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ประกอบดว้ยสมการเชิงพหุนาม สมการเชิงเลขชี*กาํลงั และสมการเชิงเลขยกกาํลงั พบวา่ตวัแบบเชิงเลขยกกาํลงั 
ไดค้่า adjusted 2R สูงสุดและสามารถประมาณค่าตั*งตน้ของ ศกัยห์ลงัการกระตุน้ชั.วขณะไดดี้ที.สุด สาํหรับการ
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Long-term Potentiation (LTP) is the best characterized forms of enhancement in 
synaptic plasticity which is a widely accepted model of learning and memory. The 
modification of long-term plasticity is a complex process and varies throughout synaptic 
events. The present research, in vitro brain slice techniques were used to study the efficacy of 
tetanic stimulation and theta-burst stimulation (TBS) for LTP induction in rats. In addition, 
the study also investigated the effects of cortical spreading depression (CSD), picrotoxin-an 
antagonist of gamma aminobutyric acid A (GABAA) receptor on the tetanic-induced LTP. 

For results of efficacy of stimulate patterns, the stimulation intensity was 
0.37+0.0677V with tetanic stimulation and 0.31+0.0862V with TBS. There were no 
significant differences among groups (one-way ANOVA, P=0.122). TBS effectively induces 
LTP more than tetanic stimulation with 144.42±6.54% of baseline (N=10) and 134.88±6.92% 
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potentiation approximation. For LTP approximation, there were similar quantification that the 
polynomial model produced a small relative error with abundant residual while there were not 
many residual from the exponential model and power model. Therefore, the power equation 
was a suitable model for LTP approximation or description of synaptic response. More over 
the nonlinear attribute of LTP had an influence on the fitting, with respect to increasing the 
accuracy of the parameters and the compatibility of combination of stimuli that produce LTP. 
 
 

 

 

 

 

 

 

Field of Study: Biomedical Engineering,   Student’s Signature………………………………... 

Academic Year: 2011       Advisor’s Signature……………………………….. 

   Co-advisor’s Signature……….…………………… 

v 



ACKNOWLEDGEMENTS 
 

 
I would like to express my sincere gratitude to my advisor, Professor Anan  

Srikiatkhachorn and my co-advisor, Assistant Professor Anusorn  Chonwerayuth for their 

excellent instruction, guidance, encouragement, and constructive criticism which enable me to 

carry out my study successfully. Grateful acknowledgement is also expressed to Assistant 

Professor Saknan Bongsebandhu-phubhakdi, who gave good advice and be guidance of this 

thesis since start until successful. He gave appreciate suggestion, checked and corrected the 

fault of this thesis and my manuscripts. 

This thesis could not successfully complete without the kindness of Associate 

Professor Mana Sriyudthsak for the excellent instruction, for all comments and good 

suggestions. 

I would like to thank Mr. Montree Maneepark who is a good guidance for 

experiment. I am also thankful to my family, my friends, all of biomedical engineering and 

neuroscience students  for their loves and supports during this educational experience. 

Finally my grateful is extended to Faculty of Science, King Mongkut’s  university of 

technology Thonburi for tuition fees supported and allowed me to undertake the Ph.D. 

program at Chulalongkorn University. 

This study was supported by the Neuroscience of Headache Research Unit, the 

Thailand Research Fund (RTA5180004 and MRG5280061), Chulalongkorn Senior Scholar, 

and Ratchadaphiseksomphot Fund, Chulalongkorn University. 

 

 

 

 

 

 

 

 

vi 



CONTENTS

Page

ABRTRACT (THAI)………………………………………………….………….……. iv

ABRTRACT (ENGLISH)................................................................................................. v

ACKNOWLEDGEMENTS.............................................................................................. vi

CONTENTS...................................................................................................................... vii

