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Abstract
Background: Methylmercury (MeHg) is a neurotoxicant that induces sensorimotor dysfunction
at high levels. However, the majority of the world’s populations are exposed at lower levels, at
which the effects and mechanisms are less certain. Evidence from the past few decades suggests
that low levels of MeHg may impair learning and memory. Long-term potentiation (LTP) in
acute hippocampal slices is a cellular model of memory and learning. Hence, LTP may be a
useful model to study the detrimental effects and mechanisms of MeHg on learning and memory.
However, LTP studies often report large variability in potentiation magnitude between studies,
making it difficult to consistently detect small effects. The large variability may be, in part, due
to a disregard of the recording distance to the soma and the slice origin along the longitudinal
axis.
Objectives: 1. To develop a more precise LTP protocol which incorporates the distance of the
recording point to the soma and slice of origin along the longitudinal axis. 2. Using the newly
developed experimental protocol to investigate the effects of MeHg, at levels that do not affect
basal transmission, on synaptic plasticity.
Methods: Evoked responses at different distances to the neuronal soma in the CA1 region of
acute rat hippocampal slices stratified by pole of origin along the longitudinal axis were recorded
using a multi-electrode array. LTP was induced with a tetanus protocol (2 trains at 100 Hz,
intertrain duration: 20 s). Notable components of the evoked waveform across the experiment
were identified using principal component analysis. In the toxicity study, different doses of
MeHg (0, 0.1, 1, 5 μM) containing ACSF was perfused to the slice for 20 minutes before LTP
induction. In addition, slices were exposed to APV (50 nM) as a positive control. All statistical
analyses were conducted using a random intercept linear mixed model.
Results: Two components, the field excitatory post-synaptic potentiation (fEPSP) and the
positive going aspect (PGA), were identified in the PCA. An fEPSP potentiation gradient in
which the degree of potentiation was inversely proportional to the distance of the recording point
to the soma was found more prominent in ventral slices but less in dorsal slices. In both dorsal
and ventral slices, the PGA was potentiated at distal recording points while depressed at
proximal recording points to the soma. In slices from both poles, both fEPSP and PGA changes
post-tetanus were found to be mainly driven by NMDA receptors. Interestingly, fEPSP
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potentiation in dorsal slices showed to contain an NMDA-independent component. Furthermore,
preliminary results suggest that 5 μM MeHg may depress fEPSP potentiation and increase PGA
potentiation post-tetanus.
Conclusion: The current study calls for the attention to record and analysis both the fEPSP and
PGA in LTP studies. Most importantly, recording and analysis should be stratified by: i)
recording distance to the neuronal soma and ii) origin of the slice along the longitudinal axis.
Furthermore, the developed method is showing some promises in studying the effects of MeHg
on learning and memory.
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1.0 Overview
Methylmercury (MeHg) is a hazardous organometal naturally produced as a result of
inorganic mercury methylation by marine and freshwater microorganisms (Hong, Kim, & Lee,
2012). Globally, humans are primarily exposed through the consumption of contaminated seafood
and, on occasion, via some grains, such as rice (Rothenberg et al., 2016). MeHg is particularly
known for its neurotoxicity; at high levels it can cause widespread neuropathy. For example, largescale MeHg poisonings in Iraq and Japan revealed that the symptoms of MeHg toxicity include
motor disturbances and dysesthesia (Ekino, Susa, Ninomiya, Imamura, & Kitamura, 2007; Harada,
1995). Fortunately, brain levels of MeHg seen in cases such as in Minamata, Japan and Iraq are
extremely rare. Even in populations around volcanic islands that regularly consume fish (e.g., such
as those living in the Faroe Islands), MeHg levels in brain are still more than two-fold lower than
what was seen in cases during the Minamata tragedy (Lapham et al., 1995). Therefore, for the
majority of the world’s population, concerns regarding lower exposure levels of MeHg are of far
greater toxicological relevance. Evidence from epidemiological and toxicological studies have
suggested that lower levels of MeHg may impair learning and neurological development in youth
(Debes et al., 2016; Karpova et al., 2014).
Long term potentiation (LTP) is a model of synaptic plasticity and is widely accepted as a
cellular and molecular correlate for learning and memory (Bliss & Collingridge, 1993). In essence,
LTP is a long-lasting increase in transmission strength between neurons that has been observed
following certain patterns of electrical stimulation. Studies are mostly conducted in the Schaffer
collateral pathway of acutely prepared hippocampal slices (Nicoll, 2017). Considering MeHg may
impair learning and memory at lower exposure levels, LTP may be an effective model to study the
underlying physiology of its neurotoxicity. However, the degree of potentiation observed across
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LTP studies varies greatly rendering results incomparable and inconsistent among studies. Hence,
small effects on LTP magnitude cannot be consistently detected across studies. This variability
may arise as a result of a disregard of where the slice is taken along the longitudinal axis and the
recording position of the potentiation. Substantial evidence have suggested that synaptic plasticity
expression are different in regions along the hippocampal longitudinal (dorsal-ventral) axis
(Strange, Witter, Lein, & Moser, 2014). Moreover, there is currently no standardization or
understanding of the effects of recording position in LTP studies. Therefore, I have developed a
multi-electrode array protocol which measures LTP at various distances to the neuronal soma in
slices stratified by pole of origin along the longitudinal axis of the hippocampus. Furthermore,
LTP expression differences between male and female were investigated using this newly
developed protocol as evidence suggested a difference in potentiation between the two sexes (Hyer,
Phillips, & Neigh, 2018). Ultimately, this assay will be used to investigate the effects of low levels
of MeHg exposure on synaptic plasticity.

2

2.0 Introduction
2.1 Implications from Chronic Exposure to Low Level Methylmercury
MeHg has been documented to induce a wide range of toxicity in the neurophysiology,
neurodevelopment, and cardiovascular system. In the cardiovascular system, MeHg has been
associated with increased risk for hypertension, ischemic events and myocardial infarction (Stern,
2005). With regards nervous system, MeHg is known and established to cause motor sensory
dysfunction, speech impediment, seizures and tremors (Ekino et al., 2007). However,
epidemiological evidence describing the effects of relatively low levels of MeHg on
neurodevelopment has been inconsistent.
In contrast to high levels of exposure, the mechanisms and effects of chronic low levels of
MeHg exposure in neurophysiology is less clear (Bradford et al., 2016). In adults, MeHg is well
established to induce sensorimotor and epilepsy at high levels in adults (Ekino et al., 2007). At
high levels, MeHg induced neurotrophy and cell death occurs. Current evidence presents the
possibility that prolonged low levels of MeHg can interfere with normal neuronal development in
neonate and children. As a result, MeHg leads to disruption in higher cognitive skills, such as
learning and memory (Debes et al., 2016). However, the mechanism resulting in both neurotrophy
or improper neuronal development are still under debate. Most importantly, it is unclear if there is
an overlap of mechanisms in neurotrophy and neuronal development.
2.1.1 Epidemiological Studies
Results from epidemiological studies have been inconsistent to show adverse MeHg effects
on neurodevelopment and learning. Large cohorts from New Zealand and Faroe Islands found that
maternal hair mercury levels were correlated with decreases in a child’s performance in cognitive
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tests at a young age (Crump et al., 1998; Debes et al., 2016). More importantly, Debes et al. (2016)
showed that, in the Faroe Island cohort, the decrease in cognitive performance still persist at later
stages of life. In contrast, Myers et al. (2009) found no correlation between maternal hair mercury
levels and a child’s intelligence quotient between 6 months and 9 years of age in the Seychelles
child development study.
One explanation for the inconsistent results among epidemiological studies is that essential
nutrients in fish, such as DHA and EPA, may counteract, or dampen MeHg toxicity (Grandjean &
Herz, 2011). A recent study by Rothenberg et al. (2016) found that associations of maternal hair
mercury and offspring mental development in a population that rarely consumes fish were
strengthened after adjusting for seafood consumption. The converse has also been found true,
which further strengthens this explanation; that is, MeHg suppresses benefits of essential nutrients
on neurodevelopment (Oken et al., 2016). One study found that neither maternal DHA, EPA, nor
MeHg levels were correlated with offspring cognitive tests in a U.S population, which contradicts
the widely accepted view that DHA and EPA are beneficial to neurodevelopment (Oken et al.,
2016). These evidences suggest that the detrimental effects of low-level chronic exposure to MeHg
are difficult to consistently detect.
2.1.2 Learning Deficits in Rodents
In the past decade, rodent studies have indicated that low levels of MeHg exposure at a
young age can result in learning deficits that persist through adolescence and to young adulthood.
A single subcutaneous injection of 0.6 mg/kg MeHg on postnatal day 7, which resulted in a brain
level of approximately 0.5 µg/g (ww), was able to induce spatial memory deficits in SpragueDawley (SD) rats at postnatal day 35 (Falluel-Morel et al., 2007; Sokolowski et al., 2013). Other
studies employing a more chronic paradigm have also found similar results. For example, postnatal
4

day 5 SD rats that received 0.4 mg/kg/day intraperitoneal injection of MeHg for 28 days were
shown to have a higher escape latency in the Morris Water Maze (Tian et al., 2016). These data
suggest that rodent models may be useful for studying the effects of MeHg on the nervous system
in regards to development and function.
2.1.3 Hippocampus: A Target of Methylmercury Toxicity
Methylmercury induced impairments on memory and learning are likely as a result of its
underlying effects on the hippocampus, given the critical role of the hippocampus in learning and
memory (Neves, Cooke, & Bliss, 2008). Indeed, substantial evidence has shown that MeHg
accumulates in the hippocampus and, in turn, may alter normal neurological functions (FalluelMorel et al., 2007; Kakita et al., 2000; Sakamoto et al., 2004; Sokolowski et al., 2013). Further
evidence also shows that the sensitivity of the hippocampus to MeHg can surpass all other brain
regions at certain stages of neurodevelopment (Wakabayashi et al., 1995). During the postnatal
period, MeHg exposure was shown to selectively decrease neuronal stem cell count in the
hippocampus without affecting the cerebellum (Falluel-Morel et al., 2007). Interestingly,
hippocampal neuronal stem cell generation still persists throughout adulthood and plays an
important role in memory and cognitive function (Gonçalves et al., 2016), which may explain the
effects of MeHg exposure on cognition extending from early life to later stages of life observed in
both rodents and humans.

2.2 Hippocampus
The hippocampus is located within the medial temporal lobe of each hemisphere, and is
involved in learning and memory formation across mammalian species (Bunsey & Eichenbaum,
1996). In addition to its functionality, its structure and morphology are generally well-conserved
among mammals (Knowles, 1992). Components of the hippocampal formation include the dentate
5

gyrus (DG), subiculum, and the hippocampus proper (Cornu Ammonis; CA), which then can be
further divided into CA1 and CA3 sub-fields (Knowles, 1992), as seen in Figure 2.1. Given its
well conserved functionality and morphology, the hippocampus is therefore widely used for
comparative neurological studies.

6

A
CA1
CA3

Ne

DG

B

Figure 2.1 The Structure of the Hippocampus. A. An image of a transverse hippocampal
slice on a multi-electrode array. Yellow: the DG region; Green: CA3 region; Red: CA1 region.
B. A schematic representation of the connection between the subfields shown in A. Excitatory
axons from the perforant pathway connect to the granule cells of the DG, which are then
connected to the pyramidal cells of CA3. In turn, the excitatory connections via the Schaffer
Collaterals synapse on the apical and basal dendrites of pyramidal cells of the CA1 subfield.
The perforant pathway also directly synapses at the apical dendrites of the CA1 subfield. CA:
Cornu Ammonis; DG: dentate gyrus.
7

2.2.1 Functional Segregation Along the Longitudinal Axis of the Hippocampus
It is now apparent that the hippocampus is not a unitary structure and that the contribution
of the hippocampus to behavioral and cognitive tasks varies along the longitudinal axis (Strange
et al., 2014). Lesion studies provided evidence for functional dissociation along the longitudinal
axis (Dorsal-Ventral) of the hippocampus by showing that the dorsal hippocampus plays a crucial
role in spatial learning and declarative memory, whereas the ventral hippocampus is involved in
emotional responses such as anxiety, stress and depression (Fanselow & Dong, 2010). Figure 2.2
presents an illustration of the hippocampus in a rat brain with the dorsal and ventral poles.

