amplitude to Serotonin

Both in vivo and in vitro FSCAV signals necessitate equilibration time but the change in
signal proceeds in opposite directions. Sighal decay behavior for FSCV serotonin signals
has been seen in vitro (Jackson et al., 1995, Hashemi et al., 2009, Brazell et al., 1987,
Dunham and Venton, 2020, Shin et al., 2021). In this prior work, we showed that Nafion-
coated electrodes exponentially lost their response to repeated flow injections of
serotonin invitro and showed that this decay was a direct result of stripping of the Nafion
layer from the electrode surface. We found that this effect was curtailed in vivo because

the Nafion layer was stabilized, in part, by high glutamate concentrations within the
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extracellular environment that electropolymerize onto the electrode. Glutamate not only
stabilizes the Nafion, but because it polymerizes with an overall negative charge,
electrodes prepared with a pre-polymerized Nafion/glutamate layer are more sensitive

and stable than Nafion alone (Holmes et al., 2021).

Given the high concentrations of not only glutamate, but other structurally and
functionally similar amino acids in the extracellular matrix, we wondered if the growth
behavior we observe here with FSCAV in vivo (Figure 6.1B) reflects a similar
polymerization process. There is past precedence for the notion of modifying carbon
electrodes with amino acids in the literature (Kordasht et al., 2021). For example, carbon
electrodes modified with aspartate were used to distinguish dopamine and ascorbic acid
measurements with high sensitivity (Juan and Xiaoli, 2012). Similarly, glycine
electropolymerization has been used to improve catalytic activity of carbon electrodes
(Narayana et al., 2014), to simultaneously measure catechol and hydroquinone (Harisha
et al., 2018) and to measure L-Dopa (Palakollu et al., 2017). Lysine polymerization on
carbon has enabled good peak separation between dopamine, ascorbic acid, and uric
acid (Zhangetal., 2017) and poly-tryptophan carbon electrodes have been used to sense
dopamine (Gong et al., 2020). Thus, in line with our previous FSCV experiments, we

investigated a variety of amino acid pretreatments in Figure 6.2.
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Figure 6.2: Surface modifications change FSCV response to serotonin. (A) Shows the percentage change
in CFMresponseto a1 uMinjection of serotonin; each amino acid modification was statistically compared
to the control (brown). Response and error bars show the mean = SEM (n = 3-9) (** p < 0.01; *** p < 0.001).

(B) Representative color plot of a 1 pM injection of serotonin. Green is indicative of oxidation and blue of
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reduction. The horizontal line highlighted by the green arrow shows the extracted current vs time trace in
C, and the vertical line highlighted by the blue arrow shows the cyclic voltammogram shown in D. The

oxidation peak at approximately 0.6 Vis indicated by the purple star.

Figure 6.2A shows the difference in response of the same CFMs before (bare) and after
electrochemical cycling of an amino acid of interestto a 1 pM flow injection of serotonin.
Figure 6.2B is a representative color plot of such a 1 uM injection of serotonin using the
“Jackson” waveform (Jackson et al., 1995). These color plots are the raw data traces from
FSCV and can be interpreted according to Michael et. al (Michael etal., 1998). Briefly they
describe the acquisition of multiple cyclic voltammograms over time. The horizontal
white line marked by the green arrow shows the current vs. time curve represented in
Figure 6.2C, and the vertical line marked by the blue arrow shows the cyclic

voltammogram (Figure 6.2D).

We focused on eight amino acids that are structurally similar to glutamate, although we
appreciate that there are many others that might contribute to the process we are
studying. Briefly, the treatment consisted of electrochemically cycling the CFM in a
solution of each amino acid at concentrations we estimated to be physiologically
relevant; a limitation here is that it is near impossible to ascertain true extracellular
concentrations of these amino acids, thus for our purposes we chose numbers from the
literature that were on the higher physiological end to maximize the effects we were
studying (Wang and Cynader, 2000, Ballini et al., 2008, Dolgodilina et al., 2016, Glykys

and Mody, 2007, Ding et al., 1998, Oldenziel et al., 2006, Tagliamonte et al., 1973,
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Chaouloff et al., 1985). The amino acid pretreatment waveform was the same triangular
waveform we previously used for glutamate polymerization (-1.2V to 1.3V at 400 V s™).
The response of the Nafion-coated electrodes to 1 uM serotonin was 61.1 £ 3.38 nA
(n=44; all injections on all electrodes). When treated with the waveform alone in PBS;
‘overoxidation’ (no amino acids present), this response changed by 171 £ 15.0%. This is
because of the increased adsorption of serotonin to the electrode afforded by the
negative surface at 1.3 V (Heien et al., 2003). Treatment with cysteine (119 = 9.18%),
lysine (109 = 7.93%), tryptophan (67.9 = 12.8%) and tyrosine (58.5 * 2.59%) did not
significantly increase the signal response more than overoxidation alone. Conversely,
glycine (188 = 10.3%), aspartate (217 £ 45.8%), glutamate (262 + 21.5%) and GABA (282
+ 35.4%) increased electrode response to serotonin above overoxidation alone
(glutamate and GABA were significant). We and others have previously found glutamate
polymerizes onto carbon with a negative charge (Yu and Chen, 1997, Holmes et al.,
2021), thus improving signal response to the positively charged serotonin cation. Given
the structural similarities between glutamate, GABA, glycine and aspartate, it’s highly

likely that the same occurs here (although the polymer structures are not studied in this

paper).

Thus, it is clear a situation exists in vivo where a complex mixture of ambiently present
amino acids polymerize onto and come to an equilibrium with the cycling carbon
electrode. Next, we asked if we could utilize the amino acids that mostincrease the FSCV

response amplitude to understand and even enhance in vivo FSCAYV performance.

Amino Acids Improve Electrode Equilibration Time
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We asked if glutamate, GABA, glycine, and aspartate would increase the FSCAV
sensitivity to serotonin in a buffer that is more physiologically relevant than PBS. It is
impossible to mimic the in vivo matrix in a beaker (Rauti et al., 2020). In our model, we
decided to utilize a buffer containing all eight amino acids under the rationale that the
instability we observe during FSCAV equilibration time (Figure 6.1B) is due to the slow
interaction of amino acids over a period of a couple hours. Though sensitivity is not as
much of an issue as equilibration time, we chose to study both parameters. We modified
CFMs with glutamate, GABA, glycine, aspartate, or a combination and collected FSCAV

files for 75 nM serotonin in a matrix containing all eight amino acids.
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Figure 6.3: Surface treatments of carbon fibers with polymerized amino acids. (A) Representative FSCAV
color plot for 75 nM serotonin. The vertical line marked by the blue arrow shows the extracted current vs.
voltage trace shown in B. (B) CV extracted from white line in A. The purple star denotes the oxidation peak,
and the dashed line indicates the integration area. (C) Shows the change in sensitivity in response to 25-
100 nM serotonin pre (the left bar) vs. post (the right bar) polymerization; each modification was
statistically compared to control (brown) (n = 3-4). (D) Shows the change in te35, over 120 mins pre (the left
bar) vs. post (the right bar) polymerization (n = 3-4). Response and error bars show the mean = SEM. (* p <

0.05)

Figure 6.3A shows a representative FSCAV color plot. Figure 6.3B shows the third CV
collected after reapplication of the waveform. The star represents the oxidation peak,
and the dotted line denotes the area integrated to calculate charge. Figure 6.3C shows
the increase in sensitivity after treatment with the four AAs, all improve sensitivity
(overoxidation: pre 0.0225 £ 0.0101 pC/nM, post: 0.0378 £ 0.0160 pC/nM; aspartate: pre
0.0173+0.00206 pC/nM, post0.0321 +0.00582 pC/nM; glutamate: pre 0.0291 +0.00786
pC/nM, post 0.0794 + 0.0165 pC/nM; GABA: pre 0.0244 = 0.0139 pC/nM, post 0.0645 =
0.0386 pC/nM; glycine: pre 0.0240 = 0.00930 pC/nM, post 0.0465 = 0.0166 pC/nM).
Because glutamate, GABA and glycine had the more desirable effects, we next combined
the three and found this combination to also increase sensitivity (pre 0.0140 = 0.00854
pC/nM, post 0.0547 £ 0.0306 pC/nM). Next, we repeated the experiment in Figure 6.1 by
taking repeated FSCAV measurements on pretreated electrodes in the presence of eight
amino acids and assessing the time it took for the signal to come to a stable baseline
(tesw). Figure 6.3D shows all treatments (including overoxidation alone) improve
equilibration time, with the combination of the three (glutamate, GABA and glycine)

having the only significant effect. (Overoxidation: pre 350 + 206 min, post: 76.2 + 3.19
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min; aspartate: pre 277 = 105 min, post 76.2 + 17.8 min; glutamate: pre 282 = 136 min,
post 42.2 +7.18 min; GABA: pre 153 = 23.5 min, post 95.6 + 25.6 min; glycine: pre 190

17.8 min, post 75.6 = 16.7 min; glut., GABA, gly: pre 169 = 24.3 min, post62.4 + 7.34 min).

These experiments show that, in a beaker of a complex mixture of amino acids, we can
utilize the phenomenon ofthese amino acids interacting with carbon surfaces toimprove

FSCAV sensitivity and equilibration time. We next asked if these phenomena hold in vivo.