LIST OF TABLES……………………………………………………………………... ix

LIST OF FIGURES……………………………………………………………….. …... x

LIST OF ABBREVIATIONS…………………...…………………………………....... xiii

CHAPTER I INTRODUCTION…………………………………………...……….. 1

CHAPTER II THEORY AND LITERATURE REVIEW……………………….….. 4

Synaptic function………..………………………….………….……………… 4

The Hippocampus..…..………..………………………………………………. 6

Glutamatergic synaptic transmission…..…………………………….…..……. 7

Gabaergic synaptic transmission……..…………………………….…..……… 8

Long-term potentiation………………..………………………….….………… 9

Tetanic stimulation and theta-burst stimulation……..…………………….…... 11

Cortical spreading depression…………………..………………..……………. 12

Nonlinear least squares curve fitting……………..…………………….……… 13

CHAPTER III MATERIALS AND METHODS……………………………………... 15

Animal preparation………………………………..………………………..….. 15

Experimental protocols…………………………..………………………….… 15

Surgical procedures and induction of CSD………..…………………………… 17

Preparation and maintenance of brain slices……..……….……………………. 18

Electrical stimulation and recording……………..………………………..…… 19

Data acquisition and analysis……………………..………………….……….. 20

Least square curve fitting………………………..…………………………….. 21

CHAPTER IV RESULTS…………………………………………………………….. 23

Results from the experiments…………………..……………………………… 23

Results from least squares curve fitting…………..………………………..….. 30

CHAPTER V DISCUSSIONS AND CONCLUSIONS……………………………… 41

The efficacy of nonlinear least square curve fitting…..……………………….. 41



CONTENTS
Page

CHAPTER V

Computational approach for LTP describes their efficacy of stimulate 

patterns……………………………………………..…………………… 42

Computational approach of altered LTP that used to investigated 

the effects of CSD and Picrotoxin on the synaptic plasticity…..……….. 44

Conclusions……………………………………………………..……………… 47

REFERENCES………………………………………………………………………….. 48

APPENDICES…………………….…………………………………………………….. 54

Appendix A………………………………………..…………………………… 55

Appendix B……………………………………..…………………………..….. 61

BIOGRAPHY…………………………………………………………………………… 64

viii



LIST OF TABLES

Page

Table 1 The parameters values of least square fitting, 

with data of stimulated patterns………………………………………………… 33

Table 2 The parameters values of least square fitting, 

with control, Picrotoxin and Picrotoxin+CSD data……………………………… 33

Table 3 Representative of first PTP of stimulated pattern experiments, 

comparison between experimental data and computational value; 

and 2
adjR values…………………………………………………………………… 34

Table 4 Representative LTP of stimulated pattern experiments, comparison 

between experimental LTP and computational LTP……………………………. 34

Table 5 Representative of first PTP of control, Picrotoxin and Picrotoxin+CSD groups, 

comparison between experimental data and computational value; 

and 2
adjR values…………………………………………………………………… 35

Table 6 Representative LTP of control, Picrotoxin and Picrotoxin+CSD groups,

comparison between experimental LTP and computational LTP……………… 35

ix



LIST OF FIGURES

Page

Figure 2.1 The synapse………………………………………………………………….. 5

Figure 2.2 Anatomy of the (rodent) Hippocampus……………………………………… 7

Figure 2.3 The coexistence of NMDA and AMPA receptors……………………………    8

Figure 2.4 Routes for the expression of LTP in CA1…………………………………… 10

Figure 3.1 (a) Diagram of experimental design for experiment of the patterns of 

Stimulation………………………………………………………………………    17

Figure 3.1 (b) Diagram of experimental design for experiment of the effect of CSD 

and Picrotoxin………………………………………………………………….. 18

Figure 3.2 Induction of CSD in the brain of a Wistar rat……………………………….. 18

Figure 3.3 The electrode placement for LTP induction in area CA1 of the 

Hippocampus…………………………………………………………………… 19

Figure 3.4 Theta-burst stimulation is typically consisting of three trains 

of 10 brief 100 Hz burst, 4 impulses each, 200 msec  between burst 

and repeated in 10seconds between train………………………………………. 20

Figure 3.5 The main window of HEKA software………………………………………. 20

Figure 3.6 An example of the raw fEPSPs, and the slope between the arrowheads 

is used for measuring fEPSP changes before and after tetanic stimulation/TBS

as the LTP magnitude………………………………………………………..… 21

Figure 4.1 The fEPSPs slope results from tetanic stimulation and theta-burst 

stimulation……………………………………………………………………… 24

Figure4.2 PTP in first 5 minutes after tetanic stimulation and theta-burst stimulation,

each point plots 10 seconds time interval……………………………………… 25

Figure 4.3 A raw data of fEPSPs slope with n=10 which measured across the first

30 seconds after tetanic stimulation and theta-burst stimulation……………… 25

Figure 4.4 Summary of fEPSPs slope of tetanic stimulation and theta-burst stimulation. 