Dorsal

Ventral
Figure 2.2 Hippocampus Orientation in a Rat Brain. Due to its orientation,
the hippocampus can be sub-divided into dorsal and ventral poles.
Segregation in functionality is believed to stem from differences in biochemical,
electrophysiological, and anatomical properties. Numerous receptors and channels, including
NMDA and potassium channels, are unequally distributed along the longitudinal axis of the
hippocampus (Dougherty et al., 2013; Dubovyk & Manahan-Vaughan, 2018). Consistent results
across electrophysiological studies have indicated that pyramidal neurons are more excitable in
the ventral hippocampus (Dougherty et al., 2013; Papatheodoropoulos, 2015a). Anatomically, the
dorsal and ventral poles of the hippocampus differ with respect to their afferent connections to the
8

entorhinal cortex and their efferent connections to other cortical and subcortical structures
(Dougherty et al., 2013).
Interestingly, susceptibility to specific pathologies and insults is also different between the
dorsal and ventral poles. Ventral hippocampus has a higher susceptibility to epileptic activity.
Papaheodoropoulos et. al. (2015) showed that slices from the ventral pole of the hippocampus are
more likely to display epileptiform discharges than their dorsal counterparts. In contrast, the dorsal
hippocampus is more susceptible to ischemic insults (Ashton, Van Reempts, Haseldonckx, &
Willems, 1989). It is not yet known if such differences in susceptibility are also observed in MeHg
toxicity.
2.2.2 Hippocampus Circuitry
In the hippocampus, unilateral excitatory synapses project and link the DG, CA3 and CA1
subfields forming the tri-synaptic circuit (Amaral, Scharfman, & Lavenex, 2007). Excitatory
synapses from the entorhinal cortex project on to granule cells via the perforant pathway. From
the granule cells, mossy fibers form synapses with pyramidal cells of the CA3 subfield. From the
CA3 pyramidal cells, axons divide into two pathways. One path consists of the commissural fibers
that project to the contralateral hippocampus, while the other forms the final connections of the
tri-synaptic circuit involving the Schaffer collaterals and the apical and basal dendrites of the
pyramidal cells in the CA1 subfield, which then send information back to the entorhinal cortex.
2.2.3 Hippocampal Slices
Acute hippocampal slices are an excellent tool for pharmacological and toxicological
studies (Lein et al, 2011). Due to the orientation of the hippocampal neurons, large numbers of
synaptic connections are preserved even after slicing at different orientations (Andersen et al.,
1971). Hippocampal slices can be prepared and maintained with relative ease, but, at the same
9

time, maintain high similarity in neurophysiology to their in vivo counterpart (Lein et al., 2011).
Most importantly, their structure and synaptic circuits are readily accessible for
electrophysiological studies of specific pathways (Lein et al., 2011). In addition, experimental
conditions can be precisely controlled. Thus, hippocampal slices have proven to be a powerful
model for investigating changes in functional features of synaptic connectivity in the absence of
many external factors that may contribute to inter-individual variability seen in vivo. In the case of
methylmercury, acute hippocampal slices may control and test for effects of differential nutrient
exposures which may cause the wide range of vulnerability of MeHg toxicity observed in vivo.
2.2.4 Lamina Structure of the CA1 Subfield
After slicing, hippocampal pyramidal cell dendrites and many of their connections lay in
the same plane forming a highly organized lamellar structure. Within the CA1, pyramidal cells
span the stratum oriens (SO; containing the basal dendrites), stratum pyramidal (SP; containing
the cell body), stratum radiatum (SR; containing the proximal segment of the apical dendrites),
and stratum lancunosum-moleculare (SLM; containing the distal segment of the apical dendrites)
layers (Spruston, 2008). The regions are relatively recognizable under a dissecting microscope and
act as hallmarks for electrode placement to stimulate designated pathways in electrophysiological
recordings.

2.3 Synaptic Plasticity
Synaptic plasticity is the ability of neurons to modify their synaptic activities as a result of
specific stimulation patterns (Bliss & Collingridge, 1993). The notion was first introduced by
Donald Hebb, who postulated that repeated activation of one neuron by another induces longlasting cellular changes that result in an increased synaptic connection between the two neurons
(Hebb, 1955). The first experimental evidence for Hebb’s postulate was discovered by Bliss and
10

Lomo in the hippocampus of anaesthetized rabbits. Specifically, they found that high-frequency
electrical stimulation applied to the perforant pathway increased the field excitatory post-synaptic
potential (fEPSP) measured in the dentate gyrus. The phenomenon was coined long-term
potentiation (LTP). The view of LTP as a cellular mechanism for learning and memory formation
has become widely held (Bliss & Collingridge, 1993).
2.3.1 Long-Term-Potentiation
Since its discovery, LTP has been found and described at many different synapses in the
central and peripheral nervous systems, but the most well characterized synapse is that of the
Schaffer collateral/commissural projection to the CA1 pyramidal cells (SC-CA1). The main reason
being that CA1 pyramidal cell activity represents the primary output of the hippocampus (Spruston,
2008). Typically, LTP in this pathway is induced by repetitive high-frequency (100 Hz) trains of
electrical stimulation applied in intervals (Bliss & Collingridge, 2013; Volianskis et al., 2015).
The degree of potentiation varies greatly among LTP studies and is often ignored as the
typical approach involves intra-study comparisons. Differences in LTP magnitude of control
samples (non-drug treated, or genetically modified) between studies can be as high as 100% (T.
V. Bliss & Collingridge, 2013; Ko et al., 2014; Lei et al., 2016; Suárez, Bustamante, Orensanz,
Martín del Río, & Solís, 2014). Most studies have investigated tetanus induced potentiation of
evoked responses in the SC-CA1 pathway of acutely prepared hippocampus slices. The general
framework of the procedure involves the quick extraction of a rodent brain into chilled salt
solution, which is then sliced to 350-450 µm thickness with a vibratome, or a tissue chopper and
preserved in warm oxygenated salt solution until use. During an experiment, a stimulating and a
recording electrode are placed in the CA1 region of the hippocampus at the
investigator/experimenter’s discretion. Although the general framework is conserved in all
11

studies, various differences among experimental settings exist, such as the manner of slice
preparation, slice maintenance, and recording. Hence, many investigators dismiss variations in
LTP magnitude as of technical origin, as opposed to considering that such variation may also
partly represent an underlying physiological phenomenon.
2.3.2 LTP Magnitude Variation Within the CA1 Stratum Radiatum
LTP magnitude, or expression within the SR is correlated with distance between the site of
recording and the pyramidal soma. Kopanitsa et al. (2006) observed a clear LTP magnitude
gradient within the SR in the hippocampus slices. The magnitude of LTP was seen to be highest
near the soma with an average 100% potentiation over baseline, while potentiation in the distal SR
reached only a 10% increase over baseline.
Recent evidence suggests that the dendrites in the SR are not homogenous and exhibit
differences in synaptic connectivity. AMPA and dopamine receptors are shown to have a distance
dependent gradient in distribution throughout the dendrites of the SR (Nicholson et al., 2006). A
distance dependent gradient in innervation density is seen along the CA1 apical dendrites
(Edelmann et al.,2017). In regards to AMPA receptors, the number of perforated synapses and
AMPA receptor density increased within the SR in proportion with distance from the soma
(Nicholson et al., 2006).
2.3.3 Glutamate Receptor Mediated Long-Term Potentiation
NMDA receptors allow for the influx of calcium ions. Excitatory transmission involves
the release of glutamate from the presynaptic terminal and its binding to the α-amino-3-hydroxy5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA glutamate receptors at the postsynaptic terminal (Bliss & Collingridge, 2013; Volianskis et al., 2015). The activation of the
AMPA receptors allows Na+ influx causing depolarization, which contributes to the downward
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deflection observed in the fEPSP. On the other hand, NMDA receptors allow for both Na+ and
Ca2+ influx, but are blocked by Mg2+ at resting membrane potential, and thus contribute little to
the initial fEPSP response. However, sufficient presynaptic activation leads to the release of
Mg2+ from the NMDA channels. Once the NMDA receptors are unblocked, the inward flow of
Na+ and Ca2+ occurs. Accumulation of intracellular Ca2+ acts as a secondary messenger for a
range cellular cascades, which, in part, modify AMPA receptor properties, such as conductance,
and numbers on the postsynaptic terminal. The resultant increase in AMPA receptor function
mediates the elevated fEPSP slope, or amplitude observed in LTP.
The activation of N-methyl-D-aspartate (NMDA) glutamate receptors is essential for the
induction of LTP at SC-CA1 synapses. The discovery of the essential role of the NMDA receptor
dates back to 1983 (Collingridge et al., 1983). It was found that the addition NMDA receptor
selective antagonist DL-2-Amino-5-phosphonopentanoic acid (APV) resulted in no LTP after
tetanus application. Replication studies have been successfully conducted across multiple groups
globally (Hansen et al., 2014; Nicoll, 2017). Recent evidence suggest a hetero-distribution of
glutamate receptors, such as the NMDA receptor, across the longitudinal axis (Dubovyk &
Manahan-Vaughan, 2018) and dendritic field. In the apical dendritic field (where the SC-CA1
pathway lies), NMDA receptors density decrease with distance from the soma among perforated
synapses, the main excitatory synapses (Menon et al., 2013). From a functional perspective,
NMDA-mediated currents also decrease with increasing distance to the neuronal soma (Stabel et
al., 1990). It is then worthwhile to revisit the role of NMDA receptors on LTP expression at
different recording distances to the soma and the longitudinal pole.
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2.3.4 LTP Variation Along the Longitudinal Axis
A majority of past studies have indicated that dorsal hippocampal slices express a higher

magnitude of LTP. Papatheodoropoulos and Kostopoulos (2000) were first to show higher LTP
expression in dorsal hippocampal slices compared to ventral. In subsequent years, similar results
were found (Dubovyk & Manahan-Vaughan, 2018; Maggio & Segal, 2007; Maggio, Stein, &
Segal, 2015). Surprisingly, these results contradict evidence indicating that principal cells in
ventral CA1 hippocampal have higher excitability compared to their dorsal counterpart (Cohen et
al., 1999). Biochemistry studies have also shown that the ventral hippocampus has a higher
distribution of excitatory NMDA glutamate receptor subunits while at the same time has less
inhibitory GABA subunit expression (Dubovyk & Manahan-Vaughan, 2018). Furthermore,
principal neurons in ventral hippocampal slices have a higher probability to fire an action
potential compared to those in dorsal hippocampal slices when injected with the same current
(Dougherty et al., 2012; Papatheodoropoulos, 2015a; Ruchi et al, 2016).
One possible reason for the contradictory phenomenon are the limits of the commonlyapplied LTP induction protocols. Previous experiments have mostly used a single train of tetanus
or the weaker protocol theta-burst stimulation pattern to induce LTP (Dubovyk & ManahanVaughan, 2018; Maggio & Segal, 2007; Papatheodoropoulos & Kostopoulos, 2000). Although
experiments using strong induction protocols have also found similar results, these experiments
may be compromised for the use of a vibratome to generate slices (Dubovyk & ManahanVaughan, 2018; Maggio & Segal, 2009; Maggio et al., 2015). Although vibratomes are known to
be less traumatic on tissue and generate smoother/cleaner surface on slices, they may hinder the
accuracy and precision of obtaining dorsal and ventral slices as the whole brain (hippocampus
embedded in the hemisphere) is sectioned compared to a chopper where the extracted
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hippocampus is sectioned. Therefore, it is worthwhile to investigate LTP expression in both
poles at higher LTP induction protocols.
2.3.5 Sex Differences in Synaptic Plasticity
Sex differences in cognitive function have been found in both animals and humans. In
particular, there are many studies on differences in hippocampal related functions among the two
sexes. In many strains of rodents, males tend to exhibit superior performance in spatial learning
and memory tasks such as having lower escape latencies in the Morris water maze (BergerSweeney, Arnold, Gabeau, & Mills, 1995; Hyer et al., 2018; Shah, Prados, Gamble, De Lillo, &
Gibson, 2013). Similarly in human studies, males participants were shown to outperform female
participants in spatial visualization tasks (Rizk-Jackson et al., 2006). Specifically, female
participants had higher latency in locating objects in computer generated environment compared
to their male counterparts. In contrast, female participants excel at episodic memory (Rizk-Jackson
et al., 2006). Yonker et. al. (2005) found that women outclassed age and estradiol level matched
male participants on verbal free recall and face recognitions tests. Furthermore, there is also
evidence indicating that females are superior at processing semantic information (Xu et al., 2014).
Severity of pathology induced impairments in cognitive functions is also sex dependent
(Cahill, 2006). In regards to hippocampal-dependent cognitive symptoms, females have greater
severity in Alzheimer’s disease and depression, while males have greater severity in schizophrenia.
In addition, learning and memory-related function are more impacted by stress in females than
males (Reich et al., 2019). Stress-induced learning deficits are also known to be sex dependent
(Derks et al, 2016). Considering the evidence for sex differences in hippocampus related functions,
difference in synaptic plasticity expression can be an underlying mechanism. In recent years, there
is evidence suggesting that male rodents have a higher susceptibility to MeHg induced behavioral
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(Björklund et al., 2007) and biochemical (Ruszkiewicz et al, 2016) alterations than their female
counterpart.
Evidence has been found showing the DG region from male rodents express higher LTP
magnitude (Maren, 1995). However, many studies have found inconsistent results in the CA1
region. For example, Qi et al (2016) found no differences in potentiation in CA1 region between
slices prepared from male, or female rodents (Jain et al, 2019; Qi et al., 2016),while other studies
(Hwang et al., 2010; Yang et al, 2004) have found that slices from male animals had higher LTP
expression.
2.3.6 Principal Component Analysis
It is generally accepted that an evoked field response in an electrophysiological study
includes multiple components. This is reflective of its nature as the aggregated electrical activity
in a given area of tissue that consists of multiple cell types and, thus, in turn, different synapses
(Bliss, Collingridge, Morris, & Reymann, 2018). For decades, neuroscientists have been mostly
interested in studying aspects (slope, or amplitude) describing the negative deflection that occurs
directly after the stimulus artifact as shown in Figure 2.3. The reason for the accumulated interest
is that many studies have shown the negative aspect to be a reflection of the excitatory
transmission and hence it has be coined field excitatory post-synaptic potentiation (fEPSP) (Bliss
et al., 2018; Nicoll, 2017). As such, other aspects of the evoked response are not well
characterized. Most importantly, it is unclear how many aspects or features there are and how
much each contribute to the information of the signal.
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Figure 2.3. Sample Trace of an Evoked Waveform. A single trace contains: i) a 5 ms prestimulus baseline, ii) a stimulus artifact, and iii) the evoked responses induced by the
stimulus. The fEPSP is the negative deflation observed directly after the stimulus artifact.
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Identifying other components of the evoked waveform that may have physiological
interpretations could enhance our usage and analysis of data in evoked potential experiments, in
particular that of multi-electrode arrays (MEA). In recent years, the emergence and availability of
MEAs have allowed multiple recording sites as opposed to one, or two points in acute tissue slices
by traditional sharp electrode methods. Sadly, synaptic plasticity studies that employed MEA have
not been able to fully utilize, or interpret data generated from multiple sites of recording. Generally,
synaptic plasticity studies using MEAs have either used only a single point in their analysis or
treated data from multiple sites as technical replica. To date, there is no standard or agreement on
the analysis of MEA generated LTP data. PCA may identify additional features aside from the
fEPSP which maybe unique to each recording point on the array and in turn could lead to formation
of better analytical strategies. Most importantly, the additional features identified may also aid in
the analysis to dissect the spatial anatomical relation presented by the increased number of
recording points in MEAs.
Principal component analysis (PCA) is a multivariate analysis technique that reduces
dimensionality of data sets by analyzing and capturing modes of variation (Chapman & Mccrary,
1995). In other words, the method detects features using a systematic approach which analyzes the
variation across all waveforms in an analytical set. As a result, PCA always picks a smaller number
of features to describe the signal as opposed to the full signal while at the same minimizing the
amount of information lost. There are two main advantages in applying PCA to evoked responses:
1) ability to extract components of the waveform that vary across the experiment, but are
uncorrelated with each other and 2) ability to quantify amounts of variability contributed by each
identified component. Although there are studies that have employed principal component scores
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in tissue evoked potential studies (Astrelin et al., 1998; Chapman & Mccrary, 1995), no study has
interpreted the underlying physiology driving force to the identified components.