Amino Acid Pretreatment Improves In Vivo Equilibration Time

Next, we investigated whether the modified electrodes could reduce equilibration time
in vivo. We first verified that the eight amino acid combination matrix is a good mimic of
the in vivo environment. Figure 6.4A shows the pooled in vivo Nafion-only modified
electrodes’ responses with time (green) plotted against Nafion and amino acid-modified
electrodes with time (purple) in the eight amino acid matrix. The growth behavior in the
in vitro amino acid matrix is strikingly similar to the in vivo increase in response, providing
proof of principle that the complex amino acid matrix contributes to the growth for the in
vivo response. Finally, the blue trace on Figure 6.4A shows the in vivo response to
electrodes with the pre-modified three amino acid layer (glutamate, GABA and glycine).
These electrodes have a significantly improved equilibration time as shown in Figure
6.4B. (38.8 = 5.85 min Nafion only in vivo compared to 20.3 = 3.04 min Nafion and amino
acid modified invivo; 40.33 + 1.88 min Nafion and amino acid-modified in vitro), however
it is likely that simply cycling in the eight amino acids would have similar benefits (as

opposed to pre-treating).
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Figure 6.4: Amino acid-modified CFM equilibration times in vivo (A) Normalized in vivo traces of the Nafion-

only electrode acquisitions (green, n = 8 animals), amino acid-modified electrodes (blue, n = 5 animals)

and amino acid-modified electrodes in vitro (purple, n = 6). (B) Average t63% for each data set. Bars

represent mean * SEM. (* p < 0.05)

We have thus not only explained the phenomenon we observed (increasing signal in vivo

vs. decreasing in a beaker) but have exploited the findings to significantly improve upon

it and better facilitate experiments.
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Conclusions

Ambient levels of neurotransmitters can be quantified using a novel technique, FSCAV,
which as an emerging method, carries some technical challenges. The first challenge is
that the electrode may take over an hour after implantation to reach equilibrium, which
we have dealt with in two ways. One option was to wait for the electrode to stabilize,
increasing the likelihood of experimental loss. The other option was to remove the drift
after the experiment using post hoc analysis, increasing the risk of eliminating important
data. Here, we investigated the underlying cause of the long electrode equilibration time.
We found that the FSCAYV signal increased after in vivo implantation, while decayingin a
beaker. We explored the differences between the complex brain environment and the
simple buffer solutions to explain this discrepancy between in vivo and beaker
experiments. We asked if an interaction between CFMs and amino acids found in the
brain, specifically glutamate and/or amino acids similar to glutamate, could explain this
discrepancy. Using FSCV, we determined that pre-modifying each individual amino acid
onto CFMs would change the response to serotonin, focusing our efforts on glutamate,
GABA, glycine, and aspartate. Subsequently, we used FSCAV to conclude that pre-
modification with glutamate, GABA and glycine not only increased sensitivity to
serotonin but also improved electrode equilibration time in a beaker with a complex
matrix. Finally, we demonstrated that pre-modification of a CFM with these three amino
acids before in vivo implantation significantly reduced equilibration time to around 20
minutes. We thus present a novel experimental strategy to improve FSCAV in vivo

equilibration time, thereby minimizing experiment length.
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CHAPTER 7 - FAST SCAN CONTROLLED ADSORPTION
VOLTAMMETRY: ANEW METHOD FOR AMBIENT
MEASUREMENTS OF HISTAMINE®

5 Batey, L., Booth, M.A,, Silva, S., Greene, W., Goodman, J., Kozlov, A., Hashemi, P. In preparation.

165



Abstract

Neuroinflammation is a physiological condition marked by elevated levels of brain
histamine associated with various underlying causes. Additionally, peripheral
inflammation can trigger neuroinflammation via vagal nerve innervation, leading to
increased brain  histamine levels from histaminergic neurons through
neurotransmission, and mast cells and microglia through immune-related signaling.
Fast scan cyclic voltammetry (FSCV) can analyze histamine release and reuptake but
cannot quantify ambient levels. While microdialysis has typically been used to measure
ambient neurotransmitter concentrations, the probe's large size and low temporal
resolution present significant limitations for these measurements. Therefore, fast scan
controlled adsorption voltammetry (FSCAV) was developed, offering improved temporal
resolution and a significantly smaller probe size, which can also be used in conjunction
with FSCV. In this chapter, we translate FSCAV to the measurement of histamine and
show that histamine FSCV and FSCAYV signals display significant similarity in vitro. We
optimize the FSCAV parameters and determine that a coating of Lubricin on the
electrode surface provides for sensitive and stable measurements over time and confirm
the selectivity of the waveform toward other analytes. Finally, we apply this method in
vivo in the mouse cortex. In this work, we present a novel tool for monitoring ambient

histamine levels in the brain.
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Introduction

Neuroinflammation is a physiological state characterized by an inflammatory response
in the brain and spinal cord and has been implicated in many neurological disorders
including Parkinson’s disease, Alzheimer’s disease, autism spectrum disorder, bipolar
disorder and depression, just to name a few (Anichtchik et al., 2000, Rinne et al., 2002,
Panulaetal., 1997, Wright et al., 2017, Jin et al., 2009, Hersey et al., 2021a, Hersey et al.,

2022, Yamada et al., 2020, Kano et al., 2004).

It is now known that peripheral inflammation can induce neuroinflammation through
vagal nerve innervation (Jin et al., 2024). It has been shown that a peripheral injection of
lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative
bacteria known to elicit an immune response, increases phasic histamine levels in the
brain demonstrating the link between peripheral inflammation and an increase in brain

histamine (neuroinflammation) (Hersey et al., 2021b).

In the brain, histamine is derived from multiple sources, including neuronal, mast cell,
and microglial populations. Neuronal histamine is primarily synthesized and released by
histaminergic neurons in the tuberomammillary nucleus of the hypothalamus
(Airaksinen and Panula, 1988, Panula et al., 1989, Inagaki et al., 1988), whereas mast
cells and microglia contribute to histaminergic signaling through immune-related

mechanisms (Tsai et al., 2011, Lull and Block, 2010).
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To monitor these neurotransmitter levels in real-time, a technique known as fast scan
cyclic voltammetry (FSCV) was developed (Millar et al., 1985, Millar et al., 1981, Kuhrand
Wightman, 1986, Stamford et al., 1986, Stamford et al., 1984). FSCV utilizes carbon fiber
microelectrodes (CFMs) which are biocompatible and have a diameter of approximately
7 um which helps to reduce inflammation at the site of implantation (an important factor
when monitoring histamine levels) (Hersey et al., 2019, Nesbittetal., 2013, Nesbittet al.,
2015). FSCV provides high temporal and spatial resolution as well as high selectivity and
sensitivity (Ou et al., 2019). However, the rapid scan rates generate a large background
current which can obscure oxidation and reduction peaks during analysis. Therefore,
background subtraction is necessary, allowing for the measurement of only evoked
changes in neurotransmitter levels, while tonic (basal) concentrations cannot be directly
quantified (Howell et al., 1986). Consequently, FSCV is limited to measuring fluctuations
in evoked histamine concentrations, which originate exclusively from neuronal

histamine release.

Historically, microdialysis has been the gold standard for measuring basal
neurotransmitter levels. When coupled with mass spectrometry or high-performance
liguid chromatography, it offers high chemical selectivity and the ability to quantify
multiple analytes simultaneously. However, this technique also has notable limitations.
The relatively large size of the microdialysis probe can cause significant tissue damage
in the immediate vicinity, potentially altering the neurochemical environment being
assessed (Nesbitt et al.,, 2013, Nesbitt et al., 2015). Furthermore, its low temporal
resolution, with sampling occurring on the scale of minutes, limits its ability to capture

rapid neurotransmitter fluctuations.
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To overcome these limitations, fast scan controlled adsorption voltammetry (FSCAV)
was developed as an alternative technique (Atcherley et al., 2013). Similar to FSCV,
FSCAV employs CFMs, which minimize tissue damage due to their small diameter (<7
pm). Furthermore, FSCAV offers improved temporal resolution compared to
microdialysis, enabling measurements at one-minute intervals (Abdalla et al., 2017,
Atcherley et al., 2013, Atcherley et al., 2015). Additionally, because FSCAV utilizes a
CFM-based detection system, both FSCV and FSCAV can be implemented using the

same probe, facilitating multimodal neurochemical analysis.

In this chapter, we translate FSCAV to the measurement of ambient histamine. First, we
demonstrate that histamine FSCV and FSCAV signals exhibit a high degree of similarity
in vitro, with the oxidation and reduction peaks showing significant overlap. Second, we
test three different FSCAV parameters to fine-tune the technique toward the
measurement of histamine. Next, we investigate the impact of various electrode
coatings on the sensitivity and stability of histamine FSCAV measurements and
determine that Lubricin most effectively preserves optimal concentration ranges and
electrode equilibration time. We then confirm that most interfering analytes are unlikely
to affect histamine FSCAV signals. Finally, our method is applied to measure ambient in

vivo histamine concentrations in the mouse cortex.

Herein, we introduce an innovative tool for monitoring ambient histamine levels in the

brain.
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Methods

Chemicals and Reagents

Histamine dihydrochloride, dopamine hydrochloride, serotonin hydrochloride,
norepinephrine hydrochloride, adenosine, and thioperamide maleate (20 mg kg™) were
purchased from Sigma-Aldrich (St. Louis, MO). 1X phosphate buffered saline (0.01 M
KH:PO,, 0.1 M Na,HPO,, 1.37 M NaCl, 0.027 M KCl) was prepared by diluting a 10X
premixed solution purchased from Sigma-Aldrich (St. Louis, MO) with deionized water.
Liquion (LQ-1105, 5% by weight Nafion) was purchased from lon Power Solutions (New

Castle, DE).