The fEPSPs  slope in recording period (60 min), I and L are representd initial 

and long term response respectively…………………………………………… 26

Figure 4.5 Results of long term potentiations at the final 10 minutes of recording

(50-60 min), each point plots the average of fEPSPs slop at interval 

1 minute……………………………………………………………………….. 26

x



LIST OF FIGURES

Page

Figure 4.6 The LTPs were induced under three different conditions. After 30 

minutes with a stable baseline period (time -30 to 0), tetanic stimulation was 

applied at the 0 time point, and the post tetanic responses were continuously

recorded for 60 min…………………………………………………………… 27

Figure 4.7 The LTPs were induced under three different conditions. The measurements

of the fEPSP slopes were plotted, for which each point was an average over 

every 6 values of 0.1 Hz (6 points in 1 minute)………………………………… 28

Figure 4.8 fEPSPs slope in the first 20 minutes after the tetanic stimulation…..….…… 28

Figure 4.9 Results of LTPs at the final 10 minutes of recording (50-60 min)…………... 29

Figure 4.10 The experimental data of four different conditions. For the analysis, 

the error bar were removed……………………………………………………..    29

Figure 4.11 The LTPs were induced under four different conditions…………………… 30

Figure 4.12 The General plot of the data set in arbitrary units.…………..……………… 31

Figure 4.13 The experimental results of the fEPSPs slope (% baseline) from tetanic 

stimulation. The lines represent curve fitted with least squares procedure, 

the insets show residual or error from curve fitting and the exact data. 

(a) Curve fitting with polynomial model, (b) Curve fitting with exponential 

model, (c) Curve fitting with power model……………………………………… 36

Figure 4.14 The experimental results of the fEPSPs slope (% baseline) from TBS. 

The lines represent curve fitted with least squares procedure, the insets show 

residual or error from curve fitting and the exact data. (a) Curve fitting with 

polynomial model, (b) Curve fitting with exponential model, (c) Curve fitting 

with power model……………………………………………………………….. 37

Figure 4.15 The experimental results of the fEPSP slopes (% baseline) from the 

control group. The lines represent the results of curve fitting with the 

nonlinear least squares procedure, the above inset show residuals from fitting. 

(a) Curve fitting with polynomial model, (b) Curve fitting with exponential 

(b) model, (c) Curve fitting with power model………………………………..... 39

xi



LIST OF FIGURES

Page

Figure 4.16 The experimental results of the fEPSP slopes (% baseline) from the 

picrotoxin group. The lines represent the results of curve fitting with the 

nonlinear least squares procedure, the above inset show residuals from fitting. 

(a) Curve fitting with polynomial model, (b) Curve fitting with exponential 

(b) model, (c) Curve fitting with power model………………………………… 40

Figure 4.17 The experimental results of the fEPSP slopes (% baseline) from the 

picrotoxin+CSD group. The lines represent the results of curve fitting with 

the nonlinear least squares procedure, the above inset show residuals from 

fitting. (a) Curve fitting with polynomial model, (b) Curve fitting with 
exponential model, (c) Curve fitting with power model………………………................    40

Figure 5.1 Rate of decay of PTP or the slope from the Eq. (4.2); parameter values 

in table 2 were used……………………………………………………………… 42

xii



LIST OF ABBREVIATIONS

ACSF Artificial cerebrospinal fluid 

AMPA  -amino-3-hydroxy-5-methyl-4-isoxazole propionate

CA Cornu Ammonis,

CSD Cortical spreading depression 

EPSP Excitatory post synaptic potential 

fEPSP Field excitatory post synaptic potential 

GABA Gamma-aminobutyric acid 

HFS High frequency stimulation 

IPSP Inhibitory postsynaptic potential 

LTP Long-term potentiation 

NMDA N-methyl-D-aspartate 

PKA Protein kinase A 

PTP Post-tetanic potentiation 

TBS Theta-burst stimulation 

xiii



CHAPTER I 

 

INTRODUCTION 

 

Background and Rationale 

Long-term potentiation (LTP) is an enhancement of synaptic strength or synaptic  

plasticity that can persist for hours and perhaps even for a lifetime (Bliss and Collingridge 

1993; Connor, 2009: 323-350). Hippocampal LTP is a widely accepted model of learning and 

memory (Bliss and Collingridge, 1993; Crozier et al., 2004: 109-122; Morgan and Teyley, 

2001). The induction of LTP is usually achieved with high frequency stimulation (HFS) 

(Crozier et al., 2004; Hernandez et al., 2005; Manninen et al., 2010). Tetanic stimulation or 

tetanus stimulation is a brief burst of HFS (100 Hz for 1 second) of an excitatory pathway that 

can also produce the LTP in the hippocampus. When the synaptic potentiation decays after 

tetanic stimulation, it is called post-tetanic potentiation (PTP), which occurs within 10 

minutes (Zucker, 1989; Tang and Zucker, 1997; Lee et al., 2010). 