2.4 Synaptic Plasticity: A Potential Target of Methylmercury
2.4.1 Absence of Neuronal Death at Low Dose Methylmercury
In contrast to high exposure paradigms, low chronic levels of MeHg do not necessarily
result in changes of brain tissue morphology. Autopsies of 32 Seychelles neonates did not reveal
any histological changes in white, or grey matter in the brain despite having an approximate MeHg
concentration of 0.3 µg/g (ww) (Lapham et al., 1995). Although the concentration is more than
two-fold lower than that found in acute toxicity/to induce change tissue morphology, MeHg related
learning deficits were still reported in the same population (Debes et al., 2016).
Consistent with epidemiological studies, no changes at the histological level were found in
the rodent brain at 0.3 µg/g (ww). A 14-day daily post-utero oral exposure to 0.34 mg/kg MeHg
daily did not show visible morphological changes , evaluated by light microscopy, in any region
of the adult rat brain (Kung et al., 1989). A 50-day exposure paradigm during gestation and
lactation in rats that resulted in a brain concentration of 1.45 µg/g (w/w) was found to produce no
morphological alterations (Lindström et al, 1991). More importantly, deficits in learning can still
be observed in the absence of histological changes. For example, mice exposed to 0.5 mg/kg
MeHg during gestation and lactation did not display neuronal death despite subjects exhibiting
degrees of learning deficits (Onishchenko et al., 2007). Therefore, MeHg-related learning deficits
seen in rodents may be a result of changes in synaptic transmission, or connectivity, as opposed to
neuronal loss. However, it is unknown whether these effects are of neurodevelopmental origins.
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2.4.2 Methylmercury Effects on Basal Synaptic Transmission
Preclinical evidence suggests that MeHg induces hyperexcitability neuronal tissue. Yuan
and Atchison (1993) found that 4 μM induced no noticeable change in the fEPSP measured in the
SP; while, at higher concentrations, a complete cessation of the fEPSP response was observed
(Yuan & Atchison, 1993). Interestingly, a transient increase of 20-40 % of fEPSP amplitude was
observed at 100 and 500 μM MeHg perfusion before complete cessation of the response.
Furthermore, it was shown that MeHg caused cortical slices from in vivo MeHg treated rats to
exhibit epileptiform activity, a sign of hyperexcitability of cortical neurons (Dasari & Yuan, 2010).
The exact mechanisms behind MeHg effects on synaptic transmission are still not well understood,
but they are primarily believed to be a result of MeHg enhanced glutamate transmission and
impairment of gamma-aminobutyric acid (GABA) signaling (Santos et al., 2016).
2.4.3 Methylmercury Enhanced Glutamate Mediated Synaptic Transmission.
One prime suspect for the MeHg induced increase in neuronal excitability is increased
glutamate levels at the synaptic cleft. High levels of MeHg have been found to inhibit uptake and
increase release of glutamate in vitro. For example, 5 μM MeHg (30 minutes preincubation)
inhibits glutamate intake up to 46% in rat primary astrocyte culture (Albrecht, Talbot, Kimelberg,
& Aschner, 1993). Reynolds and Racez (1987) found that 20 μM MeHg (50 minutes preincubation)
increased glutamate release in mouse cerebellar slices. At the same time, it is important to
recognize that these studies were conducted using extremely high dose levels, which are rarely
seen in the general population. Therefore, it is important to recognize that these effects of MeHg
on glutamate transmission may not be present at lower MeHg concentrations.
NMDA receptors play a role in induced toxicity of MeHg at high levels seen during the
Minamata tragedy and low levels typically seen in the general populations of Canada and the
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United States. The NMDA receptor antagonists memantine and MK-801 have been shown to
consistently reduce neuronal damage and death from high level MeHg exposure in vitro and in
vivo (Liu et al., 2017; Petroni et al., 2013; B. Xu et al., 2013; T. Yang, Xu et al., 2016). Interestingly,
MeHg was found to induce expression of NMDA receptor subunits NR1, NR2A, and NR2B in
vivo, which contributes to alterations in synaptic transmission (Gao et al., 2008). More importantly,
these changes in NMDA receptor subunit expression coexisted with learning deficits in mice.
Again, the exact role of the interaction between NMDA receptors and MeHg is still not completely
clear.
2.4.4 Methylmercury Enhanced GABA Currents
GABA receptors are also a prime suspect for MeHg action in which the mechanisms are
still elusive. Early evidence suggests that MeHg can inhibit uptake of GABA in cortical
homogenates prepared from rats treated with 7mg/kg/day MeHg intraperitoneal injections for 710 days (Araki et al., 1981). Moreover, there is evidence suggesting that GABA is more sensitive
to MeHg action as inhibition of cortical GABA uptake can be present without affecting glutamate
uptake (O’Kusky & McGeer, 1989). Consistent with these early studies, high levels of MeHg (10200 μM) has been now shown to increase GABA mediated currents in rodent cerebellum cortex
preparations (Yuan & Atchison, 2003, 2007). Specificity was confirmed via the absence of effect
in the presence of GABA antagonist (e.g., bicuculline). Interestingly, the effects of MeHg observed
were biphasic, first excites before completely a complete inhibition GABA currents on
postsynaptic membranes. Considering that higher dose can lead to cell death, which can lead to
cessation of GABA mediated current, MeHg can be speculated to increases GABA currents at low
doses while cell death at higher doses. Indeed, a recent study found that at 1-5 μM MeHg can
potentiate GABA current without an after cessation in xenopus oocytes. Most importantly, these
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effects seem to be mediated by GABAA α1 subunits. However, the mechanism regarding the mode
of action of MeHg on GABA are still unclear (Huang & Narahashi, 1997; Yuan & Atchison, 2016).
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3.0 Study Aims
3.1 Study Goals
The overall goal of this research document is to develop a more sensitive analytical strategy
in acute slice LTP MEA assay to detect effects of MeHg. Therefore, the exact goals are twofold:
1. Develop a more sensitive assay in measuring LTP stratifying the tissue slice based on sex, pole
of origin, distance of recording point to the neuronal soma or a combination of these factors.
2. Using the newly developed assay to analyze the effects of increasing doses of MeHg on synaptic
plasticity.

3.2 Specific Research Questions
The research questions to be specifically answered are the following:
1. Does the origin along the longitudinal axis of the acute hippocampal slices affect components
of the evoked response during LTP expression?
2. Does the recording distance to the neuronal soma affect components of the evoked response
during LTP expression?
3. Does sex affect evoked response components differently during LTP expression?
4. Does NMDA receptor antagonist block LTP expression equally at all recording distance to the
neuronal soma and in slice of different origin along the longitudinal axis (dorsal vs ventral)?
5. Does MeHg affect components of the evoked responses during LTP expression equally at all
recording distance to the neuronal soma and slice of different origin along the longitudinal axis
(dorsal vs ventral)?
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4.0 Tetanus Induced Changes in SC-CA1 Evoked Responses
4.1 Overview
The main purpose of this chapter is to investigate tetanus (100 Hz x 2; intertrain duration:
20s) induced changes on evoked potential waveforms as a function of recording distance to the
soma and origin of hippocampal slice along the longitudinal axis from both male and female rats.
In addition to studying the standard evoked response fEPSP aspect (amplitude), this chapter will
also explore and identify other aspects of the evoked response which may vary due to tetanus
induction. The chapter is divided into three sections: 1. PCA to identify main components of the
evoked field potential, 2. statistical modeling and testing of evoked response components, and 3.
effect of NMDA receptor antagonist on the evoked response components.

4.2 Materials and Methods
4.2.1 Electrophysiology Experiments
Female and male SD rats (12-20 weeks old) were purchased from Envigo™ and housed in
polypropylene cages with woodchip bedding and stainless-steel wire lids on a 12-hour dark/light
cycle. After euthanizing with CO2 and decapitation, brains were quickly removed and placed in
ice cold oxygenated (95 %O2:5 % CO2) artificial cerebrospinal fluid (ACSF). ACSF composition
was as follows: 127.0 mM NaCl, 2.0 mM KCl, 1.2 mM KH2PO4, 26.0 mM NaHCO3, 2.0 mM
MgSO4, 2.0 mM CaCl2, 10.0 mM glucose (pH 7.4; osmolality 300-320 mOsm). The hippocampus
on the right hemisphere was extracted and 350 μm thick transverse slices were prepared using a
McIlwain tissue chopper, sectioning the hippocampus from dorsal to ventral along the longitudinal
axis. Slices generated from the approximate first 2 mm were defined as dorsal slices. Ventral slices
were generated from tissue that was at least 4.55 mm away from the first 2 mm (dorsal) portion.
In a typical experiment, 3 to 4 slices were generated from each pole. Slices were then transferred
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to a custom holding chamber filled with oxygenated ACSF (35°C) and allowed to recover at
interface (95 % O2:5 %CO2) for a minimum of 2 hours.
4.2.2 Field Excitatory Postsynaptic Potential Recording
Evoked responses were recorded using an 8 x 8 multi-electrode array probe (electrode size
20 x 20 μm, interelectrode distance of 100 μm). Responses were evoked at 0.167 Hz using the
MED64 system (Alpha MED Scientific Inc., Osaka). Sampling rate of each evoked waveform
trace was 20 kHz. The order of dorsal and ventral slice use was balanced between experiments,
i.e., if a dorsal slice was used in one experiment, the next experiment used a ventral slice. The first
row of the electrode probe had been consistently placed at the SP layer, or approximately 100 –
200 um away from the neuronal soma. Warmed and oxygenated ACSF (32°C) was perfused at a
rate of 1-1.5 mL/min. Slices were allowed to rest on the probe for a minimum of 20 minutes
following placement. Subsequently, a point of stimulation in the SR was selected in the CA1 region
of each slice. Points of recording was up to 600 μm from the soma that are 100 μm away from the
stimulating electrode on the horizontal axis (towards the subiculum), i.e., 6 points was be recorded
per slice. If electrical noise was present, the adjacent channel that is 100 μm away along the
horizontal axis was analyzed.
The fEPSP amplitude were extracted as the minimum value located between 6 to 15 ms of
the evoked response. The positive going aspect (PGA) amplitude were extracted as the maximum
value located between 15.5 to 70 ms. In other words, the fEPSP and PGA are the absolute
amplitude difference to zero at 6 to 15 ms and 15.5 to 70 ms, respectively. For each slice, the
average of the first twenty minutes served as a baseline to which all values were normalized for
both fEPSP and PGA. The average increase over baseline in the last 10 minutes of recording after
tetanus was taken as the degree of potentiation.
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N indicates the number of animals whereas n indicates the number of slices (per animals
or in total)
4.2.3 Imaging and Determination of Electrode Position in the CA1
Placement of the hippocampal slices on the multi-electrode array was recorded with a light
microscope. Illustrative images of dorsal and ventral hippocampal slices are in Figure 4.1A and
Figure 4.1B. However, evoked waveform shapes had been used as a gold standard to determine
the location of the first row of electrodes, the 100 μm recording point to the neuronal soma. It has
been revealed that the evoked responses can be identified according to distance to soma depending
on the shape of the waveform (Kolta et al., 1995). Previous current-source density analysis study
revealed that the observation of negative deflection of the evoked responses occurring after the
stimulus artifact will decrease when approaching the soma and that at the soma the response will
become a positive peak when an electrical stimulation is applied to the SR (Kolta et al, 1996). An
illustrative sample is in figure 4.2A and 4.2B. In figure 4.2A, the neuronal soma was located within
the MEA where the evoked response contained a positive deflation whereas in the other channels
a negative deflation appeared at the same timing. In figure 4.2B, the neuronal soma was not located
and the 100 μm to soma location was instead estimated by a decreased pattern of the negative
deflation along the vertical axis of the MEA grid. The distance between the recording electrode
and soma was then calculated and deduced from an inter-electrode distance of 100 μm.
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A: Dorsal Slice