Carbon-Fiber Microelectrode Fabrication

The carbon-fiber microelectrodes were individually assembled by aspirating a single T-
650 carbon fiber (diameter=7 um, Goodfellow Corporation, PA) into cylindrical glass
capillaries: 1.0 mm x 0.50 mm x 10 cm glass capillary (World Precision Instruments,
Hertfordshire, UK). The carbon filled capillaries were then pulled using a P-22 vertical
puller (Narishige Group, Setagaya-Ku, Tokyo, Japan) to form a carbon-glass seal under
gravity. The carbon fibers were then cut by hand to 147+/-3 pm in length with a scalpel

blade under a microscope.

Fast-Scan Controlled-Adsorption Voltammetry (FSCAV)
Voltammetry was performed on a 2-electrode system. Waveforms were generated using
a USB-6341DAC/ADC (National Instruments, TX, USA) device. The working electrode was

controlled with a histamine specific waveform (HA: -0.5V to -0.7 Vto +1.1 V to -0.5 V,
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scan rate = 600 V/s). The electrode was cycled at 100 Hz for 20 min prior to
measurements. FSCAV was performed as previously described using a CMOS precision
analog switch, ADG419 (Analog Devices), to control the application of the waveform. The
waveform (HA: -0.5Vto-0.7V to +1.1 Vto -0.5V, scan rate = 600 V/s) was applied at a
frequency of 100 Hz for 2 s and then held at a constant potential of -0.5V for 1 susing a
Tenma bench power supply (Farnell, UK) followed by reapplication of the waveform for
the remainder of the total file collection time of 30 s with a wait time of 30 s between
subsequent files. Cyclic voltammograms (CVs) were used for HA identification. With
FSCAV, the first CV after reapplication of the waveform with a signature HA peak was

integrated to determine charge.

Nafion Electrodeposition

Nafion solution (Liquion-1105-MeOH, lon Power, DE) was electrodeposited on the
exposed carbon fibers by dipping in solution and holding at +1 V vs. Ag/AgCl for 30 s. The
microelectrodes were dried in an oven at 70°C for 10 min then allowed to dry at room

temperature overnight.

Lubricin Deposition

Lubricin aliquots at a concentration of 1.3 mg/mL were defrosted and diluted to a final
working concentration of 150 pg/mL and centrifuged and vortexed. Electrodes were
lowered into solution and left at room temperature for 15 minutes, removed from

solution and rinsed with deionized water. Electrodes were stored between 2-8° C.

Animals and Surgical Procedures
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All animal experiments were conducted in compliance with the Home Office license
([Scientific Procedures] Act 1986 and EU legislation). Female C57BL/6) mice (Charles
River, Margate, UK), 6-12 weeks old and weighing 18-25 g, were group housed, had
constant access to food and water, and were kept on a 12 h light/dark cycle. To induce
and maintain anesthesia, a mixture of fentanyl, midazolam and medetomidine (0.05, 5
and 0.5 mg kg-" respectively) dissolved in 0.9% NaCl solution (Hospira) was given via i.p.
injection and maintained via subcutaneous injection. Mouse body temperature was
maintained using a heating pad (Braintree Scientific, Braintree, MA, United States).
Stereotaxic surgery (David Kopf Instruments, Tujunga, CA, United States) was
performed, and all coordinates were taken in reference to bregma. A small craniotomy
was made using a dental drill and burr and a CFM was lowered into the cortex (AP: 0.00,
ML: +2.00, DV: -0.50) (Paxinos and Franklin, 2019). A pseudo Ag/AgCl reference
electrode, created by electroplating chloride (30 s in 1.0 M HCl at 5 V) onto a silver wire,

was placed into the contralateral hemisphere.

Statistical Analysis

All statistics were performed by GraphPad Prism 10 (GraphPad Software Inc., San Diego,
USA), and all data are reported as the mean = standard error of the mean (SEM). The “n”
represents the number of electrodes tested. P-values were considered significant at the

95% confidence level (p < 0.05).

Results and Discussion

Histamine FSCV and FSCAV display significant alignment
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In 2015, the Hashemi lab developed a novel histamine waveform (-0.5V to -0.7 Vto +1.1
V to -0.5 V; scan rate = 600 V s™") to measure evoked histamine in the mouse posterior
hypothalamus (PH) with FSCV (Samaranayake, 2015). In addition to being able to
measure evoked histamine release, this waveform allowed for the monitoring of changes
in serotonin concentration (Samaranayake et al., 2016) which is beneficial since, along
with histamine, serotonin has been implicated in the pathophysiology of depression
(Woolley and Shaw, 1954). It was discovered that stimulated histamine release was
followed by the inhibition of serotonin as a function of concentration and this inhibition
was modulated by H; receptors (Samaranayake et al., 2016). Additionally, it was found
that both a peripheral injection of LPS and the condition of chronic stress increased
histamine levels in the mouse hypothalamus causing a decrease in ambient serotonin

(Hersey et al., 2022, Hersey et al., 2021b).

Clearly, histamine plays an important role in the pathology of inflammation and
depression. However, FSCV does not provide the full picture. Understanding the
regulation of the tonic levels of histamine is critical for understanding its role in both

inflammation and depression.

FSCAV has previously been used to quantify ambient, or tonic, dopamine and serotonin
levels in the brain (Abdalla et al., 2017, Atcherley et al., 2013, Atcherley et al., 2015, Witt
etal., 2022, Abdalla et al., 2020, West et al., 2019). FSCAV is a three-stage process which
serves as a counterpart technique to FSCV, allowing for the quantification of ambient
levels of neurotransmitters in addition to the evoked changes in neurotransmitter

concentrations. In the first stage, the waveform is applied at a high frequency of 100 Hz
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(FSCV is done at 10 Hz) which forces the adsorbed analyte off the electrode providing a
‘clean’ surface. In the second stage, the waveform is switched off and the electrode is
held at a constant potential to allow for the adsorption of the analyte onto the electrode
surface untilitis in equilibrium with the surrounding environment. In the final stage, the
waveform is reapplied at 100 Hz, inducing the desorption of the analyte from the
electrode surface. The initial CV quantifies the analyte present on the electrode surface,

which corresponds to the ambient concentration of the analyte.

Previously, FSCAV was applied to serotonin detection in vivo. This technique was used
to quantify basal concentrations of serotonin across different brain regions (Abdalla et
al., 2020) and to observe oscillations in ambient serotonin levels (Witt et al., 2022).
Additionally, FSCAV was used to monitor ambient serotonin levels in mice that had been
under chronic stress (Hersey et al., 2022) and in mice that had been exposed to LPS pre-

and post- selective serotonin reuptake inhibitors (SSRI) (Hersey et al., 2021b).

Therefore, to develop a method to study tonic histamine, we started by combining the
use of the histamine waveform and the FSCAV parameters used for dopamine and
serotonin FSCAV (a 2 s initial desorption phase, a 10 s holding period, and an 18 s

reapplication phase).

Figure 7.1Ai shows a representative FSCV color plot of 1 uM histamine obtained by FIA
using the histamine waveform applied at 10 Hz while Figure 7.1Aii shows the FSCAV
counterpart with the waveform applied at 100 Hz. The dashed white lines denoted by the

purple star signify the extracted cyclic voltammograms (CVs) from the FSCV and FSCAV
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color plots shown together in Figure 7.1B with the FSCV CV shown as a dashed line and
the FSCAV CV shown as a solid line. The vertical gray lines represent the integration

bounds of the oxidation peaks which both occurat 0.4 V.

Current (nA)

>
Vvs. Ag/AgCl

-0.7 -0.35 0 0.4 0.7 1.1
Voltage (V)

------ FSCV ——FSCAV

Figure 7.1: Histamine FSCV and FSCAV show good agreement. (A) Representative color plots of 1 pM
histamine in vitro using i. FSCV and ii. FSCAV. (B) Cyclic voltammograms extracted from the white vertical
lines indicated by the purple stars in Ai and Aii. FSCV trace is shown as a dotted line and FSCAV trace is a

solid line. Gray vertical lines represent limits of integration.

175



The CVs exhibit a strong correlation with overlapping redox peaks. The peak boundaries
for the FSCV CV at 0.01 V and 0.69 V and max peak height at 0.41 V, while the peak
boundaries for the FSCAV peak were at 0.02V and 0.70 V with a max peak height at 0.43
V. FSCAV produces a slightly broader oxidation peak, a characteristic previously seen
with dopamine and serotonin FSCAV (Abdalla et al., 2017, Atcherley et al., 2013,
Atcherley et al., 2015). We hypothesized that this was due to the higher frequency of
waveform application. By applying the waveform at 100 Hz with FSCAV, versus 10 Hz with
FSCV, the analyte has less time to reach the electrode surface and adsorb. This time

delay results in a slower reaction rate, which produces a broader oxidation peak.

After confirming the similarity of the CVs obtained using FSCV and FSCAV, we proceeded

to evaluate the FSCAV parameters.

Investigating FSCAV Parameters

Next, we examined how different FSCAV parameters might affect the electrode response
to optimize the measurement. The parameters that would likely affect the histamine
response are the length of the adsorption minimization period, the length of the
adsorption period, and the scan rate. Figure 7.2 shows the effects of these different

parameters tested.