 However, HFS is different patterns from naturally occurring firing patterns of 

neurons (Albensi et al., 2007) and tetanus do not correspond the innate activity in the intact 

animal during learning behaviorally (Morgan and Teyley, 2001). In response to these 

criticism, theta-burst stimulation (TBS) were developed that highly effective and perhaps 

optimal for induction of LTP (Larson and Lynch, 1986). TBS patterned mimics endogenous 

theta rhythms in the hippocampus that occur during some forms of learning and exploratory 

behavior (Crozier et al., 2004). Therefore tetanus and TBS are effective increasing synaptic 

transmission, there are different from efficiencies and physiological relevance. 

 One aspect of hippocampus studies is cortical spreading depression (CSD) which is a 

propagating wave of cellular depolarization that is believed to be a suppositional neuronal 

mechanism underlying migraine aura and pain (Leao and Morrison, 1945; Dehbandi et al., 

2008; Edelstein and Mauskop, 2009; Rogawski, 2012). Because information on the effects of 

CSD on hippocampal activity has not been fully investigated, the effects of CSD on LTP 

induction in hippocampal tissue could yield confounding results. However, experimental 

investigations have indicated that disturbances in hippocampal synaptic transmission can be 

triggered by the propagation of CSD (Wernsmann et al., 2006). 

Another influence on the incidence of LTP is the presence of a GABAergic 

interneuron. GABA receptors are a class of receptors that respond to the neurotransmitter 
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GABA, the principal inhibitory neurotransmitter in the vertebrate central nervous system. 

There are two main classes of GABA receptors, the GABAA and the GABAB type. When 

activated, the GABAA receptor conducts Cl- influx through its pore, resulting in 

hyperpolarization of the neuron. This scenario causes an inhibitory effect on the 

neurotransmission by reducing the chance of a successful action potential occurring. 

Moreover, a well-known noncompetitive antagonist for the GABAA receptor is picrotoxin.  

Hippocampal LTP has been studied as a model of learning and memory (Bliss and 

Collingridge, 1993; Crozier et al., 2004). The hippocampus contains a population of neurons 

with powerfully nonlinear properties (Berger et al., 1994). In addition, synaptic transmission 

is a nonlinear dynamic process that plays a critical characterization role in signal transmission 

and information processing in the nervous system (Song et al., 2009). Recently, many 

computational models have been developed to investigate which interactions are critical for 

synaptic plasticity (Manninen et al., 2010; Kitajima et al., 2002; Migliore and Lansky, 1999; 

Miglior et al., 1995). One of the techniques for improving these models is to fit experimental 

data (Holmes et al., 2006; Holmes and Grover, 2006; Nieus et al., 2006).  

As mentioned above, there are many factors, such as the pattern of stimuli, the 

capabilities of receptors and CSD occurrences, that could alter synaptic plasticity and 

effectiveness. In this research, I investigated LTP under conditions with a GABAA receptor 

antagonist and CSD. I therefore investigated whether a comparison of tetanic stimulation and 

TBS would produce difference in magnitude of LTP in area CA1 of the hippocampus. 

Furthermore, LTP has been analyzed with least squares curve fitting to predict the magnitude 

of the LTP and to approach characterizing the response of the hippocampal neurons. 

 

Research Questions 

1. How does synaptic plasticity differ when observed at different conditions (patterns of 

stimuli, GABAA receptor antagonist and CSD)? Do these conditions effect to the LTP 

magnitude? 

2. What are the quantitative representation of altered LTP in the CA1 hippocampal 

synapse, i.e., the LTP described by mathematical or computational models?  

 

Research Objectives  

1. To study the synaptic plasticity and LTP under conditions with the patterns of stimuli, 

the GABAA receptor antagonist and CSD. 
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2. To quantify the altered LTP in the CA1 hippocampal synapse. 