B: Ventral Slice

Figure 4.1. Dorsal and Ventral Hippocampus Slices. A. Illustration of a dorsal hippocampal
slice on a MEA. B. Illustration of a ventral hippocampus slice on an MEA
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A

B

100 μm to Soma

Neuronal Soma Response

Evoked Response

Figure 4.2 Determination of the 100 µm recording point. Somatic response was observed on
the MEA and subsequent points were calculated based on inter-electrode distance. B. Somatic
response was not observed on the MEA. The 100 µm point of recording was estimated by a
decrease in the negative deflection of waveform.
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4.2.4 Input/output Curve
An input-output curve was made to determine the test stimulation intensity needed to evoke
a response eliciting 30-60% of the maximal fEPSP at the channel that was located 100 um
horizontally from the point of stimulus towards the subiculum. To measure the input-output (IO)
relationship, fEPSP amplitudes were recorded against increasing stimulation intensities at
increments of 5 μA. Maximum fEPSP amplitude was defined as occurring immediately before the
waveform showed contamination from other sources.
4.2.5 Long Term Potentiation/ Tetanus Protocol
Experiments were conducted in male and female animals. Stable baseline activity was
recorded for a minimum of 20 minutes before application of tetanus (high frequency stimulation,
HFS, two trains of 1 s, 100 Hz, 20 s apart). The full flow of the experiment is presented in Figure
4.3.

Figure 4.3. Tetanus Experiment Flow. Overall flow of an individual tetanus experiment.
After establishing 20 minutes of stable baseline, tetanus was applied and recording was
resumed for an additional 30 minutes.
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Stability was defined by the two following criteria: 1. No more than 10% variation in
amplitude to 100% baseline between each waveform sampled every minute during the first 20minute period and 2. No more than 5 % difference between the average normalized amplitude of
the first and last 10-minute period during baseline recording. fEPSP recordings was continue for
at least 30 minutes post-tetanus. Magnitude of potentiation for both fEPSP and PGA was
determined by taking an average of the last 10 minutes of recording and calculated as a percent
increase over baseline average.
4.2.6 Long Term Potentiation/ Tetanus and APV Protocol
Experiments were conducted in male animals only. Stable baseline activity was recorded
for a minimum of 20 minutes before application of 50 nM 2-Amino-5-Phosphonopentanoic acid
(APV, Sigma-Aldrich) containing ACSF perfusion, which would last for the remainder of the
experiment. Tetanus was applied 20 minutes after APV ACSF perfusion. Evoked responses were
recorded for another 30 minutes post-tetanus. As a result, the experiment was divided into three
phases in the proceeding order: 1. baseline, 2. APV, 3. APV-LTP. A schematic representation is
illustrated in Figure 4.4. The average change over baseline in the last 10 minutes of baseline,
APV, and recording was taken as baseline, APV, and APV-LTP phase.
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Phase: Baseline

Phase: APV

Phase: NA

Phase: APV- LTP

20 Min

20 Min

Apply Tetanus (22s)

30 Min

LTP
Induction

Resume
recording

Baseline

APV-ACSF
Perfusion

Figure 4.4. APV-Tetanus Experiment Flow. After establishing a 20-minute stable baseline
recording, APV-ACSF perfusion began and persisted throughout the experiment. After 20 minutes
of the start of APV perfusion, tetanus was applied and recording was resumed for 30 minutes.

4.2.7 Data Analysis
All data had been exported in csv (comma separated values) format and processed using
python (3.2). To eliminate any fluctuations during pre-stimulations, all points of the waveform
will be subtracted by the average of all points in the first 4 ms (pre-stimulus). Further analysis of
the waveform will be conducted in python version 3.6 (Additional Packages: Matplotlib 2.1.0,
NumPy 1.16, Pandas 0.24.2) or R version 3.5.0 (Additional Packages: emmeans 1.3.3, ggplot2
3.1.0, gridExtra 2.3, nlme 3.1-130)
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4.2.7.1 Principal Component Analysis

In the current study, each evoked field potential waveform trace was composed of the
following: i) 5 ms pre-stimulus baseline, ii) 1 ms stimulus artifact, and iii) a full waveform trace
with the evoked response is illustrated figure 2.3. As seen in figure 2.3, the stimulus artifact is
order of magnitudes larger than the evoked response. At the same time, it does not provide any
physiological meaning. Due to its large magnitude, even slight changes in stimulus artifact
variations will dominate PCA results and in turn mask other evoked responses variation in the
principal component analysis. To eliminate the stimulus artifact, analysis was conducted using
only the 6.5 to 300 ms interval of the waveform which resulted in 5880 points in each waveform
trace. Furthermore, all waveforms were digitally down-sampled by 10-fold (to 2 kHz) to achieve
data processing efficiency which resulted in 588 points in a single waveform. Visual inspection
suggested that the down sampling did not alter the evoked waveform.
In brief, the PCA process first creates matrices of waveforms from each recording point on
the MEA in a single experiment of a slice. The resultant data frame contained every trace of the
evoked potential waveform as a column vector of p variables (p: number of points in the down
sampled evoked response waveform trace) x1×p representing a single observation among the n time
points (n: row,1-50 minutes) of the tetanus experiment. Each waveform could be thought of as
being defined by 588-coordinate position vector/ variables within a correlated coordinate space of
time points (50 minutes). Using this notation, each recording point of a slice was a dataset that
could be represented by the symbol Xn×p consisting of n observations with a vector of size of p.
Principal components of a single recording point in a slice were then determined by computing the
eigenvector (the principal components, directions of variability) of the correlation matrix Sp×p of a
single dataset X50×588. and the amount of variability in these directions were determined by the
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corresponding eigenvalues. Each eigenvector is a linear combination of all points in the original
signal and can be thought of as a feature. In order to locate mode of variation described by the
principal component, corresponding principal component were computed and interpreted
alongside the original waveform trajectory across the 50-minute duration of the tetanus experiment.
4.2.7.2 Linear Mixed Model Analysis

In this current study, the main effects of interest are sex, pole of origin, and recording
distance to the soma. However, multiple values are not independent observations, which might
distort the accuracy of statistical tests by increasing the chance of a false negative (West, Welch,
Galecki, Welch, & Galecki, 2014). In biology, there is a belief that all observations from the same
animal and same tissue have the possibility to have a co-variance structure, i.e. one observation
can predict other observations of the same source (Carey, 2012). In the current structure, there are
two levels in which a covariance structure may arise: 1. animal: the same animal can generate
multiple slices, 2. slice: each slice generates 6 recording points for analysis.
A linear mixed model is a method that can account for underlying covariance structures by
estimating these parameters as random effects. General linear models such as anovas and t-tests
estimate experimental units of the same group to be a single line in an x-y coordinate in which all
observations share the same intercept/baseline and slope/response. In contrast, a liner mixed model
estimates each experimental unit to be a single line that may have different intercepts, or slopes.
In other words, experimental units may have a unique slope and/or intercept when from the same
animals and slices with prior covariance structure (Koerner & Zhang, 2017). Essentially, this
resolves the issue of independence among repeated measures including temporal and spatial
pseudo-replications. The model may shed light on how the independent variable impacts the
outcome measurement when among co-existing variables.
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In the tetanus experiment, fEPSP and PGA were separately fitted to a linear mixed model
with main effects as: 1. sex (male, or female), 2. pole of origin (dorsal, or ventral), 3 recording
distance to soma (1-6 102μm); and random effects as: 1. animal (1-13, total 13 animals in total)
and 2. slice (1-3). In other words, sex, pole of origin and recording distance to soma were the main
effects of interest tested. Slice and animal number were random effects to see if the response
variables were affected. In the APV-tetanus experiment, fEPSP and PGA were separately fitted to
a linear mixed model with main effects as: 1. Phase (Baseline, APV, or LTP), 2. Pole of origin
(Dorsal or Ventral), 3 Recording distance to soma (1-6 x102μm); and random effects as:1. Animal
(14-18, 5 animals in total) and 2. Slice (1-2). Random intercept only models were fitted in both
experiments. The Tukey’s test for post hoc comparisons was employed when a fixed effect, or
interaction effect was found to be significant.
4.2.7.3 Linear Mixed Model Assumption

Although a linear mixed model allowed the bypass of independence assumption, the
assumption of normality and homogeneity of variance were still needed. In all models, the
homogeneity of variance assumption was not violated (Supplemental Figure A1). Similarly, the
assumption of normality seems not to be violated in all models with the exception of fEPSP model
in the tetanus experiment (Supplemental Figure A2). Even though skewedness and heavy tails are
still observed, these should not pose a significant problem to the use of linear mixed models to
compare means. As like ANOVAs, linear mixed models are relatively robust against nonnormality related problems such as higher false positivity (Glass, Peckham, & Sanders, 1972; Lix,
Keselman, & Keselman, 1996).

Most importantly, there are currently no non-parametric

alternatives for a 2 or 3-way ANOVA. To simplify the interpretations of the factors and their
interaction, the linear mixed model was still used. Also, considering that the p-values observed in
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the current study were often more than 10-fold lower than 0.01, the chance of a false positive
should be considerably low.

4.3 Results
4.3.1 Principal Component Analysis
PCA results are best to interpret when the dataset can be mostly explained by only a few
principal components (Jackson, 1991). Eigenvalues depict the amount of variation each principal
component contributes in a numeric fashion. Through observing the eigenvalue of all recording
points analyzed (126 in total) across all slices (n = 21 in total), two eigenvectors seem to dominate
the majority of variance and have higher contribution to variation across the duration of
experimental time than the remaining 586 eigenvectors. A sample normalized eigenvalue plot of
all recording points within a given experiment is illustrated in Figure 8. It can be observed at
minimum the first two eigenvectors can explain 76% of the overall variation, which also represents
the overall information, across the tetanus experiment (Figure 4.5). This pattern seems to be also
consistent among all channels recorded across all slices. Across all slices, the first two eigenvectors
can explain on average 85% of the variation in the evoked responses across the tetanus experiment
(Supplemental Table B1). Only in 6 of 126 channels, did the first eigenvector contribute less than
70% of the variation.
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Figure 4.5 Sample PCA in a Slice. Sample principal component analysis of all recording distance
within a slice with plotted normalized eigenvalues (in total 588). Each eigenvalue corresponds to
a single eigenvector/principal component and shows the relative amount of variation contributed
by the corresponding eigenvector. In this sample, it can be observed that there are two eigenvectors
that contribute most of the variation across experimental time. Variation contributed by the two
eigenvectors are listed in each channel. In all cases in the sample slice presented, the variation
explained is more than 75%.
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This process of determining where the principal component maybe present in the original
data were conducted completely at the investigator’s discretion with the help of statistical
consultants. It is important to note that the process is solely determined by the analyst’s
interpretation and may vary between personnel (Vilenchik, Yichye, & Abutbul, 2019). Through
observing the component scores and the trajectory of the evoked responses across time, the two
modes of variation were located based on the analyzer’s inference. An example of the analysis in
one channel is illustrated in Figure 4.6. Figure 4.6A shows the trajectory of evoked response
waveforms overlaid from a single recording point across the whole duration of the tetanus
experiment. Through careful observation, the largest mode of variation of the principal component
score 1 and 2 across the 50-minute tetanus experiment (Figure 4.6B and Figure 4.6C) were
determined to best correspond to the initial negative component and later positive component,
respectively, of the waveform. During baseline, the score is stable and peaks during post-synaptic
potentiation and remains stably elevated from baseline during LTP. In the trajectory of the evoked
responses, it seemed that this component score corresponds best with the negative aspect occurring
from 6 to 15 ms. Principal component score 2 seems to be stable and has a notable change from
baseline after tetanus as observed. It was determined that the principal component score 2
corresponds best with the positive going aspect occurring between 15.5 and 70 ms of the evoked
response waveform.
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Figure 4.6 Locating Mode of Variation. A: Trajectory of waveforms overlaid at a recording
point in a tetanus experiment. Red lines (6.5 ms and 15 ms) indicate where the estimated PC1
is. Blue lines (15.5 ms and 70 ms): where the estimated PC2 is. The estimated location of the
principal components (PC) 1 and 2 are indicated in the graph. B: PC1 calculated component
score changes across the tetanus experiment (50 minutes of recording). C. PC1 calculated
component score changes across the tetanus experiment (50 minutes of recording).
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4.3.2 Tetanus Induced Changes on Field Excitatory Post-Synaptic Potential
In total, there were 126 recording points analyzed from 21 slices (11 dorsal and 10 ventral)
contributed by 8 male and 5 female rats.
In both male and female slices, a trend could be seen that the magnitude of potentiation in
fEPSP, more commonly known as LTP, is inversely proportional to the recording distances from
the neuronal soma as seen in Figure 4.7. In females (Figure 4.7B), this trend was less obvious,
which may be due to the fact that there were more dorsal (N = 5) than ventral (N = 2) slices in the
analysis. However, no effect of sex was detected (p = 0.43, F = 0.64) nor was there an interaction
with recording distance to soma (p = 0.97, F = 0.18), or pole of origin (p = 0.68, F = 0.17). Results
of linear mixed model analysis are summarized in Table 4.1.