Dopamine and serotonin FSCAV use an adsorption minimization period of 2 s, thus we
wanted to understand how changing this parameter would affect the histamine signal.
As with dopamine and serotonin, increasing this time from 2 s (8.432 +/- 1.848 pC)to 5 s

(9.419 +/- 2.600 pC) had no significant effect on the histamine signal as shown in Figure
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7.2A. Therefore, as with dopamine and serotonin FSCAV, the adsorption minimization

period for histamine FSCAV used was 2 s.
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Figure 7.2: Bar graphs of histamine FSCAV parameters. The bars represent the charge from the integrated
oxidation peak of the first CV after the waveform is reapplied (n=3-4). (A) Adsorption minimization period
time, (B) adsorption time, and (C) scan rate of the applied waveform. Response and error bars show the

mean = SEM. (** p<0.01)

The next parameter that could have a significant effect on the histamine signal is the
adsorption period. The adsorption period is the time in which the applied voltage is held
constant, allowing the analyte to adsorb onto the surface of the electrode untilitreaches
equilibrium with the surrounding environment. Histamine reaches this equilibrium
rapidly. Figure 7.2B shows the effect that increasing the adsorption time has on the
histamine signal. An adsorption period of 1 s produces a histamine signal of 15.526 +/-
1.922 pC. Longer adsorption times do not produce a significant change in this response

(2s:14.629 +/-1.818 pC; 3s: 14.549 +/-1.766 pC; 5s: 12.811 +/- 1.640 pC; 10 s: 10.233
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+/-1.445 pC; 15s:10.333 +/- 1.153 pC); therefore, an adsorption time of 1 s was used as

this was sufficient time for the electrode to reach equilibrium.

Additionally, we studied the effects of varying the scan rate of the histamine waveform.
Increasing the scan rate did have a significant effect on the electrode. By increasing the
scan rate, we observed a decrease in electrode response. (600 Vs™: 10.583 +/- 2.425 pC;
800Vs':7.859 +/-1.533 pC; 1000 Vs™': 4.167 +/- 0.992 pC; 1200 Vs™': 4.313 +/- 0.455 pC).
This decrease in response is likely due to the limitations in the kinetics of the reaction.

Therefore, we kept the scan rate at 600 Vs™.

FSCAV parameters must be analyte specific. For dopamine and serotonin, an adsorption
minimization period of 2 s and adsorption period of 10 s is optimal though the scan rates
differ with the scan rate for dopamine being 1200 Vs is optimal whereas for serotonin
1000 Vs is optimal. While for histamine an adsorption minimization period of 2 s and
adsorption period of 1 s and a scan rate of 600 Vs is optimal. This is due to the
differences in each analyte’s adsorption kinetics and electrochemical properties.
Because histamine’s FSCV reaction is slower, it requires a slower scan rate than
dopamine and serotonin. Additionally, histamine requires less time to reach equilibrium
with the brain matrix. This is likely due to histamine being ata much higher concentration

and therefore requiring less time to reach equilibrium.

In this section, we demonstrated that the optimal histamine FSCAV parameters are a
waveform of -0.5Vto-0.7 Vto +1.1 V to -0.5 V with a scan rate of 600 Vs, an adsorption

minimization period of 2 s, and an adsorption period of 1 s. Having established these
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parameters, we next conducted calibrations using various electrode modifications to

optimize measurement conditions for in vivo studies.

Lubricin Ideally Maintains Sensitivity and Equilibration Time

Subsequently, we turned our attention to calibrations and electrode coatings using the
optimized FSCAV parameters. Based on previous mathematical modelling, we
hypothesized the basal histamine concentration in the hypothalamus of healthy mice to
be between 1-2 uM (Bestetal., 2017, Samaranayake etal., 2016, Hersey et al., 2022) with

these concentrations increasing upon inflammation.

We began by performing a calibration with Nafion-coated electrodes as shown in Figure
7.3Ai, as this is the coating used for histamine FSCV. Nafion produced a strong response;
however, this coating substantially reduced the linear range of the calibration, with an
upper limit of 1 uM. Nafion is a cation exchange polymer that works by pre-concentrating
positively charged analytes, such as histamine, at the electrode surface while repelling
negatively charged ions. While this preconcentration is good for analytes with much
lower extracellular concentrations (such as 65 nM for serotonin (Abdalla et al., 2017)), at
higher analyte concentrations in the micromolar range, the Nafion-coated electrode
could be becoming saturated. When the Nafion is deposited onto the electrode surface,
itis blocking some of the active sites while also pre-concentrating the analyte. Together,
these combined effects cause the electrode to become saturated more quickly at lower

concentrations.
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Since Nafion proved to be nonoptimal for histamine FSCAV, we explored other electrode

modifications and coatings.
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Figure 7.3: Histamine FSCAV Calibrations. Histamine FSCAV calibration curves for electrodes treated with
Nafion (red), no treatment (bare (blue)), overoxidation waveform (purple), and iv. Lubricin (green).

Response and error bars show the mean + SEM.

We next evaluated the response of a bare electrode as shown in Figure 7.3 to establish
a baseline without any coatings or modifications. We hypothesized that a bare electrode
may not generate a sufficient response to detect these basal levels; however, we were
able to generate a response in 1 uM histamine with a linear range up to 7 uM. This

extension of the linear range compared to the Nafion-coated electrodes is likely due to
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the absence of a coating that blocks the electrode’s active sites and the reduced
preconcentration of the analyte on the electrode surface. Although this was an
improvement compared to the Nafion-coated electrodes, we soughtto expand the linear
range further still and to address the issue of possible fouling of the electrode in vivo.

Another modification we tested was overoxidation of the electrode surface seen in
Figure 7.3. This modification, which has been used previously with FSCV (Heien et al.,
2003, Pathirathna etal., 2012, Dunham and Venton, 2020, Ross and Venton, 2014), is the
process in which the anodic limit of the waveform is increased to over +1.0 V resulting in
the etching and oxidation of the electrode surface increasing oxygen functional groups
and preventing fouling (Takmakov et al., 2010, Heien et al., 2003, Stucky and Johnson,
2022, Castagnola et al., 2020). Overoxidation has been shown to increase the sensitivity
of the electrode due to the addition of these active sites. The linear response reaches its

maximum at 7 pM.

We next turned our attention toward a compound called Proteoglycan-4, also known as
Lubricin. Lubricinis a compound naturally produced in mammalian synovial joints which
makes it biocompatible. It has previously been shown to possess anti-fouling properties
on carbon-based electrodes (Russo et al., 2020). It self-assembles onto carbon surfaces
producing ‘loops’ (Figure 7.4) that possess an overall negative charge (Han et al., 2019),
thereby attracting positively charged cations such as histamine. The addition of lubricin

onto the electrode surface gave a linear range up to 11 UM seen in Figure 7.3Aiv.
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Figure 7.4: Lubricin schematic.

This extension of the linear calibration range is likely due to the Lubricin making the
electrode less sensitive, unlike Nafion and overoxidation which make the electrode more

sensitive.
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Figure 7.5: Histamine FSCAV coatings and stability (A) FSCAV traces of the bare electrodes (blue; n=3) and
lubricin electrodes (green; n=6) in response to 1.5 uM histamine over 3 hours. (B) Average te3s for each data

setin A. Response and error bars show the mean + SEM.
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Having established that Lubricin is a suitable choice to provide a good linear range of a
calibration, we sought to investigate how this coating would affect the time required for
the electrode to reach equilibrium (stabilize). As discussed in Chapter 6, FSCAV
measurements may take an extended amount of time to equilibrate. This extended
equilibration time is due to the application of the electrochemical waveform resulting in
specific interactions of the matrix with the carbon surface, a process which typically
takes some time to reach steady state, depending on the complexity of both the matrix

and the waveform.

Figure 7.5 shows the time it takes the FSCAV measurements to reach equilibrium. In
Figure 7.5A, electrodes were placed in a beaker containing 1.5 uM histamine in PBS and
FSCAV measurements were taken every minute for 3 hours. The response of the bare
electrodes is shown in blue and the response of the Lubricin electrodes is shown in
green. Not only did Lubricin produce a higher response than the bare electrodes to 1.5
MM histamine, the Lubricin electrodes also equilibrated in a shorter time as shown in
Figure 7.5B. Here again, we define equilibration time (tss%) as the time it takes the signal
to come to 63% of equilibrium of a complex system. The average tes for the bare
electrodes was 279.7 +/- 136.1 mins compared to the Lubricin electrodes which was

149.4 +/- 39.0 mins.

Our explanation for this phenomenon is that the in vivo environment interacts with the
chemical properties of the electrode surface causing the electrode to change over time.
When applying awaveform thatgoes above the anodic limit of +1.0 V vs. Ag/AgCl, (as with

the histamine waveform), surface oxide groups are introduced to the electrode’s carbon
184



surface. This effect causes an increase in the redox current of the CVs (Rodeberg et al.,
2017). For a bare electrode, the carbon surface is much more exposed to the
environment allowing for a greater amount of oxide groups to be introduced to the carbon
surface. However, when Lubricin is added to the electrode, this direct exposure of the
carbon surface is much more limited, allowing for a smaller fraction of oxide groups to
be produced. This smaller amount of oxide groups able to be produced results in a

shorter equilibration time for the Lubricin electrodes.

In this section, we demonstrated that the application of Lubricin to the electrode surface
produced an ideal linear range for calibrations of histamine and that it also decreased
the equilibration time of the electrode. We next looked at any potential interferences of

other neurotransmitters to our histamine signal.

Histamine FSCAV is Selective

We tested molecules that could potentially interfere with histamine measurements.
Serotonin, dopamine, and norepinephrine are typically located in brain regions also
containing histamine (Flik et al., 2015). Figure 7.6 shows CVs of the possible interfering
agents collected in vitro at concentrations believed to be equal to or greater than in vivo
concentrations. The blue dotted line indicates the location of the histamine oxidation
peak while the red dotted line indicates the location of the interfering agents’ oxidation
peaks. Based on the peak locations, these substances should not interfere with in vivo
measurements as histamine should be readily identifiable versus the other substances

whose oxidation peak is shifted towards a much more positive potential.
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Figure 7.6: Histamine FSCAV interferences. FSCAV CVs for HA (1.5 pM), serotonin (5-HT 100 nM),
dopamine (DA 100 nM) and norepinephrine (NE 1 pM). Vertical dashed lines represent the position of

oxidation peaks.