 

Hypothesis 

  The altered LTP are quantified by least squares curve fitting and nonlinear attribute of 

LTP has an influence on the fitting. 

 

Expected Benefit and Application 

 Experimental data would give an understanding of the altered LTP and synaptic 

plasticity at different conditions. The computational approach for LTP could be developed to 

reasonably model and can help to validate mechanisms in neurophysiology processes. 

 



 

 

CHAPTER II 

 

THEORY AND LITERATURE REVIEW 

 

 The nerve system is unique in the complication of thought process and control 

achievements it can perform. The brain is a network of more than one hundred billion 

individual neurons interconnected in systems, and the point at which one neuron 

communicates with another is called synapse. Although many of these communications are 

highly specialized, all neurons apply one of the two general types of synaptic transmission, 

electrical or chemical. Besides, the strength of both types of synaptic transmission can be 

increased or reduced by cellular activity. This plasticity in nerve cells is very important to 

learning and other higher brain functions which is especial implication in this thesis. 

Moreover, I explain the theory of nonlinear least squares curve fitting that will be used to 

improve the efficacy of computational models. 

 

Synaptic Function 

1. Synaptic Transmission 

A synapse is the specialized connection where one part of a neuron contacts with and 

transfers information to another neuron or cell type (such as a muscle). The synapse has two 

sides, indicating that the information tends to flow in one direction, from a neuron to its target 

cell. The presynaptic side generally consists of an axon terminal, while the postsynaptic side 

may be the dendrite or soma of another neuron (Figure 2.1). The space between the 

presynaptic and postsynaptic membranes is called the synaptic cleft. The transfer of 

information at the synaptic from one neuron to another is called synaptic transmission, which 

divided into two different types of synapse. Electrical synapses are relatively simple in 

structure and function, and they allow the direct transfer of ionic current from one cell to the 

next (Bear, Connors and Paradiso, 2007: 40,102-103). Most of these consist of small protein 

tubular structures called gap junctions that allow free movement of ions from the interior of 

one cell to the interior of the next (Guyton and Hall, 2006: 559). 

 Chemical synapse is a main characteristic of synaptic transmission in mature human 

nervous system, which requires the efficiency of neurotransmitters. The researchers have been 

identifying neurotransmitters in brain as three chemical categories: amino acids, amines and 
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peptides. Different neurons in the brain release different neurotransmitters. Fast synaptic 

transmission at most central nerve system synapses is mediated by the amino acids glutamate, 

gamma-aminobutyric acid (GABA), and glycine (Beer et al., 2007:111-112). 

Neurotransmitter released into the synaptic cleft affects the postsynaptic neuron by 

binding to specific receptor proteins. A transient postsynaptic membrane depolarization 

caused by the presynaptic release of neurotransmitter is called an excitatory post synaptic 

potential (EPSP). Synaptic activation of glutamate-gated ion channels causes EPSP. On the 

contrary, inhibitory postsynaptic potential (IPSP) is transient hyperpolarization of the 

postsynaptic membrane potential caused by the presynaptic release of neurotransmitter. 

Synaptic activation of GABA-gated ion channels is one cause of IPSP (Beer et al., 2007:117).

   

 

Figure 2.1 The synapse (http://www.unc.edu/~ejw/synapse.html) 
 

 

2. Synaptic plasticity 

Synaptic plasticity is a process in which synapses change their efficacy as a result  

of their previous activity (Jedlicka, 2002: 138). It is widely believed that plastic changes in 

the strengths of synaptic connections between neurons are central to the process of 

information storage in the brain. Many forms of this type of change have been described from 

various regions of the central nervous system (Larkman, 1995). A synaptic efficacy may arise 
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from the presynaptic terminal releasing more or less neurotransmitter in response to an action 

potential, and the postsynaptic neuron has increased or reduced its response to the transmitter 

(Brodal, 2010: 50). 

 Several kinds of synaptic plasticity have been described on the basis of animal 

experiments, and more are probably yet to be discovered (Brodal, 2010: 50). It is usual to 

divide between short term and long term synaptic plasticity. Short term plasticity lasts less 

than 30 minutes and some forms only last for milliseconds to seconds, whereas long term 

plasticity normally lasts longer than 30 minutes (Huang, 2010: 14). 