Table 4.1 Tetanus Experiment Linear Mixed Model on fEPSP Results

Term

F-Value

p-Value

Sex

0.62

0.44

Recording Distance To Soma

14.87

<0.01

Pole of Origin

0.007

0.94

Sex: Recording Distance To Soma

0.56

0.73

Sex: Pole of Origin
Recording Distance To Soma: Pole of
Origin
Sex: Recording Distance To Soma: Pole of
Origin

0.17

0.72

6.33

<0.01

0.54

0.75
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Figure 4.7 Male and Female fEPSP across Tetanus Experiment. A. Male fEPSP
results across the tetanus experiment by recording distance to the neuronal soma. N = 8
animals, n = 1-3 slices per animal. B. Female fEPSP results across the tetanus experiment
by recording distance to the neuronal soma. N = 5 animals, n = 1-2 slices per animal.
Experimental results were pooled from both dorsal and ventral slices
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Recording distance to soma had a significant effect on the potentiation of fEPSP after
tetanus (p < 0.01, F = 14.87). Post hoc analysis with Tukey’s pairwise comparisons between the
LTP potentiation of the recording distance revealed that the majority of recording points are
different to 100 µm and 600 μm away from the soma. Table 4.2 contains all significant pairwise
comparisons on recording distance to soma. Specifically, it was found that fEPSP potentiation at
the 100 μm recording point was statistically different than that at 300 μm (p < 0.01), 400 μm (p <
0.01), 500 μm (p < 0.01) and 600 μm (p < 0.01). No difference was found between that of 100 μm
and 200 μm (p = 0.09). Similarly, it was found that fEPSP potentiation at the 600 μm recording
point was statistically different from that at 100 μm (p < 0.01), 200 μm (p < 0.01), 300 μm (p <
0.01), 400 μm (p = 0.01). No difference was found between 600 μm and 500 μm (p = 0.13). Figure
4.8 shows the mean fEPSP potentiation across all recording points.
Table 4.2 Significant fEPSP Pairwise Comparison on Recording Distance to Soma in
Tetanus Experiment. p value adjustment: Tukey method for comparing a family of 6 Estimates

Pairwise
Comparisons
(x10^2 μm)

p-value

1-3

0.0091

1-4

<0.001

1-5

<0.001

1-6

<0.001

2-6

<0.001

3-6

<0.001

4-6

0.0083
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n= 21 slices

Figure 4.8 Potentiation in fEPSP by Recording Distance to Soma. Effect of recording
distance to the neuronal soma was found to be significant. Post hoc analysis revealed that most
points show a significant difference to recoding distances of 100 and 600 um away from the
neuronal soma. Data generated from N=13 animals, which yielded 1-3 slices per animal. Data
averaged over 21 slices for each recording point, Expressed in Mean+/-SEM
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Pole of origin along the longitudinal did not affect fEPSP potentiation (p =0.96, F=0.0017),
nor its interaction with sex had an effect on fEPSP potentiation (p = 0.68, F = 0.17). However, the
interaction effect between pole of origin and recording distance to the soma was significant (p =<
0.01, F = 6.86). Figure 4.9 shows the interaction plot of recording distance between pole of origin
on fEPSP. Figure 4.10 shows the fEPSP plots that are stratified by gender and pole of origin. In
both sexes, the gradient of fEPSP potentiation induced by tetanus is more apparent in ventral
hippocampal slices compared to dorsal hippocampal slices. Illustrative waveform traces are
presented in Figure 4.11. Indeed, the same statistical significance of pairwise comparisons (100
µm and 600 µm being different from the most of the recording distances) is still present in ventral
hippocampal slices, but absent in dorsal hippocampal slices as shown in Figure 4.12A. In dorsal
hippocampal slices, there was no significant difference in fEPSP potentiation between the
recording distances as seen in figure 4.13B. Summary of significant pairwise comparisons are
shown in Table 4.3. All pairwise comparisons within dorsal slices were non-significant (p>0.5).
Table 4.3 Significant fEPSP Pairwise Comparison on Recording Distance to Soma. p value
adjustment: Tukey method for comparing a family of 12 estimates.

Pairwise Comparison
(Recording Distance 10^2
μm, Pole)

p value

1, Ventral - 3, Ventral

0.0133

1, Ventral - 4, Ventral

<0.001

1, Ventral - 5, Ventral

<0.001

1, Ventral - 6, Ventral

<0.001

2, Ventral - 6, Ventral

<0.001

3, Ventral - 6, Ventral

<0.001

4, Ventral - 6, Ventral

0.0061
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Figure 4.9 Interaction of Pole of Origin and Recording Distance on fEPSP
potentiation. Data: Mean +/-SEM.
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A

B

N=5, n=1-2

N=7, n=1

C

D

N=5, n=1

N=2, n=1-2

Figure 4.10 Tetanus fEPSP Plots: Sex and Pole A: fEPSP changes induced by tetanus in
male dorsal slices. B: fEPSP changes induced by tetanus in male ventral slices. C: fEPSP
changes induced by tetanus in female dorsal slices. D: fEPSP changes induced by tetanus in
female ventral slices. Data: Mean +/- SEM
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B

A

Figure 4.11 Illustrative Traces on Tetanus Induced fEPSP Changes A.
Waveform traces from a dorsal hippocampal slice. B. Waveform traces from a
ventral hippocampal slice.
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B

A

n= 10 slices

n= 11 slices

Figure 4.12 fEPSP Potentiation by Recording Distance x Pole A: fEPSP changes
induced by tetanus at 100-600 µm recording points in dorsal hippocampal slices. B: fEPSP
changes induced by tetanus at 100-600 µm recording points in ventral hippocampal slices. .
Data generated from N=10(dorsal) or N=11(ventral) animals, which yielded 1-2 slices per
animal. Data averaged over 10 or 11 slices for each recording point, Expressed in Mean+/SEM
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4.3.3 Tetanus Induced Changes on Field Inhibitory Post-Synaptic Potentials
As in fEPSP, there were 126 recording points analyzed from 21 slices contributed by 8
male and 5 female rats. In both male and female slices, a decrease in PGA magnitude can be seen
at recording points more proximal to the neuronal soma, while at more distal recording points an
increase can be observed as seen in Figure 4.13. Illustrative waveform traces with emphasis on
PGA occurring between 15.5 and 70 ms are shown in Figure 4.14. No effect of sex on the last 10minute average PGA magnitude was detected (p= 0.98, F<0.001) nor the interaction of sex with
recording distance to soma (p=0.71, F=0.59). In addition, no sex to pole of origin interaction effect
was detected (p= 0.82, F=0.07). Pole of origin along the longitudinal axis also did not affect PGA
(p=0.1608, F= 4.76). Moreover, no significant interaction effect of pole with sex (p=0.82, F=0.07),
or recording distance (p=0.71, F=0.58) was found. However, a significant effect of recording
distance was detected (p<0.001, F= 38.19). Although a significant interaction effect was found
between the three terms (sex X Pole X Recording Distance), no obvious trend can be found in the
analysis. Results of linear mixed model analysis are summarized in Table 4.
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Table 4.4 Tetanus Experiment Linear Mixed Model on PGA Results

Term

F-value

p-value

Sex

0.00066

0.98

Recording Distance To Soma

38.19

<0.001

Pole of Origin
Sex: Recording Distance To
Soma

4.76

0.16

0.59

0.71

Sex: Pole of Origin

0.069

0.82

Recording Distance To Soma:
Pole of Origin

2.037

0.082

Sex: Recording Distance To
Soma: Pole of Origin

2.68

0.027
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PGA Amplitude (%Baseline)

A. Male PGA

PGA Amplitude (%Baseline)

B.Female PGA

Figure 4. 13 Tetanus Induced Changes in PGA in Both Sexes. A. Male PGA results
across the tetanus experiment by recording distance to the neuronal soma. N = 8 animals,
n = 1-3 slices per animal. B. Female PGA results across the tetanus experiment by
recording distance to the neuronal soma. N = 5 animals, n = 1-1 slice per animals.
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Figure 4.14 Illustrative Traces displaying the PGA. An
emphasis is given to the positive going aspect of the waveform
occurring between 15.5 and 70 ms. Green: Baseline traces. Red:
Post-tetanus traces.

51

Looking specifically at the level of recording distances, post-hoc analysis revealed that
there was no difference between the proximal recording points of 100 µm, 200 µm, and 300 µm
to soma. However, there was a significant difference between the three most proximal points and
the two most distal points 500 µm and 600 µm (all p<0.01). Interestingly, PGA at 400 µm was
statistically different to all 5 other recording points. Summary of significant pairwise comparisons
is shown in Table 4.5. Results are shown in Figure 4.15.

Table 4.5 Significant PGA Pairwise Comparison on Recording Distance to Soma in
Tetanus Experiment. p value adjustment: Tukey method for comparing a family of 6 Estimates.

Pairwise
Comparisons
(x10^2 μm)

p-value

1-5

<0.001

1-6

<0.001

2-4
2-5

0.0059
<0.001

2-6

<0.001

3-4
3-5

0.011
<0.001

3-6

<0.001

4-5

0.0042
<0.001

4-6
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Average PGA Post-Tetanus Last 10 Minute of Recording
(% Over Baseline)

n=21

Figure 4.15 Tetanus Induced PGA Changes by Recording Distance. Effects of recording
distance to the neuronal soma were found to be significant. Post hoc analysis shows that PGA
changes at the recording distances of each group are statistically different than that of another
group. Data generated from N=13 animals, which yielded 1-3 slices per animal. Data averaged
over 21 slices for each recording point, Expressed in Mean+/-SEM
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4.3.4 fEPSP and PGA Co-Analysis on Tetanus Induced Changes
The scatter plots of average fEPSPs and PGAs recorded during the last 10-minutes of the
post-tetanus period in all ventral and dorsal slices are presented in Figure 4.16A and Figure 4.16B,
respectively. An inverse relation between PGA and fEPSP changes can be seen in both figures
with the pattern more robust in ventral slices. Indeed, the Pearson correlation coefficient was
calculated to be -0.71 in ventral slices, while only -0.34 in dorsal slices. The correlation indicates
that tetanus-induced changes in fEPSP are inversely proportional to tetanus-induced changes in
PGA with the trend most robust in ventral slices.

n=11

n=10

PGA Change Over Baseline
(% Over Baseline)

PGA Change Over Baseline
(% Over Baseline)

Figure 4.16. Tetanus Induced Changes in PGA vs fEPSP in Dorsal and Ventral Slices. A:
Tetanus induced changes in PGA vs fEPSP in ventral slices. Data generated from 11 slices from 9
animals. Pearson correlation = -0.71 B: Tetanus Induced Changes in PGA vs fEPSP in Ventral
Slices. Data generated from 10 slices from 10 animals. Pearson correlation = -0.34
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4.3.5 APV Effects on Tetanus-Induced Changes in Field Excitatory Post-Synaptic Potentials
In total, there were 48 recording points analyzed from 8 (4 dorsal and 4 ventral) slices
generated from 5 animals.
Figure 4.17 displays the normalized fEPSP values of the APV-tetanus experiment by pole
of origin along the longitudinal axis. Little to no change can be observed after the start of APVACSF perfusion when compared to baseline. After tetanus application, fEPSP potentiation at all
recording points seem to be greatly inhibited in the presence of APV compared those seen in the
tetanus experiments. Interestingly, tetanus induced fEPSP potentiation shows slightly different
patterns in dorsal vs ventral slices under APV. In dorsal slices, some degree of potentiation can
still be observed at the most proximal layer. Whereas, in ventral slices, there is a decrease in fEPSP
magnitude at the most distal recording point, which seems comparable to what was observed in
the tetanus experiment.