Having established that these potential interferences will not be detrimental to

identifying a histamine signal, we moved our experiment in vivo.
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In vivo Histamine FSCAV

Upon confirming that these interferences would not pose a problem in vivo, we
proceeded to implant a Lubricin-coated electrode into the mouse cortex and applied the
optimized waveform and parameters. The cortex was chosen as histaminergic axons
projecting from the tuberomammillary nucleus innervate the cortex and histamine levels
in the cortex have been implicated in the state of wakefulness (Scammell et al., 2018).
Once the electrode was implanted into the brain, we took 60 minutes of FSCAYV files to
allow for the electrode to stabilize in the brain matrix as shown in Figure 7.7C (n=2
animals +/- SEM). We then co-administered an i.p. injection of saline (vehicle) and
anesthetic indicated by the blue verticalline. The anesthetic used in this study was ‘sleep
mix’, a combination of fentanyl (an opioid), midazolam (GABA-A receptor agonist), and
medetomidine (a2 adrenoceptor agonist). Upon administration of the sleep mix, we
witnessed an immediate decrease in the histamine signal (5.469 +/- 0.429 pC to 4.676

+/- 0.095 pC) which we attribute to midazolam.

Histamine plays a crucial role in the brain’s arousal system, influencing states of sleep
and wakefulness, being a wake promoter. Histaminergic neurons in the cortex are highly
active during wakefulness and drop drastically during sleep (Lin et al., 2008, Parmentier
et al.,, 2016). The H; histamine receptor is implicated in the sleep wake cycle as
evidenced by the sedative effects of drugs such as diphenhydramine (an H1 receptor
antagonist) (Krystal et al., 2013, Monti et al., 1986). Additionally, drugs that target the
histamine H; receptor and increase histamine levels have been explored to treat sleep

disorders (Passani et al., 2004).
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Figure 7.7: Extracellular histamine before and after drug administration. (A) An example histamine FSCAV

color plot. Vertical white line indicated by the blue star shows the extracted CV in B. (B) CV extracted from
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white line in A. The green star denotes the oxidation peak, and the dashed line indicates the integration
region. (C) Extracellular histamine FSCAV measurements after administration of vehicle control (saline,
i.p.; n=2) and thioperamide (20 mg/kg, i.p.; n = 2) shown in green (n=2 +/- SEM). The blue line denotes the
time point at which saline was administered. The purple line denotes the time point at which thioperamide
was administered. Sleep mix was topped up during administration of both vehicle and drug. (D) Bar graph

showing the slope of the fitted line post-saline (blue) and post-drug (purple) (n=2 +/- SEM). (* p < 0.05)

When the sleep mix was co-administered with thioperamide, an H; receptor antagonist,
it greatly reduced the effect of the fall in histamine as shown by the slope analysis in
Figure 7.7D. Post sleep mix and saline administration, extracellular histamine levels
decreased by -0.0379 +/- 0.0026 pC/min. Conversely, upon co-administration of sleep
mix and thioperamide, the decrease in histamine reduced to -0.0108 +/- 0.0031 pC/min.
We believe this to be due to the competing mechanisms targeting the histaminergic

system.

Midazolam is a GABA receptor agonist, therefore leading to an increase in GABA
signaling. GABA binds to GABA receptors on histaminergic neurons, leading to reduced
excitability, leading to a decrease in histamine and increase in sleepiness (Yu et al.,
2015). Conversely, thioperamide is an H; autoreceptor antagonist. This agent blocks
histamine from binding to the H; autoreceptor, thereby preventing the negative feedback
loop which would normally lead to histamine inhibition and promoting wakefulness (Lin
etal., 1990). When given together, these two drugs have opposing effects on one another,

causing them to cancel out each other's effects.
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Therefore, we have shown that not only can we measure extracellular histamine levels,
but we can also observe the effects of anesthesia on them and demonstrate that these

effects are mediated through H; receptors.

Conclusion

Neuroinflammation, characterized by elevated brain histamine levels, arises from
various underlying causes and can be further exacerbated by peripheral inflammation
via vagal nerve innervation, which stimulates histaminergic neurons through
neurotransmission. While FSCV can quantify this stimulated release, its limitations
prevent the measurement of ambient histamine levels. Although microdialysis has
traditionally been used to measure ambient neurotransmitter concentrations, its large
probe size and low temporal resolution pose significant limitations; thus, fast scan
controlled adsorption voltammetry (FSCAV) was developed to provide enhanced
temporal resolution and a miniaturized probe design, while also allowing for integration
with FSCV. In this chapter, we applied FSCAV to the measurement of histamine and
demonstrated that histamine FSCV and FSCAV signals exhibited significant similarity in
vitro. We optimized the FSCAV parameters and determined that applying a Lubricin
coating to the electrode surface enhanced sensitivity and stability over time.
Additionally, we confirmed the waveform's selectivity for histamine against potential
interfering analytes. Finally, we applied this method in vivo in the mouse cortex. Thus, in
this research, we introduced a novel tool for analyzing ambient histamine levels in the

brain.
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Abstract

Fast scan cyclic voltammetry (FSCV) is an effective technique for measuring
neurotransmission in the brain. To analyze and quantify in vivo signals, in vitro
calibrations in buffers that simulate the in vivo environment are required. An effective
strategy to perform these in vitro calibrations is to utilize a flow cell apparatus. In this
work, we sought to leverage electrode coatings and a variety of buffer solutions to more
accurately replicate in vivo signals in vitro using a flow cell. As a basis for justification,
we assess histamine FSCV signals in vivo and compare them to in vitro signals in an
assortment of biological media, and deduce HEPES buffer most accurately depicts in
vivo cyclic voltammograms. We illustrate that an application of an extracellular matrix
onto the electrode produces histamine signals that strongly resemble those seenin vivo.
Lastly, we show that a coating of Lubricin onto the electrode has a positive impact on
serotonin measurements and decreases fouling effects for repeated histamine
measurements. Here, we propose that these two novel electrode coatings, Lubricin and
extracellular matrix, are beneficial for in vitro FSCV measurements and that bespoke
surface treatments and physiological buffers are the most effective strategy to replicate

in vivo conditions in vitro.
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Introduction

Fast scan cyclic voltammetry (FSCV) is a powerful method for in vivo or in situ
measurements of neurotransmitters. This method has been widely used to study the
roles of several key neurotransmitters in the brain, including dopamine (Shin et al., 2017,
Robinson et al., 2003, Wightman et al., 1988, Hashemi et al., 2012, Millar et al., 1985,
Hettiarachchi et al., 2024), serotonin (Hashemi et al.,, 2012, Hashemi et al., 2009,
Hashemietal., 2011, Jackson and Mark Wightman, 1995, Hashemi et al., 2015, Saylor et
al., 2019, Wood and Hashemi, 2013, Buchanan et al., 2024, Holmes et al., 2021, Witt et
al., 2023, Hersey et al., 2022), norepinephrine (Park et al., 2011, Park et al., 2015, Park et
al., 2013, Fox et al., 2016), and histamine (Berger et al., 2022, Hersey et al., 2021a,
Samaranayake et al., 2016, Samaranayake, 2015, Hashemi et al., 2011, Hersey et al.,

2022, Hersey et al., 2021b).

To quantify and characterize in vivo signals, they are typically replicated in vitro using a
flow cell apparatus (shown in Figure 8.1). Abolus of known concentration is injected into
the inlet of a flow cell which interacts with a carbon fiber microelectrode (CFM) in the
flow stream. FSCV signals are collected before, during, and after the injection, which
illustrate how the electrode responds to a given analyte. These experiments are typically
performed in buffers such as Trizma (Tris), phosphate buffered saline (PBS) or HEPES
buffer solution (HEPES). Calibrations are essential, and a flow cell is an effective tool for

performing them.

197
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Figure 8.1. Flow cell apparatus setup. (A) The syringe pump flows buffer into the valve. Whenvalve is in the
‘off’ position, buffer bypasses the sample loop and flows to the electrode. When valve is in the ‘on’
position, buffer flows through the sample loop then to the electrode. (B) Depiction of flow cell. 1 -

electrode; 2 - electrode holder; 3 - headstage holder; 4 — waste reservoir. Inset shows aerial view of red
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dome. (C) Side view of red dome. 5 —reference channel; 6 — channel opening; 7 — buffer inlet. (A) created

using Biorender. (B and C) adapted from Hexter et al. (Hexter et al., 2023).

However, flow cell measurements often do not fully replicate in vivo signals with respect
to the precise position of the redox peaks of analytes. This is not surprising since the in
vivo environment is near impossible to replicate in vitro. As a result, additional methods
are often needed to validate the accuracy of in vivo signals, such as pharmacology.
Different analysis media can change the position of the redox peaks (Meunier et al.,
2017), therefore investigating context specific media for FSCV experiments (e.g. which

medium best replicates a certain analyte’s signal in vivo) is important.

Another potential direction towards better replicating in vivo signhals is electrode
coatings. It is generally thought that the in vivo environment is detrimental to the
electrode surface (although this view is being updated in recent work, see Holmes et. al.
2021 and Chapter 6). Therefore, to address in vivo performance of electrodes,
researchers have used coatings to preserve the integrity of signals during in vivo
experiments. Such coatings, which include Nafion and PEDOT, are applied to the CFM
surface via different methods and help with FSCV signal intensity and stability. Nafion
and polyglutamate have been shown to increase the sensitivity to serotonin over
serotonin’s metabolite, 5-HIAA, in vivo and reduce electrode fouling (Hashemi et al.,
2009, Holmes et al., 2021); PEDOT and polypyrrole have been demonstrated to increase
sensitivity and selectivity to dopamine while also decrease electrode fouling in vivo
(Vreeland et al., 2015, Pihel et al., 1996b); carbon nanotube-modified CFMs were shown

to increase sensitivity to serotonin while decreasing electrode fouling in vivo (Swamy and
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Venton, 2007) and to enhance the sensitivity for adenosine while decreasing the

interference by ATP (Ross and Venton, 2012).