 

The Hippocampus 

The elementary properties of synaptic plasticity have been most extensively studied  

in the hippocampus, a structure critically involved in learning and memory (Squire, 1992). 

The hippocampus has a well-characterized laminar organization that is advantageous for 

electrophysiolgical stimulation. Because of this organization, electrophysiologists can 

stimulate a fairly homogeneous population of axons and record their monosynaptic responses 

(Crozier et al., 2004: 109).  

The hippocampus consists of two thin sheets of neurons folded onto each other. One 

sheet is called the dentate gyrus, and the other sheet is called Ammon’s horn. Of the four 

divisions of Ammon’s horn, we will focus on two: CA3 and CA1 (CA stands for cornu 

Ammonis, Latin for “Ammon’s horn”) (Beer et al., 2007: 777).  

The Hippocampus has three major pathways: (1) the perforant pathway, which 

projects from the entorhinal cortex to the granule cells of the dentate gyrus; (2) the mossy 

fiber pathway, which contains the axons of the granule cells and runs to the pyramidal cell in 

the CA3 region of the hippocampus and (3) the Schaffer collateral pathway, which consists of 

the excitatory collaterals of the pyramidal cells in the CA3 region and ends on the pyramidal 

cell in the CA1 region (Kandel, Schwartz, Jessell, 2000: 1259). These connections are 

summarized in Figure 2.2. 

In the late 1960s, researchers discovered that the hippocampus actually could be 

removed from the brain (usually in experimental animals) and cut up like a loaf of bread, and 

that the resulting slices could be kept alive in vitro for many hours. Because cells in the slice 

can be positioned with the precision previously reserved for invertebrate preparations. In such 

a brain slice preparation, fiber tracts can be stimulated electrically and synaptic responses 

recorded. (Beer et al., 2007: 777-778). Although several forms of synaptic plasticity exist 
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throughout the brain, available data suggest that the Schaffer collateral-CA1 synapse is a 

reasonable model for many other cortical synapses (Crozier et al., 2004: 109). Therefore, 

synaptic plasticity in CA1 will be the focus of this thesis. 

 

 

 
Figure 2.2 Anatomy of the (rodent) Hippocampus. 

(http://www.arts.uwaterloo.ca/~bfleming/psych261/lec15no7.htm) 
 

 

Glutamatergic Synaptic Transmission 

 The Hippocampal CA3-CA1 synapses have been used as a principle model system 

for learning the synaptic transmission and synaptic plasticity. These synapses are excited and 

utilize glutamate as neurotransmitter. Glutamate is secreted by the presynaptic terminals in 

many of the sensory pathways entering the central nervous systems, as well as in many areas 

of the cerebral cortex. It is believed to be the cause of excitation (Guyton and Hall, 2006: 

564). 

The glutamate receptors can be divided into two broad categories: the ionotropic 

receptors that directly gate channels and the metabotropic receptors that indirectly gate 

channels through second messengers. There are three major subtypes of ionotropic glutamate 

receptors:α -amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors, N-

methyl-D-aspartate (NMDA) receptor and kainite receptors. Each named according to the 

types of synthetic agonists that activate them (Kandel et al., 2000: 212).  
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AMPA-gated channels are permeable to both Na+ and K+ and most of them are not 

permeable to Ca2+. The net effect of activating them at normal, negative membrane potentials 

is to admit Na+ ions into the cell, causing a rapid and large depolarization. NMDA-gated 

channels also cause excitation of a cell by admitting Na+, but they differ from AMPA 

receptors in two aspects: NMDA-gated channels are permeable to Ca2+, and inward ionic 

current through NMDA-gated channels is voltage dependent (Bear et al., 2007: 154-155), see 

more detail in Figure 2.3. It it widely accepted that NMDA receptors are crucial for LTP 

development (Abarbanel, Huerta and Rabinovich, 2002: 10132). 

 

 
Figure 2.3 The coexistence of NMDA and AMPA receptors 

(http://www.arts.uwaterloo.ca/~bfleming/psych261/lec15no7.htm) 

 

GABAergic Synaptic Transmission  

Gamma-aminoburyric acid (GABA) is neurotransmitter that GABAergic neurons are 

the major source of synaptic inhibition in the central nervous system.  The GABA is 

synthesized from glutamate in a reaction catalyzed by glutamic acid decarboxylase (Kandel, 

2000: 285), this reaction as: 

 

HOOC-CH2-CH2-CH(NH2)-COOH  →  CO2+HOOC-CH2-CH2-CH2NH2  

       Glutamate             GABA 

 

The GABA acts on two receptors, GABAA and GABAB. The GABAA receptor is an 

ionotropic receptor that gates a Cl- channel. The GABAB receptor is a metabotropic receptor 
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that activates a second-messenger cascade, which often activates a K+ channel (Kandel et al., 

2000: 214).  