Figure 4.17. APV-Tetanus fEPSP Recording. A: APV-tetanus recording in dorsal
hippocampal slices. B. APV-tetanus recording in ventral hippocampal slices. Red: Indicates
the beginning of APV-ACSF perfusion.
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A statistical significance was found in phase (Baseline, APV, and APV-LTP; p<0.01, F=
20.61) and its interaction with pole of origin (p=0.03, F=3.72). No other significant main effects
were found: 1. Recording Distance to Soma (p=0.06, F=2.2) or 2. Pole (p=0.49, F=0.70). Also, no
other statistically significant interaction effect was found. Results are summarized in Table 4-6
Table 4.6 APV-Tetanus Experiment Linear Mixed Model on fEPSP Results

Term
Phase
Recording Distance To Soma
Pole of Origin
Phase: Recording Distance To Soma
Phase: Pole of Origin
Recording Distance To Soma: Pole of Origin
Phase: Recording Distance To Soma: Pole of
Origin

F-Value

p-Value

20.61

<0.01

2.2

0.06

0.69

0.49

0.51

0.88

3.72

0.028

1.04

0.4

0.57

0.83

Looking into experimental phase, post-hoc pairwise Tukey’s test analysis reveals that
there were no significant differences in fEPSP 10-minute average during the last 10 minutes of
recording between baseline and APV phase in both dorsal (p=0.77) and ventral slices (p=0.87).
Moreover, it was found that the LTP phase in dorsal hippocampal slices was significantly
different to both APV (p<0.001) and baseline (p=0.001) phases (Table 4-7). Similar differences
were not found in ventral slices. A summary of the findings is illustrated in Figure 4.17. Results
indicate that APV did not affect baseline synaptic transmission in both dorsal and ventral slices.
However, APV is more effective at blocking fEPSP potentiation in ventral slices compared to
dorsal slices.
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Table 4.7 fEPSP Pairwise Comparison on Experiment Phase and Pole of Origin in APVTetanus Experiment. p value adjustment: Tukey method for comparing a family of 6 Estimates.
Pairwise Comparison (Experiment Phase,
Pole)

p value

APV, Dorsal - LTP, Dorsal

<0.001

Baseline, Dorsal - LTP, Dorsal

<0.001

Baseline, Dorsal - APV, Ventral

0.94

Baseline, Dorsal - Baseline, Ventral

1.00

Baseline, Dorsal - LTP, Ventral

0.96

LTP, Dorsal - APV, Ventral

0.23

LTP, Dorsal - Baseline, Ventral

0.32

LTP, Dorsal - LTP, Ventral

0.53

APV, Ventral - Baseline, Ventral

0.88

APV, Ventral - LTP, Ventral

0.09

Baseline, Ventral - LTP, Ventral

0.62
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N=4, n= 1

N=4, n=1
4

Figure 4.18. APV-Tetanus fEPSP: Phase x Pole. A: Average fEPSP during last 10 minutes of
each experimental phase in dorsal hippocampal slices. B: Average fEPSP during last 10 minutes
of each experimental phase in ventral hippocampal slices. Explain the meaning of the asterisk.
Provide numbers of animals/slices, not recording points. Data generated from N=4 (dorsal) or N=
4 (ventral) animals, which yielded 1-2 slices per animal. Data averaged over 4 slices for each
recording point in both dorsal and ventral slices, Expressed in Mean+/-SEM

4.3.6 APV Effects on Tetanus Induced Changes in Field Inhibitory Post-Synaptic Potentials
Figure 4.19 displays the normalized PGA values of the APV-tetanus experiment by pole
of origin along the longitudinal axis. Similar to fEPSP, no notable changes in PGA amplitude
can be seen upon the introduction of APV-ACSF in both dorsal and ventral slices. The decreases
in PGA after tetanus seem to be directly proportional to the recording distance to the neuronal
soma. The more proximal the recording point to the neuronal soma the larger the decrease in
magnitude induced by the tetanus. Interestingly, no increases/potentiation in PGA can be
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observed in the more distal recording points 500 µm and 600 µm, which appeared in the tetanus

PGA Amplitude
(% Baseline)

experiment.

Figure 4.19.APV-Tetanus PGA Recording. A: APV-tetanus recording in dorsal hippocampal
slices. B. APV-tetanus recording in ventral hippocampal slices. Red line: Indicates the beginning
of APV-ACSF perfusion.
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Statistical significance of main effects was detected in experiment phase (p<0.001,
F=44.67) and recording distance to neuronal soma (p<0.014, F=2.99). The interaction between
experiment phase and recording distance was found to be significant (p<0.001, F=7.81). No
other mains or interaction effects were detected (Pole: p=0.71, F=0.19). All results of the linear
mixed model analysis are presented in Table 4-8. Figure 4.20 shows the interaction plot between
experimental phase and recording distances.

Table 4.8 APV-Tetanus Experiment Linear Mixed Model on PGA Results

Term

F-value

p-value

44.67

<0.001

2.99

0.015

0.19

0.71

7.81

<0.001

0.71

0.49

Recording Distance To Soma: Pole
of Origin

0.32

0.9

Phase: Recording Distance To
Soma: Pole of Origin

0.57

0.83

Phase
Recording Distance To Soma
Pole of Origin
Phase: Recording Distance To Soma
Phase: Pole of Origin
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Average PGA Post-Tetanus Last 10 Minute of Recording
(% Over Baseline)
Figure 4.20. PGA Interaction Plot: Experiment Phase vs Recording Distance. * indicates
statistical significance compared to Baseline and APV phase. Data generated from N= 5
animals, which yielded 1-2 slices per animal. Data averaged over n=8 slices for each
recording point, Expressed in Mean+/-SEM
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Looking at experimental phase, post hoc Tukey’s test revealed that there was no
significant difference in PGA changes over baseline in APV and Baseline phase across all
experimental points. A difference in APV-LTP phase between the two other phases (APV and
Baseline) was seen at recording distances 100, 200, 300 µm to the neuronal soma (all p≤0.01).
Since the experimental phase and recording distance interaction was significant, while no
differences were observed between Baseline and APV at all recording points, it is warranted to
compared PGA values at APV-LTP phase between all recording points. A similar pattern to
tetanus induced change in PGA of tetanus experiment can still be observed in the PGA of APVLTP phase, i.e., a decrease in PGA at more proximal recording points while an increase at more
distal points. Indeed, Tukey’s pairwise comparison found significant differences between any
recording points at 100-300 µm to those at 500-600 µm. Interestingly, a decrease in the degree of
potentiation (the increase in PGA) at the most distal recording points (500-600 µm) can be
observed compared to that of the tetanus experiment (no statistical tests). Complete pairwise
results of recording points in APV-LTP phase reaching statistical significance are summarized in
Table 4-9 and illustrated in Figure 4. 20.
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Table 4.9. PGA Pairwise Comparison Between Recording Points in APV-LTP Phase. p
value adjustment: Tukey method for comparing a family of 18 Estimates. 1-6: Recording
Distance To Soma x10^2 μm

Pairwise Comparisons
(Experiment Phase, Recording
Distance To Soma x10^2 μm)

p-value

APV-LTP,1 – APV-LTP,2
APV-LTP,1 – APV-LTP,3
APV-LTP,1 – APV-LTP,4
APV-LTP,1 – APV-LTP,5
APV-LTP,1 – APV-LTP,6
APV-LTP,2 – APV-LTP,3
APV-LTP,2 – APV-LTP,4
APV-LTP,2 – APV-LTP,5
APV-LTP,2 – APV-LTP,6
APV-LTP,3 – APV-LTP,4
APV-LTP,3 – APV-LTP,5
APV-LTP,3 – APV-LTP,6
APV-LTP,4 – APV-LTP,5
APV-LTP,4 – APV-LTP,6
APV-LTP,5 – APV-LTP,6

1.00
0.82
0.0055
<0.01
<0.01
0.99
<0.01
<0.01
<0.01
0.76
0.007
<0.01
0.86
0.37
1.00
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Average PGA Post-Tetanus Last 10 Minute of Recording
(% Over Baseline)