In this paper, we aim to combine analysis media and electrode coatings to better mimic
in vivo signals in vitro and improve general electrode performance in the flow cell. First,
as proof of justification, we compare histamine signals collected in vivo with signhals
collected using a flow cell in different established physiological buffers and find
differences in shape of the cyclic voltammograms, concluding that HEPES best
represents the in vivo signal. Second, by modifying our electrodes with extracellular
matrix (ECM), we found that the in vitro histamine FSCV sighals bore a strong
resemblance to in vivo signals. Finally, we investigate the effects of a novel electrode
coating, Lubricin (Lub), on histamine and serotonin signals, finding that Lub has
beneficial effects for measurements of serotonin and antifouling properties for

histamine.

In sum, we present two novel electrode coatings, Lub and ECM, that improve various
aspects of the FSCV response. Our work shows that tailored coatings and buffers may
be the best approach to distinct experimental setups (i.e. different analytes, different

biological systems).

Methods

Chemicals
Buffers were prepared at room temperature and adjusted to physiological pH (7.4). PBS

was composed of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4.
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TRIS was composed of 15 mM Trisma, 140 mM NacCl, 3.25 mM KCl, 1.2 mM CaCl2, 1.25
mM NaH2PO4, 1.2 mM MgCl2 and 2.0 mM Na2S04. HEPES was composed of 20 mM
HEPES, 140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCI2 and 10 mM glucose.
Stock solutions were prepared at room temperature by dissolving histamine
dihydrochloride and serotonin hydrochloride into the buffer and diluting to the desired
final concentration. Urethane was dissolved in sterile saline as a 25% w/v solution and
administered at 7 yL g™'. All chemicals were purchased from Sigma-Aldrich (St. Louis,

MO, USA) unless otherwise specified.

Flow Injection Analysis (FIA)

FIA was performed in a system custom-built in-house (Hexter et al., 2023). A pseudo
Ag/AgCl reference electrode was made by submerging a silver wire in a solution of 1 M
HCl for 30 s at 5 V. A syringe infusion pump (Harvard Apparatus, Model Pump 11 Elite,
Holliston, MA, USA) was used to maintain flow at 1.7 mL min™'. The analyte was
introduced into the flow stream via a six-port HPLC loop injector (Cheminert Valve, VICI,

Houston, TX, USA) as a rectangular plug.

Microelectrode Fabrication

Carbon fiber microelectrodes (CFMs) were made individually by aspirating a single T-650
carbon fiber (Goodfellow Corporation, PA, USA) intoa 1.0 mm x 0.50 mm x 10 cm glass
capillary (World Precision Instruments, Hertfordshire, UK). The capillary was then pulled
by a PE-22 vertical puller (Narishige, Tokyo, Japan) to create a seal. The carbon fiber was

then trimmed to 150 + 5 pym with a scalpel blade under a light microscope.
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Nafion Electrodeposition

Liquion (LQ-1105, 5% by weight Nafion) (lon Power Solutions, New Castle, DE, USA) was
electrodeposited onto the surface of the carbon fiber by dipping into the solution and
applying a constant potential of 1.0 V for 30 s. The electrode was then dried at 70 °C for

10 minutes and allowed to set at room temperature overnight.

Lubricin Deposition

Lubricin aliquots at a concentration of 1.3 mg/mL were defrosted and diluted to a final
working concentration of 150 pg/mL and centrifuged and vortexed. Electrodes were
lowered into solution and left at room temperature for 15 minutes, removed from

solution and rinsed with deionized water. Electrodes were stored between 2-8 °C.

Extracellular Matrix Coating

Geltrex (Invitrogen, Carlsbad, USA) was thawed on ice until it became a viscous liquid. A
1.00 pL drop of Geltrex was placed into a premade mold. The tip of a CFM was placed
into the drop of Geltrex and held in place with blue tac. An additional 0.5 pL drop was
placed onto the tip of the electrode to ensure electrode coverage. The CFM was baked at
37 °C for 20 minutes, then left to dry overnight at room temperature. The CFM was
carefully lifted from the mold and placed in HEPES buffer for 20 minutes immediately

before starting the experiment.

Data Collection and Analysis
FSCV was performed using a Dagan Potentiostat, (Dagan Corporation, Minneapolis, NM,

USA), National Instruments multifunction device USB-6341 (National Instruments,
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Austin, TX, USA), WCCV 4.0 software (Knowmad Technologies LLC, Tucson, AZ, USA) and
a Pine Research headstage (Pine Research Instrumentation, Durham, NC, USA). Data
filtering (zero phase, Butterworth, 3 kHz low-pass) and signal smoothing were done
within the WCCV 4.0 software. The histamine waveform (-0.5to -0.7 to +1.1to -0.5V at
600V s-1) or serotonin waveform (+0.2to+1.0t0-0.1to +0.2V at 1000V s—1) was applied
at 60 Hz for 10 min, then at 10 Hz for 10 min prior to data collection at 10 Hz. For in vivo
histamine data, histamine was evoked via biphasic stimulation applied through a linear
constant current stimulus isolator (NL800OA Neurolog, Digitimer North America LLC, Fort
Lauderdale, FL, USA) with stimulation parameters at 60 Hz, 360 pA, 2 ms in width, and 2

sin length.

Animals and Surgical Procedures

All animal procedures were done in accordance with the regulations of the Institutional
Animal Care and Use Committee (IACUC) at the University of South Carolina. C57BL/6)
mice (Jackson Laboratory, Bar Harbor, ME) aged 6-12 weeks were used. Animals were
group housed with ad libitum access to food and water and kept on a 12 h light/dark
cycle. Stereotaxic surgery (David Kopf Instruments, Tujunga, CA, USA) was done
following induction of deep and sustained anesthesia from an intraperitoneal (i.p.)
injection of urethane (described above). Mouse body temperature was maintained using
a thermal heating pad (Braintree Scientific, Braintree, MA, USA). All surgical coordinates
were taken in reference to bregma (Paxinos and Franklin, 2019). A Nafion modified CFM
was lowered into the posterior hypothalamus (AP: -2.5, ML: 0.5, DV: -5.5t0 -5.6) and a
stimulating electrode (insulated stainless-steel, d = 0.2 mm, untwisted; Plastics One,

Roanoke, VA, USA) was placed into the medial forebrain bundle (AP: -1.1, ML: +1.1, DV:
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-5.0) (Paxinos and Franklin, 2019). A pseudo Ag/AgCl reference electrode was inserted

into the contralateral hemisphere.

Statistical Analysis

All statistics were performed by GraphPad Prism 10 (GraphPad Software Inc., San Diego,
USA), and all data are reported as the mean = standard error of the mean (SEM). The “n”
represents the number of electrodes tested. P-values were considered significant at the

95% confidence level (p < 0.05).

Results and Discussion

A Comparison of FSCV Histamine Signals Collected In vivo vs. In vitro in Different Media
Previously in 2015, the Hashemi lab developed a novel histamine selective
electrochemical waveform (-0.5 V to -0.7 Vto +1.1 V to -0.5 V; scan rate = 600 V s™) to
measure evoked histamine release in the mouse posterior hypothalamus using FSCV via
stimulation of the medial forebrain bundle using a Nafion-modified carbon fiber
microelectrode (CFM) (Samaranayake, 2015), which is shown in Figure 8.2Ai. A detailed
description of how to interpret color plots can be found elsewhere (Michael et al., 1998);
briefly, voltage is shown on the y-axis, time on the x-axis and current is shown in false
color. The vertical white dashed line represents the cyclic voltammogram (CV) shown in
the right corner. To convert charge into concentration, the CFMs required post-
calibration which was performed in TRIS buffer. TRIS was used because it is thought to
mimic the ionic concentration of the brain matrix (Hermans et al., 2008, Brown et al.,
2004), theoretically allowing for more accurate post-calibrations. We compared this in

vivo CV with CVs of histamine (10 uM: approximate concentration of evoked histamine in
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a mouse (Samaranayake, 2015, Berger et al., 2022)) on bare and Nafion-modified
electrodes in a flow cell using TRIS buffer and other physiological media that we thought
would also closely resemble the brain matrix. Figure 8.2B shows the histamine CVs,

normalized to the maximum current of the forward scan (-0.7 Vto +1.1 V) in each buffer.
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Figure 8.2. Histamine signals in vivo versus in vitro (10 pM). (A) shows representative color plots for (i) in
vivo histamine FSCV signal and (ii) in vitro FIA of 10 uM histamine in HEPES buffer on a Nafion-modified
electrode. The vertical dashed white lines indicated by arrows represent the CV extracted for analysis
shown inset in white. The horizontal white dashed line indicated by the yellow star represents the max
height of the oxidation peak. (B) shows the normalized forward scan of histamine CVs in vivo (green) versus
bare (purple) and Nafion-modified (blue) electrodes in (i) PBS, (ii) HEPES, (iii) TRIS, and (iv) eight amino acid

buffer. Horizontal lines indicate peak maximum voltage potential.