n= 8

Figure 4.21. APV-Tetanus PGA at LTP Phase Data: Mean+/-SEM. Data generated
from N=5 (ventral) animals, which yielded 1-2 slices per animal. Data averaged over 8
slices for each recording point, Expressed in Mean+/-SEM
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4.4 Discussion
4.4.1 Principal Component Analysis
PCA revealed that there were two components in the waveforms that contribute to the
overall variation induced by the tetanus protocol. In other words, collecting information on these
two components will persevere the majority of information during tetanus protocol induces
changes in the evoked response. Through observing and interpreting principal component scores
with the waveform trajectory, the two main components seem to correspond best to the initial fast
going negative deflection (appears between 6.5 ms – 15 ms) and the later slow positive going
deflection (appears between 15.5-70 ms). However, it is important to note that the interpretation
or locating where these principal components could be in the original data maybe biased by the
analyst, i.e. different people may have different interpretations.
In the CA1 apical dendritic field, The negative-going component has been the primary
interest in the majority of synaptic plasticity studies (Bliss & Collingridge, 2013; Bliss et al., 2018;
Collingridge et al., 1983). This negative going aspect is believed to be reflective of glutamatergic
transmission and has been dubbed field excitatory post-synaptic potential (fEPSP). During
baseline, the fEPSP is mainly contributed by the activation of post-synaptic AMPA receptors by
the pre-synaptic release of glutamate which is evident by the reversible blockage of the antagonist
CNQX (Scharfman, 1993).
In comparison, there is very little information regarding the PGA that was identified. In
1995, Arai et al first isolated and examined a GABAA dependent later slow, positive going potential
by recording the evoked field responses in the presence of NMDA and AMPA receptor antagonist.
The isolated component was found to be more prominent in more distal point to the neuronal soma
while being a negative deflation at the neuronal soma (Arai et al., 1995; Kolta et al., 1996). Now,
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this component is believed to be a result of GABA release from interneurons from the activation
of pre-synaptic glutamate release, or through this direct stimulation by the bipolar pulse given
(Hulme et al., 2014). Some have speculated its prime purpose to act as feedforward inhibition to
modulate the fEPSP (Colavita et al., 2016). Hence, this component has been dubbed field
inhibitory post-synaptic potentiation (fIPSP) in 1995 by Arai et al. Recently, the existence of a
non-uniform GABAA mediated fIPSP has been confirmed in the CA1 of rodent hippocampus
through voltage sensitive dye imaging (Colavita et al., 2016). Hence, the laminar specific fIPSP
expression maybe likely due to the different subtypes of interneurons distributed in the CA1 region.
The PGA described in our current study shares many characteristics of the fIPSP such as time of
occurrence (after the fEPSP), kinetics (slow going positive potential), and laminar response profile
(negative at soma and most prominent when distal to soma). However, it is yet to be determined
whether the PGA is also GABAA mediated which would completely equivalent the two phenomena
once proven.
Overall, principal component analysis of evoked extracellular waveforms yielded two
components of interest that can explain the majority of variation in the waveform across the tetanus
experiment. Historically, much attention has been given to the study and analysis of the fEPSP
component. However, current PCA results calls for the need to at least analyze two components in
evoked field potential experiments to minimize information lost. Under our current inference, it
was determined that in addition to the fEPSP the PGA should be included.
4.4.2 Effect of Recording Distance and Pole of Origin in fEPSP Potentiation
A main discovery of this study is that an LTP magnitude gradient phenomenon exists in
ventral slices, while seemly to a lesser degree or even absent in dorsal slices. The LTP magnitude
gradient observed is where the degree of potentiation was inversely proportional to recording
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distance to the soma. Surprisingly, a decrease or depression like phenomenon in fEPSP was even
observed at more distal points in ventral slices. Current results are consistent with a previous study
by Kopanitsa et. al. (2006), the authors recorded LTP expression in relation to distance of the
recording point to the neuronal soma. Earlier founding by Kolta et. al. (1995) also reported that
more distal synapses were more difficult to potentiate compared to more proximal one. Although
ignored, their results also showed that the most proximal recording point not only had the highest
degree of potentiation, but also the highest degree of variability across all slices recorded. The
variability observed in their study can roughly be estimated to be +/- 50% (standard error of mean),
which might have been due to the fact that they ignored the origin of where the slice came from
along the longitudinal axis. Indeed, current results also show that the highest degree of potentiation
is observed at the most proximal recording point in ventral hippocampal slices which may give
rise to the higher variability seen in their study, which combined dorsal and ventral slices
Despite evidence showing LTP magnitude is higher in dorsal hippocampal slices (Dubovyk
& Manahan-Vaughan, 2018; Maggio & Segal, 2009), ventral hippocampal slices have an increased
excitability. In theory, the increased excitability of ventral pole neurons should indicate an
increased capacity to express higher magnitudes of LTP (Cohen et al., 1999). Biochemistry studies
have shown ventral slices to express higher NMDA receptor levels, while simultaneously having
lower expression of GABA-A receptors (Dubovyk & Manahan-Vaughan, 2018). Moreover, the
ventral hippocampus contains a significantly higher density of Synaptopodin puncta, a binding
protein positively associated with expression of synaptic plasticity, than the dorsal (Vlachos et al.,
2008). Accordingly, multiple studies have found that ventral hippocampal CA1 pyramidal neurons
are more excitable, including higher probability to elicit action potential, a more polarized
membrane potential and a lower input resistance compared to their dorsal counterparts (Dougherty
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et al., 2012; Kim & Johnston, 2015; Milior et al., 2016). Contrary to this evidence, majority of
studies show that dorsal hippocampal slices express a higher degree of LTP.
Reasons for the contradiction between higher excitability and lower LTP expression in
ventral hippocampal slices in previous studies maybe due to an increased threshold/ restriction.
The increased threshold are likely to be due to post-synaptic mechanisms as previously it was
shown that although ventral pyramidal neurons have higher excitability when directly injected with
current, stronger afferent stimulations were needed to elicit action potentiation firing compared to
dorsal neurons (Dubovyk & Manahan-Vaughan, 2018). The increased threshold for LTP
expression is also further supported by the fact that basal release probability of neurotransmitters
is the same in dorsal and ventral hippocampal slices (Babiec et al., 2017). Possible mechanisms
for higher threshold for LTP expression in the ventral hippocamps may include the recruitment of
SK channels by NMDA activation (Babiec et al., 2017) and activation of extra synaptic GluN2B
receptors by presynaptic glutamate spill over (Delgado et al., 2018), all of which would produce
an opposing hyperpolarising current to oppose LTP induction, during tetanus.
The majority of previous studies in dorsal and ventral hippocampal slices have only used
relatively weaker LTP induction protocols such as a single tetanus, or theta burst to induce LTP.
Therefore, it can then be hypothesized that a stronger stimulus (2 x tetanus) can evoke a stronger
LTP expression in ventral hippocampal slices as seen in the current study. In accordance to this
assumption, increased trains of theta burst have been shown to induce similar magnitude of LTP
expression in both dorsal and ventral slices (Kouvaros & Papatheodoropoulos, 2016). The theory
of a higher threshold for LTP induction in ventral slices is also supported by stress inducing higher
LTP expression in only ventral hippocampal slices (Grigoryan et al., 2015; Keralapurath et al.,
2014). The underlying mechanisms of stress induction of LTP expression has been proposed to be
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due to an increased excitatory state in pyramidal neurons through decreases in GABA current or
action of corticosterone stress hormone (Maggio & Segal, 2012). Regardless, there is evidence
suggesting additional mechanism at play that would increase the threshold (stronger stimulus
pattern needed) for LTP expression in CA1 ventral hippocampus.
Ventral hippocampal LTP expression is currently shown to be more dependent on NMDA
receptors compared to dorsal hippocampal slices. Our current results show that APV does not
affect basal synaptic transmission in both dorsal and ventral hippocampal slices at all recording
distances, which is consistent with previous findings. Interestingly, it was observed that LTP can
still be expressed to some degree in dorsal slices in the presence of NMDA receptor antagonist
carboxypiperazin propyl phosphonic acid. Papatheodoropoulos and Kouvaros (2016) found that
ventral slices expressed only NMDA-dependent LTP whereas dorsal hippocampal slices also
expressed NMDA-independent LTP. It was found that the L-type voltage-gated channels, the main
molecular mechanism for NMDA-independent LTP, was more effective/ involved in LTP
expression in dorsal hippocampal slices (Papatheodoropoulos & Kouvaros, 2016).
4.4.3 Effect of Recording Distance on Tetanus Induced PGA Changes
Current results indicate that PGA after tetanus shows a decrease in amplitude (depression
like phenomenon) at more proximal layers while an increase (potentiation) at more distal recording
points. In contrast to the fEPSP, this pattern is consistent in both dorsal and ventral hippocampus.
Sadly, there are very few studies on the PGA in the current literature. To date, there has only been
one study that investigated the changes induced by tetanus on the fIPSP (Arai et al., 1995). Similar
to fIPSP, a temporary depression can be observed in the current study at most recording points,
except distal points, after the application of tetanus. However, Arai et al. (1995) did not observe
any lasting changes after the initial depression. Two main reasons can be speculated for the
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differences in the PGA observed in the current study and the fIPSP by Arai et. al. (1995). One
reason may be due to the fact that Arai et al (1995) applied CNQX, an AMPA and NMDA receptor
antagonist as there has been evidence suggesting both NMDA and AMPA receptors play a crucial
role in interneuron synaptic plasticity (Pelkey et al., 2017). Another reason, similar to most LTP
studies on fEPSP, may be the disregard for where the PGA change was recorded. Our current
results show that there are recording positions which have minimal change in PGA after tetanus
induction (PGA 400 μm in tetanus experiment).
Synapses of interneurons in the CA1 region can express both LTP and long-term
depression (LTD). In 1995, it was first shown through intracellular recordings that tetanus
stimulation on excitatory synapses can potentiate interneurons in CA1 of the hippocampus
(Ouardouz & Lacaille, 1995). Later, it was also shown that the same tetanus stimulation pattern
could induce LTD in the hands of another group (McMahon & Kauer, 1997). Indeed, it is now
clear that interneurons can express both LTP and LTD under similar electric conditioning protocols
(Cowan et al., 1998; Laezza & Dingledine, 2004). One reason is that, with our increasing
understanding, there are multiple interneuron types in the CA1 region, which were not previously
known (NyÍri et al., 2003; Pelkey et al., 2017). Moreover, there is some laminar specificity to the
housing of specific interneuron populations (Pelkey et al., 2017). At different laminar, the different
interneurons can express different forms of plasticity in response to one stimulus. In consistent
with this notion, results of this study show that tetanus can induce depression of PGA at proximal
recording points to the soma whereas a potentiation in PGA at more distal recording points. The
complexity of interneuron distributions is well beyond the scope of this project and even to this
day, the distribution and composition of all types of interneurons in the CA1 of the hippocampus
is not fully understood.
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Both NMDA dependent and independent synaptic plasticity expression have been found in
interneurons (Pelkey et al., 2017). Although some evidence and speculation exist in the literature,
the exact mechanism and contribution of NMDA receptors to interneuron plasticity is unknown.
Regardless, this would not hinder the interpretation of our results. In the APV-tetanus study,
NMDA receptors does not seem not to affect the PGA gradient as a whole and that the same pattern
of potentiation at proximal recording points whereas depression like phenomenon at distal points.
Through observatory comparison to the tetanus experiments, it can be observed that NMDA
receptors do not contribute much to the depression like phenomenon at the proximal recording
points. In contrast, a notable decrease in the degree of PGA potentiation at distal recording points
in the presence of APV can be seen. Therefore, it can be speculated that NMDA receptors may
play a significant role in tetanus-induced potentiation of PGA at distal recording points.
4.4.4 fEPSP and PGA
Current results suggest an inverse relationship between tetanus-induced changes in fEPSP
and PGA at all recording points. At more proximal recording points, the fEPSP is potentiated while
the PGA is decreased/depressed. In contrast, fEPSP is depressed while PGA is potentiated at more
distal recording points. Although this relationship is less robust in dorsal slices, this pattern can be
observed in slices from both poles. At recording points where the fEPSP shows potentiation, the
decrease/depression in IPSP has been speculated as a duel mechanism to facilitate the LTP
phenomenon (McMahon & Kauer, 1997). Interestingly, the reverse seems to also be true, i.e. the
decrease/depression in fEPSP seem to be facilitated by a potentiation in PGA.

4.6 Conclusion
The current study is the first to record and analyze evoked waveforms in acute
hippocampal slices stratified by distance of recording point to soma and origin of the slice along
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the longitudinal axis. First, fEPSP potentiation gradient is inversely proportional to the distance
of the recording point to the neuronal soma. It was also observed that dorsal, but not ventral,
slices can exhibit NMDA-independent potentiation. In regards to PGA, a potentiation gradient
that is directly proportional to distance of the recording point to the soma which has a NMDA
dependent component in both poles. Furthermore, this study describes an inverse relation where
if the fEPSP potentiates, the PGA depresses and vice versa along the apical dendritic field. In
summary, current results indicate the importance of: 1. Stratifying by pole of slice origin along
the longitudinal axis and distance of the point of recording to the neuronal soma when studying
evoked potentials in hippocampal slices and 2. Documenting and analyzing the positive
component PGA of the evoked response.
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Appendix A

Supplementary Figure A1. Fitted Values vs Standard Residual Plot for All Models. The
plots show that the assumption of homogeneity is not violated in all models
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Supplementary Figure A2. Normal Q-Q Plot for All Models Used It can be observed that all
models do not violate the assumption of independence with the exception of the fEPSP in tetanus
experiment mode. It is noted that slight/limited degrees of skewness can be observed in the other
models.
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Supplementary Table B 1. Table of %Variation Contribution by The First Two
Components at Each Recording Point
% Variation Contribution by The First Two Components at
Each Recording Point
Dorsal

100 μm
62

200 μm
86

300 μm
92

400 μm
89

500 μm
84

600 μm
59

Ventral

91

96

96

92

78

63

Male

Ventral

81

87

91

76

82

82

3

Male

Ventral

88

95

97

89

80

64

4

Male

Dorsal

85

92

93

86

83

76

4

Male

Ventral

91

96

97

94

84

74

5

Male

Ventral

95

98

95

87

69

65

6

Male

Dorsal

87

96

94

89

92

81

6

Male

Ventral

80

86

86

76

92

92

7

Male

Dorsal

93

97

94

89

78

70

8

Male

Dorsal

91

96

95

89

82

71

8

Male

Ventral

95

96

84

88

78

78

8

Male

Ventral

84

93

92

84

85

73

10

Female

Dorsal

88

94

96

93

85

80

11

Female

Dorsal

95

97

97

93

86

79

12

Female

Dorsal

93

93

86

79

72

64

12

Female

Ventral

78

83

85

82

63

56

13

Female

Dorsal

86

92

94

93

88

84

14

Female

Dorsal

80

89

94

88

79

73

14

Female

Ventral

83

93

94

92

79

49

14

Female

Ventral

94

97

97

92

72

77

Animal#

Gender

1

Male

1

Male

2

Pole
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5.0 Effects of Methylmercury on Tetanus-Induced Changes in
fEPSP and PGA
5.1 Overview
The main purpose of the current chapter is to investigate the effects of MeHg on synaptic
plasticity in the CA1 region of acute hippocampal slices using the tools developed in Chapter 4.
Specifically, the goal is to investigate the effects of MeHg on the fEPSP and PGA, which may
reflect excitatory glutamate and inhibitory GABA transmission, to a certain extent. MeHg effects
would be investigated at levels: 1. that are seen in the brains or regular populations and 2. doses
that do not affect basal transmission.

5.2 Materials and Methods
5.2.1 Electrophysiology Experiments
Female and Male SD rats (12-20 weeks old) were purchased from Envigo™ and
anaesthetized with CO2. After decapitation, brains were quickly removed and placed in ice cold
oxygenated (95% O2:5% CO2) artificial cerebrospinal fluid (ACSF). ACSF composition was as
follows: 127.0 mM NaCl, 2.0 mM KCl, 1.2 mM KH2PO4, 26.0 mM NaHCO3, 2.0 mM MgSO4,
2.0 mM CaCl2, 10.0 mM glucose (pH 7.4; osmolality 300-320 mOsm). The right hippocampus
was extracted and 350 μm thick transverse slices were prepared using a McIlwain tissue chopper,
sectioning the hippocampus from dorsal to ventral along the longitudinal axis. Slices generated
from the approximate first 2 mm were defined as dorsal slices. Ventral slices were generated from
tissue that was at least 4.55 mm away from the first 2 mm (dorsal) portion. Slices would then be
transferred to a custom holding chamber filled with oxygenated ACSF (35°C) and allowed to
recover at interface (95 % O2:5 %CO2) for a minimum of 2 hours.

76

5.2.2 Field Excitatory Postsynaptic Potential Recording
Evoked responses were recorded using an 8 x 8 multi-electrode array probe (electrode size
20 x 20 μm, interelectrode distance of 100 μm). Responses were evoked and sampled at 0.167 Hz
using the MED64 system (Alpha MED Scientific Inc., Osaka). The first row of the electrode probe
was consistently placed at the SP layer or approximately 100 – 200 um away from the neuronal
soma. Warmed and oxygenated ACSF (32°C) was perfused at a rate of 1-1.5 mL/min. Slices were
allowed to rest on the probe for a minimum of 20 minutes following placement. Subsequently,
points of stimulation in the SR would be selected in the CA1 region of each slice. Points of
recording were up to 600 μm from the soma that are 100 μm away from the stimulating electrode
on the horizontal axis, i.e. 6 points were recorded per slice. If electrical noise was present, the
adjacent channel that was 100 μm away along the horizontal axis was analyzed.
The fEPSP amplitude were extracted as the minimum value located between 6 to 15 ms of
the evoked response. The field inhibitory post-synaptic potential (PGA) amplitude were extracted
as the maximum value located between 15.5 to 70 ms. In other word, the fEPSP and PGA represent
absolute amplitude differences to zero at 6 to 15 ms and 15.5 to 70 ms, respectively. For each slice,
an average of the first twenty minutes served as a baseline to which all values were normalized for
both fEPSP and PGA. The average increase over baseline in the last 10 minutes of recording after
tetanus was taken as the degree of potentiation.
N indicates the number of animals whereas n indicates the number of slices.
5.2.3 Imaging and Determination of Electrode Position in the CA1
Placement of the hippocampal slices on the multi-electrode array was recorded with a light
microscope. Illustrative images of dorsal and ventral hippocampal slices are in Figure 4A and
Figure 4B. However, evoked waveform shapes was used as a gold standard to determine the
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location of the first row of electrodes, the 100 μm recording point to the neuronal soma. It has been
revealed that the evoked responses can be identified according to distance to soma depending on
the shape of the waveform (A. Kolta et al., 1995). Previous current-source density analysis study
revealed observations that the negative deflection of the evoked responses will decrease when
approaching the soma and that at the soma the response will become a positive peak when an
electrical stimulation is applied to the SR (Arlette Kolta et al., 1996). Methods to determine the
location of the 100 μm are as described in details in chapter 4.3.3.
5.2.4 Input/Output Curve
An input-output curve was made to determine the test stimulation intensity needed to evoke
a response eliciting 30-60% of the maximal fEPSP at the channel that was 100 µm horizontally
from the point of stimulus towards the subiculum. To measure the input-output (IO) relationship,
fEPSP amplitudes was recorded against increasing stimulation intensities at increments of 5 μA.
Maximum fEPSP amplitude would be defined as occurring immediately before the waveform
shows contamination from other sources.
5.3.5 Methylmercury-Tetanus Experiment Flow
Stable baseline activity was recorded for a minimum of 20 minutes before perfusion with
either 0, 0.1, 1, or 5 µM MeHg (Sigma-Aldrich) containing ACSF, which would last for the
remainder of the experiment. Tetanus was applied 10 minutes after MeHg ACSF perfusion.
Recordings were continued for at least 30 minutes. Evoked responses were recorded for another
30 minutes post-tetanus. As a result, the experiment was divided into three phases in the
proceeding order: 1. Baseline, 2. MeHg (0, 0.1, 1, or 5 µM) 3. MeHg-LTP (0, 0.1, 1, or 5 µM). A
schematic representation is illustrated in Figure 5.1. The average change over baseline in the last
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10 minutes of baseline, MeHg (0, 0.1, 1, or 5 µM), and recording was taken as baseline, MeHg
(0, 0.1, 1, or 5 µM), and LTP phase.
Phase: Baseline