Upon analysis of the CVs, we found differences in the shape and oxidation potential of
the in vitro CVs compared to in vivo. In vivo, the major oxidation event occurs at 0.14 V,
however, we do not see this same oxidation peak placement when measuringin vitro. In
PBS and in TRIS, the main oxidation peak is shifted to a higher potential around 0.40 V. In
HEPES buffer, the Nafion-modified and bare CFMs have peaks closertotheinvivoat0.27
V and 0.35 V, respectively. In the buffer containing eight amino acids, there are two
oxidation peaks: the larger oxidation peak occurs at 0.44 V, though there is a small peak

presentat 0.14 V, like the in vivo CV.

TRIS buffer was created to better mimic the ionic environment of the brain in the late
1990s. For years, many CFM calibrations were performed in a buffer containing only
Tris/HCl and NaCl (Baur et al., 1988, Pihel et al., 1995, Pihel et al., 1996a). Eventually,
other ions (K*, Mg*, Ca%, SO,%*, and PO,*) were added to approximate the in vivo ionic
conditions more precisely, to allow for better calibrations (Hermans et al., 2008, Brown
et al., 2004). PBS buffer is a commonly used physiological buffer containing NaCl, KCl,
Na,HPO,, and KH,PO,. We opted to examine this buffer as it is used for many FSCV and

FSCAV calibrations. HEPES buffer contains HEPES acid (4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid), which acts as the main buffering agent, along with NaCl,
KClL, CaCl,, MgCl,, and glucose. HEPES buffer is primarily used in cell culture because it
does not require a CO; controlled environment, ensuring a stable pH value in the
laboratory. We chose to investigate this buffer because since it is used for cell culture
applications (i.e. neuronal cells) it may resemble the in vivo brain environment. The eight
amino acid buffer was created by our lab (see Chapter 6) to better mimic the brain in vivo
environment for fast scan controlled cyclic voltammmetry. We used PBS as the base of our
buffer and chose eight amino acids which are found in the brain interstitial fluid at
relatively high concentrations and may be structurally similar to glutamate (which we
previously found to improve electrode response to serotonin (Holmes et al., 2021)) to

add to the buffer to better mimic the biological makeup of the brain.

The presence of double peaks (in the eight amino acids buffer) and matrix-based shifting
of peaks led us to next ask about the mechanisms that give rise to these peaks. During
FSCV of monoamines, unstable radicals are created during the fast scans that interact
with each other forming polymers on the electrode surface. For serotonin one of these
reactions occurs at 0.2V (Jackson et al., 1995), this could also be the case for histamine.
We have hypothesized for a long time that the in vivo oxidation of histamine is not
classical two-electron oxidation and reduction (Samaranayake, 2015). Because the CVs
more closely resemble a quasi-reversible or irreversible electrochemical reaction, it
could be thatthe mechanism of the response involves a charge transfer of the histamine
molecule during the scans that leads to a change in the double layer capacitance (See
Figure 8.2 and related text for full discussion of this). Considering charge transfer as the

mechanism of the response, we would expect to see high sensitivity to the ionic
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environment (i.e. the differentionic makeups of the media) and it would be expected that
the peaks shift slightly in response. Given this, peak location in HEPES most closely
correlates to the in vivo oxidation peak. Therefore, we conclude HEPES more closely

resembles the in vivo matrix than PBS or TRIS to analyze histamine.

Modifying CFMs with Nafion and ECM better Models In Vivo System In Vitro

We have demonstrated that HEPES buffer more accurately captures the histamine CVs
that we observe in vivo, however, the oxidation peaks are sharper in vitro than in vivo.
Therefore, we next investigated the effects of modifying our electrodes to investigate

whether we could further improve in vivo resemblance.

The electrochemical mechanisms of the histamine FSCV response have not fully been
established. The electrochemical principles that govern the FSCV response are
complicated because:

1. FSCV is an adsorption controlled process. Analytes will adsorb onto the CFM
surface creating an analyte-CFM complex. This complex is then what undergoes
aredoxreaction and, therefore, the redox potentials are going to be different from
the standard redox potentials used with regular (slow scan) cyclic voltammetry.

2. All FSCV reactions appear quasi- or non-reversible due to the high scan rates
employed. Scan rates above 100V s can sometimes outrun the electron transfer
kinetics of a reaction, especially for reactions with slower electron transfer rates.
Therefore, the molecule may not fully change back to the original species during

the reverse scan. This leads to the appearance of a quasi-reversible reaction.
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The redox reaction of dopamine with FSCV is well understood. Figure 8.3A shows a
representation of dopamine adsorbing onto the CFM surface creating a weak complex

and undergoing a two-electron transfer to give a typical dopamine FSCV color plot and
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Figure 8.3. Dopamine and histamine oxidation mechanisms. (A) Electrochemical redox reaction for
dopamine at a CFM. FSCV color plot for 1 uM dopamine is shown with CV inset in white. (B) Proposed
mechanism for histamine oxidation and electropolymerization (Puthongkham et al., 2019). (C) Proposed

mechanism for charge transfer of histamine. Image created using Biorender.

However, we do not believe that the process for histamine is the same as the process for
dopamine (e.g. Figure 8.3B). The oxidation peak is much more broad and the oxidation
potential will shift (depending on the media or CFM coating) as shown in Figure 8.3B.
Additionally, amperometry does not give a current response until a potential of 1.0 V. A
CFM was placed in a beaker containing PBS buffer and held at a constant potential and
a sample of 10 uyM histamine was injected into the beaker. The final current was

compared to the initial current to generate Figure 8.4.
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Figure 8.4. Histamine amperometry.
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As histamine amperometry detects no change in current until 1.0 V, this means that
electrons do not get transferred below this potential. Additionally, at 1.3V, thereis alarge
decrease in current as opposed to an increase. We believe this to be caused by severe
etching of the carbon fiber by holding at a constant potential of 1.3 V for 30 s (Heien et

al., 2003).

We hypothesize here that rather than classical electron transfer, the histamine forms a
complex with the CFM, the waveform changes the conformation of the histamine
molecule and its polarity at the CFM surface, and the molecule then undergoes charge
transfer (as depicted in Figure 8.3C). While scanning positive through the waveform and
the electrode gets more positive, a hydrogen from the protonated primary amine (-NH3")
is taken by the tau-nitrogen in the imidazole ring forming an imidazolium ion with a
positive charge and a neutral primary amine. Shifting the molecule’s charge causes a
change in the electrochemical bilayer. Therefore, after background-subtraction,
differences in the electrical double layer lead to corresponding changes in the histamine

FSCV signal.

Given that we’re assuming charge transfer as the mechanism of the FSCV response, we
considered which aspects of the in vivo environment might cause this broadening to
occur, and hypothesized itwas most likely due to crowding (the accumulation of proteins
and other biomolecules onto the electrode surface). The aggregation of these biological
molecules onto the electrode surface could change the electronegativity of the

histamine molecule, thus to which extentthe charge is transferred across the molecules,
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changing the shape of the peak. Therefore, we looked into a way to replicate the FSCV

signalin a protein-rich in vivo environment.

Extracellular matrix (ECM) is obtained from the Engelbreth-Holm-Swarm mouse
sarcoma line, a tumor which is dense in ECM proteins. Key components of the ECM,
including laminin, collagen IV, entactin, and heparan sulfate proteoglycans, are
commonly used for 3D cell culture (Koc et al., 2021). Many of the ECM components are
charged, creating an ionic environment which represents biological environments. Since
this medium is primarily designed to support cell growth, it will likely contain many key
in vivo components (though there is no data showing the exact composition), as
represented in Figure 8.5A. A drop of ECM was applied to a Nafion-modified CFM using
a premade mold to form a spherical mass of ECM. Figure 8.5B shows a photograph of
the Nafion- and ECM-modified CFM under a light microscope. It is worth noting the ECM

mass completely covers the tip of the ECM, though it is very thick and irregular.

We tested this ECM coating using FIA and introduced a large histamine concentration
(250 pM) in HEPES buffer to the electrode. The large size of the ECM coating causes the
histamine to take longer to reach the electrode surface (45 s) compared to a Nafion-
modified CFM (9 s) and also delays histamine clearance from the electrode surface, as
shown in the color plot in Figure 8.5C. However, the Nafion- and ECM-modified CFM CV
more closely resembles the histamine in vivo CV with its peak position at 0.34 V, as

shown in Figure 8.5D.
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Figure 8.5. ECM coating. (A) Diagram of a CFM embedded in ECM. Image created using Biorender. (B)
Image of a CFM coated in ECM under a light microscope. (C) Representative color plot of 250 uM histamine
injected onto a Nafion- and ECM-coated CFM using FIA in HEPES buffer; the vertical white line denoted by
the star represents the CV extracted for analysis in (D). (D) Normalized histamine CVs in vivo (green) and

Nafion- and ECM-coated (purple). Horizontal lines indicate peak maximum voltage potential.

This demonstrates that the combination of HEPES buffer and an ECM coating creates a
better model environment for in vitro studies to better mimic in vivo signals. This result
bolsters our hypothesis above (charge transfer as mechanism of the FSCV histamine
response) that crowding the electrode surface with other molecules changes the
electronegativity and hence the charge transfer across the histamine molecule,

fundamentally changing the shape of FSCV peak.
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This result shows the potential power of using ECM to improve FSCV signal, however
more work is needed in the future to create thin films that do not create large diffusional
barriers as seen here. Previously, work has also shown utility in using ECM for sensors.
Electrochemical sensors modified with ECM can monitor cell adhesion and proliferation
(Fohlerova et al., 2007, Zhang et al.,, 2012) and thin coatings of ECM on micro
electrocorticography sensors have been used to protect them from damage when

inserted into the brain (Ceyssens et al., 2017).

Having found a method to infer more in vivo like characteristics to the histamine signal,

we next turned towards stability and sensitivity of the response.