Phase: MeHg

Phase: None

Phase: MeHg-LTP

20 Min

20 Min

Apply Tetanus

30 Min

LTP
Induction

Resume
recording

Baseline

MeHg-ACSF
Perfusion

Figure 5.1. MeHg-Tetanus Experiment Flow. Overall flow of an individual MeHg tetanus
experiment. After establishing 20 minutes of stable baseline, MeHg-ACSF perfusion began and
persisted throughout the experiment. After 20 minutes of MeHg perfusion, tetanus was applied
and recording was resumed for 30 minutes.

5.3.6 Data Analysis
All data was be exported in csv (comma separated values) format and processed using
python (3.2). To eliminate any fluctuations during pre-stimulations, all points of the waveform
was subtracted by the average of all points in the first 4 ms (pre-stimulus). Further analysis of the
waveform were conducted in python version 3.6 (Additional Packages: Matplotlib 2.1.0, NumPy
1.16, Pandas 0.24.2) or R version 3.5.0 (Additional Packages: emmeans 1.3.3, ggplot2 3.1.0,
gridExtra 2.3, nlme 3.1-130).
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5.4 Results
Currently, an N of 1 for most doses and no control (MeHg 0 μM) was collected. Hence,
no statistical analysis was conducted. Instead, only observations from the available data were
made.
5.4.1 Effects of Methylmercury on fEPSP Results
The results of fEPSP in dorsal and ventral are illustrated Figure 5.2 and Figure 5.3,
respectively. In both poles and at all recording distances, no obvious change in basal synaptic
fEPSP transmission can be observed during the MeHg perfusion at all doses before the
application of tetanus. Since no control (MeHg 0 μM) was present in the current results, 0.1 μM
was considered as a reference point. Compared to ventral slices, it would seem that 1 μM is able
to inhibit the expression of LTP in dorsal slices. This effect is particularly notable when
compared at the more proximal recording points (100-300 μm to soma). In contrast, 5 μM would
seem to increase potentiation in both ventral and dorsal slices. Moreover, this increase in
potentiation seems to present at more distal recording points (300-600 μm). Most importantly, it
can be observed that MeHg effects on fEPSP is directly proportional do dose, i.e. higher MeHg
levels, higher LTP levels in both ventral and dorsal hippocampal slices.
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Figure 5.2 MeHg fEPSP Experiment Recording Across Time in Dorsal Hippocampal Slices
A: fEPSP at 100 μm. B: fEPSP at 200 μm/ C: fEPSP at 300 μm. D: fEPSP at 400 μm. E. fEPSP at
500 μm. F: fEPSP at 600 μm. Data: Mean+/SEM

Figure 5.3 MeHg fEPSP Experiment Recording Across Time in Ventral Hippocampal Slices
A: fEPSP at 100 μm. B: fEPSP at 200 μm C: fEPSP at 300 μm. D: fEPSP at 400 μm. E. fEPSP at
500 μm. F: fEPSP at 600 μm
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5.4.2 Effects of Methylmercury on PGA Results
The results of PGA in dorsal and ventral are illustrated Figure 5.3 and Figure 5.4,
respectively. In both poles and at all recording distances, no obvious change in basal synaptic
PGA transmission can be observed during the MeHg perfusion at all doses before the application
of tetanus. Since no control (MeHg 0 μM) is present in the current results, 0.1 μM would be
considered as a reference point. No obvious effect of MeHg at all doses can be observed in the
dorsal hippocampal slice. In contrast, there was a trend of increased PGA potentiation at more
distal recording points, namely the 400 and 500 μm point, by 5 μM MeHg treatment.

Figure 5.4 MeHg PGA Experiment Recording Across Time in Dorsal Hippocampal Slices
A: PGA at 100 μm. B: PGA at 200 μm C: PGA at 300 μm. D: PGA at 400 μm. E. PGA at 500
μm. F: PGA at 600 μm. Data: Mean+/SEM
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Figure 5.5 MeHg PGA Experiment Recording Across Time in Ventral Hippocampal Slices A:
PGA at 100 μm. B: PGA at 200 μm C: PGA at 300 μm. D: PGA at 400 μm. E. PGA at 500 μm. F:
PGA at 600 μm
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5.5 Discussion
Although previous studies have paved the way for understanding MeHg toxicity, the
majority of evoked response studies in acute hippocampal slices were difficult to interpret due to
limitation of physiological knowledge and technical capabilities of the time when conducting
experiments. First, these studies only described effects of MeHg at high physiological irrelevant
levels, the minimum being 20 μM, which is hundreds of folds above normal levels observed in
most populations (Fountain & Rowan, 2000; Gutiérrez et al., 2018; Yuan & Atchison, 1995;
Yuan & Atchison, 1993). From a technical perspective, some of these studies also suffered from
problematic recording methods as a lot of electrical noise can be seen in their representative
evoked waveform traces ( Yuan & Atchison, 1995; Yuan & Atchison, 1993). Most importantly,
it is very difficult to interpret the effects of MeHg on synaptic plasticity expression, namely LTP,
due to the use of non-standard experimental procedures. To my knowledge, all studies induced
LTP either when no stable baseline was established ( Yuan & Atchison, 1993), or at increased
magnitudes of electrical stimulation compared to baseline (Gutiérrez et al., 2018). Therefore, it is
nearly impossible to differentiate the effects of MeHg on synaptic plasticity from: 1. Existing
effects on basal synaptic transmission and 2. Increased basal stimulation magnitude. The role of
MeHg on fEPSP and PGA was evaluated using nominal concentrations. Future work should
investigate the extent to which MeHg was absorbed into the tissue slices during the tissue
exposure protocol.

Although the current study suffers from having a single point of observation at each dose
level, these preliminary results show that basal synaptic transmission does not seem to be
affected by the application of MeHg at all dose levels. Most importantly, the newly developed
method may allow for the detection of MeHg effects on GABA mediated action on the post-

84

synaptic membrane. Compared to APV treatment, some degree of fEPSP potentiation is still
maintained and that the magnitude of potentiation seems to be proportional to MeHg levels while
within 0.1-5 μM range. Excitingly, there is a trend that indicates 5 μM can increase potentiation
of GABA transmission/PGA at distal recording points to neuronal soma in both dorsal and
ventral hippocampal slices.

5.6 Conclusion
In summary, a larger sample size is needed to make any conclusion regarding the effects
of MeHg on synaptic plasticity. However, this study provides a practical means of investigating
the prime targets of MeHg action: 1. Glutamate and 2. GABA transmission in a cellar model of
memory and learning which are presumed to be affected at lower levels of MeHg exposure. Some
degrees of evidence for increased excitability of GABA transmission post-tetanus can be observed.
At least in the current study, the level of fEPSP inhibition observed at 1 μM MeHg appeared greater
than observed at 5 μM. Further, previous evidence has shown little to no effect at higher does (5
μM and 10 μM), This suggests that MeHg effects on fEPSP inhibition could be non-monotonic.
This underscores the importance of running the experiments at several intermediary MeHg
concentrations in order to better describe the dose response curve. Only after this dose response
curve has been established for MeHg could this model be used for assessing the ability of nutrients
(e.g., selenium, omega-3 fatty acids) to alter the slope or threshold of the dose response curve.
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6.0 Thesis Conclusion
In summary, the current study has accomplished two goals: i) establish a standard
experimental protocol and analytical methodology using MEA to investigate LTP in acute
hippocampal CA1 region and ii) showed preliminary evidence of MeHg actions on synaptic
plasticity.

6.1 Basic electrophysiology/ MEA Protocol Development
To knowledge, this thesis document is the first to show that LTP (fEPSP potentiation)
expression varies as a function of both recording distance to soma and tissue of origin along the
longitudinal axis. Moreover, in addition to analyzing fEPSP (initial negative aspect in apical
dendritic evoked response), it was also found that PGA (later and long acting positive going
component) contributes significantly to the overall variation of the evoked response during LTP
induction and expression. Some interesting observation were also made. An fEPSP potentiation
gradient that is inversely proportional to the distance of the recording point to the neuronal soma
was found in the CA1 region of ventral hippocampal slices. In contrast, this gradient is less
noticeable in CA1 region of dorsal slices. Although great effort has been made to ensure the
electrode locations in each experiment, it is important to recognize that there may be overlap of
the location of one recording point in one experiment to another. Despite this limitation, the
gradient phenomena in post-tetanus fEPSP and PGA amplitude was still robust enough to be
observed. Most importantly, it is still yet to be determined if the phenomenon is of biological
origin or an experimental artifact such as cells at distal recording points receiving less
stimulation.
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Interesting observation and interpretation were also made in the APV-LTP experiment. It
was observed that dorsal as opposed to ventral slices, dorsal slices can exhibit NMDAindependent potentiation to some degree. In regards to PGA, a potentiation gradient that is
directly proportional to distance of the recording point to the soma which has a NMDA
dependent component in both poles. Furthermore, an inverse relation where if fEPSP potentiates,
PGA depresses and vice reverse along the apical dendritic field is observed. Interestingly, APV
further demonstrated that the expression of LTP in slices of different origin along the
longitudinal axis may be altered to different degree by different drugs or toxicants. All related
questions proposed including effects of recording distance, pole of origin, sex and effects of
APV on LTP were sufficiently answered.
Overall, the basic physiology/ MEA protocol development section established a more
standard and sensitive procedure to record and analyze LTP studies of acute hippocampal slices.
Mainly, there is a need to stratify recording and analysis by pole of origin and recording distance
to the neuronal soma. Furthermore, these findings can also be applied in investigating cultured
hippocampal evoked or spontaneous field potentials. The importance of recording distance to the
neuronal soma can also be extended to evoked potential investigating other slice tissue types
such cortical or cerebellum.
For future directions, a control level, i.e., 0 μM APV, should be added to the APVTetanus experiments which can further ensure that no artificial effect (mainly mechanical) were
present in the result. Most importantly, the study would benefit greatly from testing the effects of
a GABA antagonist, such as bicuculline, on PGA changes during basal transmission and tetanus
application.
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6.2 Preliminary Results of Methylmercury Effects on Synaptic Plasticity
Using the developed MEA protocol for studying LTP in acute hippocampal slices, the
current study shows preliminary results describing the effects of MeHg on synaptic plasticity.
Current results suggest that at levels regularly seen in North American populations, MeHg does
not affect basal synaptic transmission, fEPSP or PGA, of evoked responses in the CA1 region
hippocampus. Moreover, MeHg does not seem to impede or block tetanus induced potentiation
(LTP) at the doses used. Most importantly, there is evidence indicating that MeHg can affect
both fEPSP and PGA of the evoked response. Taken into account previous studies that have
shown complete decay of the evoke response, the effects of MeHg on fEPSP and PGA may not
be monotonic. Several additional intermediary dose levels less than 5 µM MeHg to describe the
shape of the dose-response curve. Moreover, the use of absorbed tissue concentrations (rather
than nominal dose levels) may shed light on these observations.
However, the current results cannot fully describe MeHg effects on synaptic plasticity
with confidence. An improvement in the sample size is needed, ideally to N = 3 for each
concentration across the longitudinal axis, for conclusive statements to be made about the effects
of MeHg on synaptic plasticity. Furthermore, a negative control (0 μM MeHg) is urgently
needed to exclude any artificial effect induced by switching the solution perfused. Most
importantly, it would be advised in the future to measure the actual MeHg concentration in the
tissue after perfusion as the nominal concentration (applied dose levels) may not correlate
linearly with tissue MeHg concentrations.
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