The Effect of Lubricin on CFM Response to Histamine and Serotonin
Having established that HEPES and ECM coated electrodes are excellent ways to mimic
the invivo environment for histamine calibrations, we next investigated a novel electrode

coating to enhance electrode sensitivity and stability for histamine and serotonin FSCV.

Similar to in vivo measurements of other neurotransmitters, such as dopamine and
serotonin, evoked histamine release occurs at relatively low concentrations (low
micromolar) in vivo (Berger et al., 2022, Samaranayake, 2015). Therefore, it is important
to investigate improving the sensitivity of CFMs toward histamine. Additionally, serotonin
and its metabolites can cause fouling of the electrode surface (Brazell et al., 1987,
Jackson et al., 1995, Hashemi et al., 2009, Dunham and Venton, 2020, Shin et al., 2021).

Therefore, it is necessary to also explore ways to improve the stability of the electrode
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over several hours, as this is the amount of time in vivo experiments typically run. We

turned our attention to a novel coating, Lubricin (Lub), to address these concerns.

Lub (also known as proteoglycan-4) is a relatively large glycoprotein (a protein molecule
with one or more covalently attached carbohydrate groups) found in an array of tissues
and fluids in mammals (Han et al., 2024). It possesses the ability to self-assemble into a
“telechelic” polymer brush on a variety of surfaces, including carbon (Han et al., 2019).
Lub possesses two globular end domains with a mucin-like domain in the center, which
is negatively charged. When exposed to the carbon surface (dip coated), the two end
domains adhere to the electrode surface while the middle mucin-domain forms a
protruding loop-like brush structure (Greene et al., 2015, Russo et al., 2020). This makes
itanideal substance for our purposes, being both biocompatible and easy to apply. SEM

imaging of Lub coated CFMS are shown in Figure 8.6.

We theorized the Lub would improve the stability of histamine FSCV since, as shown in
Chapter 7, it improved the stability of histamine FSCAV (average tss% (time it takes
measurements to reach 63% stability) for the bare electrodes was 279.7 +/- 136.1 mins
compared to the Lub electrodes which was 149.4 +/- 39.0 mins) and it has previously
been shown to act as an antifouling agent (Han et al., 2024, Russo et al., 2020, Greene et

al., 2015, Greene et al., 2018).
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Figure 8.6. SEM imaging of Lub coated CFM. (Top) Scanning electron micrograph image of a CFM dip-
coated in Lubricin with arrows pointing to (A) the glass-fiber junction and (B) Lubricin deposition on the

fiber. Imaging done by Pablo Prieto.

To investigate the sensitivity and stability of Lub-modified CFMs, we performed
calibrations and stability experiments as shown in Figure 8.7. Figure 8.7A and 8.7C show
calibration curves for histamine and serotonin FSCV, respectively. Nafion modified
CFMs are shown in blue and Lub modified CFMs in green. For both histamine and
serotonin, Lub modified CFMs resulted in an increase in sensitivity (Histamine: Lub =
0.414 +/- 0.079 nA uM" vs Nafion = 0.354 +/- 0.008 nA pM"; Serotonin: Lub = 0.184 +/-
0.043 nA nM" vs Nafion = 0.166 +/- 0.039 nA nM™), though not significant, over Nafion

modified CFMs. In the previous chapter, Lub modification resulted in a decrease in
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sensitivity for histamine FSCAV, and here it resulted in an increase for FSCV. We
hypothesize this is due to adsorption time. For FSCAV, we give a much longer time for the
analyte to adsorb onto the electrode surface (1 s) thanwe do for FSCV (4 ms). Lub applied
to the electrode surface can block some of the active sites on the electrode surface,
hence its antifouling properties, but means less sites are available for adsorption during
the longer holding periods with FSCAV which allows for more accumulation of analyte on
the electrode surface. For FSCV, this is not a problem because FSCV uses minimal
holding periods (ms) to promote adsorption of the analyte which will therefore
preconcentrate but not over-accumulate the analyte on the electrode surface. Lub also
possesses an overall negative charge which facilitates the preconcentration of positively

charged histamine (as Nafion also does).

For serotonin sensitivity, there is not much increase in sensitivity compared to Nafion
coated CFMs, though there is an increase versus bare CFMs (Hashemi et al., 2009). This
is likely because both Lub and Nafion cause serotonin preconcentration, as serotonin is

positively charged, and therefore result in similar sensitivities.
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Figure 8.7. Sensitivity and stability of Lubricin and Nafion-modified CFMs. (A,B) Histamine and serotonin

calibration curves (average +/- SEM), respectively, on Lub CFMs (green; n=5) and Nafion-modified CFMs

(blue; n=4), inset bar graphs depict the slope of the curve; (C,D) Histamine and serotonin stability (average

+/- SEM), respectively, on Lub CFMs (green; n=3) and Nafion-modified CFMs (blue; n=3), inset bar graphs

depict the electrode response of File 1 versus File 60 ( ** p <0.01).

We next turned our attention to electrode stability toward histamine and serotonin, as

shown in Figure 8.7B and 8.7D respectively. Figure 8.7B shows the electrode response

to 10 uM histamine over 60 measurements. The inset bar chart shows the average

current of File1 versus File60 for Lub in green and Nafion in blue. Figure 8.7D shows the

same but in response to 1 UM serotonin. Looking at stability, a Lub coating had no

significant effect on histamine stability compared to the Nafion coating (Lub: File1 =
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9.065 +/- 1.900 nA, File60 = 7.844 +/- 0.795 nA; Nafion: File1 = 9.368 +/- 0.555 nA, File60
= 7.250 +/- 0.055 nA). We hypothesize that this is likely due to histamine oxidation not
producing side products which foul the electrode surface. However, the same is not true
for serotonin (Lub: File1 = 86.596 +/- 7.164 nA, File60 = 37.488 +/- 2.156 nA; Nafion: File1
= 78.125 +/- 10.365 nA, File60 = 23.339 +/- 2.214 nA). Serotonin is known to foul the
electrode surface (Brazell et al., 1987, Jackson et al., 1995, Hashemi et al., 2009,
Dunham and Venton, 2020, Shin et al., 2021) and therefore cause a decrease in signal
over subsequent measurements. While the Lub coating does not completely prevent the
fouling of the electrode from serotonin, the percent decrease in the signal at File1 versus
File60 (Lub = 55.67 %gecrease; Nafion = 69.64 %gecrease) IS less than the decrease for the
Nafion coated CFMs, demonstrating Lub has slightly more antifouling capability than

Nafion.

In summary, Lub improves the CFM sensitivity to histamine while also improving stability

towards serotonin.

Conclusion

FSCV has proven to be effective when measuring neurotransmission in the brain. In vitro
calibrations are required to accurately assess in vivo signals, however in vitro signals
often look different from in vivo signals because of the differences in media. In this study,
we compared in vivo and in vitro CVs of histamine in different media and concluded
HEPES buffer and an application of ECM onto the electrode surface most closely
resembled in vivo signals. We then showed that a coating of Lubricin onto the electrode

provided enhanced serotonin measurements and decreased electrode fouling during
219



histamine measurements. We suggest two novel electrode coatings, Lubricin and ECM,
are valuable when performing in vitro FSCV measurements and that customized surface
treatments and physiological buffers offer the most effective approach to replicate in

vivo conditions in vitro.
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CHAPTER 9 - CONCLUSION AND FUTURE WORK
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Depression is one of the leading causes of disability worldwide with diagnoses and
treatments difficult due to the lack of understanding as to the root cause of depression.
Multiple theories as to the basis of depression have been put forth, but no one theory has
been proven conclusive. Serotonin and histamine are of particular interest regarding
depression due to the comorbidity of depression and inflammation. Techniques that can
accurately capture neurotransmitter signaling in the brain are in a constant state of
development and optimization. Such techniques shown to accurately capture
neurotransmitter dynamics are fast scan cyclic voltammetry (FSCV) and fast scan
controlled adsorption voltammetry (FSCAV). The objective of this dissertation was to
employ novel methodologies to improve FSCV and FSCAV measurements. In Chapter 1,
| began this thesis by introducing neurotransmission, the serotonergic and histaminergic
systems, serotonin and histamine co-modulation, and neurotransmission measurement
techniques. In Chapter 2, | reviewed how inflammation via endotoxin affects the
neurotransmitters dopamine, serotonin, and norepinephrine in the brain. In Chapter 3, |
reviewed the three theories of depression and how they are all individual parts of one
larger picture. In Chapter 4, | presented essential analytical techniques used to study
depression. In Chapter 5, | explained the general methods used in this research. In
Chapter 6, | described a new electrode surface modification of amino acids (glutamate,
GABA, and glycine) for improved sensitivity and decreased electrode equilibration time
for measurements of extracellular serotonin using FSCAV. In Chapter 7, | presented
FSCAV for histamine detection. | demonstrated that the coating of Lubricin on the
electrode surface allowed for sensitive and stable measurements over time and
illustrated how anesthetics and thioperamide offset one another to influence

extracellular histamine concentrations in the mouse cortex. Lastly in Chapter 8, |
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described how custom buffers and electrode modifications are necessary for different
analytes to reproduce in vivo signals in vitro for better electrode calibrations. | showed
that a combination of modifying CFMs with Nafion and ECM and measuring in HEPES

buffer provided in vitro sighals more similar to in vivo ones.

The continuation of this work could include:
1. studies to improve FSCV and FSCAV measurements with additional surface
modifications of the CFMs and applying these modifications to in vivo analyses.
2. further analysis of Lubricin modifications.
3. analysis and mathematical modeling of simultaneous histamine and serotonin

FSCAV measurements on one electrode.
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