The GABAA receptor is a transmitter-gated chloride channel that requires five 

subunits for each channel and the GABA-gated channels are influential roles in disease and 

drugs achievement. Picrotoxin is one of the antagonist of GABAA receptor. It blocks chloride 

ion flow through the channel. Picrotoxin is clearly a noncompetitive antagonist, acting not at 

the GABA recognition site but perhaps within the ion channel (Olsen, 2006: 6081). 

 

Long-Term Potentiation 

 Synaptic effectiveness can be altered in most nerve cells by intense activity. In these 

cells a high-frequency train of action potentials is followed by a period during which action 

potentials produce successively larger postsynaptic potentials. High-frequency stimulation of 

the presynaptic neuron is call tetanic stimulation. The increase in size of the postsynaptic 

potentials during tetanic stimulation is called potentiation; the increase that persists after 

tetanic stimulation is called posttetanic stimulation.  This enhancement usually last several 

minutes, but it can persist for an hour or more (Kandel et al., 2000: 274) 

 In 1973, Timothy Bliss and Terje Lomo discovered that a brief high-frequency 

electrical stimulation to any of an excitatory pathway to the hippocampus produced a long-

lasting enhancement in the strength of the stimulated synapses. This effect is now known as a 

long-term potentiation or LTP.  

 

1. Properties of Long-term potentiation (LTP) in CA1. 

 Although LTP was first demonstrated at the perforant path synapses on the neurons 

of the dentate gyrus, today most of the experiments on the mechanism of LTP are performed 

on the Schaffer collateral synapses on the CA1 pyramidal neurons in brain slice preparations. 

 In a typical experiment, the effectiveness of the Schaffer collateral synapse is 

monitored by giving a bundle of presynaptic axons a brief electrical stimulus and then 

measuring the size of the resulting EPSP in a postsynaptic CA1 neuron. This method is 

similar to the way parallel fiber responses are monitored in the cerebellar cortex. Usually, 

such a test stimulation is given every minute or so for 15-30 minutes to ensure that the 

baseline response is stable. Then, to induce LTP, the same axons are given a tetanic 

stimulation. Usually, this tetanic induces LTP, and subsequent test stimulation evokes an 
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EPSP that is much greater than it was during the initial baseline period (Beer et al., 2007: 

778). 

 

 

 
Figure 2.4 Routes for the expression of LTP in CA1. Ca2+ passing through the NMDA  
receptor activate protein kinases. This can cause LTP by (1) changing the effectiveness of  
existing postsynaptic AMPA receptors or (2) stimulating the insertion of new AMPA  
receptors (Bear et al., 2007: 781). 

 

2. Mechanisms of LTP in CA1.  

Excitatory synaptic transmission in the hippocampus is mediated by glutamate 

receptors. During normal, low-frequency synaptic transmission glutamate is released from the 

presynaptic terminal and acts both the NMDA and AMPA receptors. Na+ and K+ ions passing 

through the AMPA channels but not through the NMDA channels, owing to Mg2+ blockage of 

this channel at the resting level of membrane potential. When the postsynaptic membrane is 

depolarized by the actions of the AMPA receptors-channelas, as occurs during a high-

frequency tetanic stimulation LTP, the depolarization relieves the Mg2+ blockage of the 

NMDA channel. This allows Ca2+ to flow through the NMDA channel (Kandel et al.,2000: 

1260).  
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Considerable evidence now links this rise in postsynaptic Ca2+ concentration inside 

the cell, [Ca2+] i to the induction of LTP. The rise in [Ca2+] i activates two protein kinase: 

protein kinase C and calcium-calmodulin-dependent protein kinase II, also known as 

CaMKII. However, the molecular investigated that leads to a potentiated synapse gets 

difficultly to follow. Current research suggests that this investigated may actually two ways. 

One way appears to lead toward an increased effectiveness of existing postsynaptic AMPA 

receptors, by either protein kinase C or CaMKII, leads to a change in the protein that increase 

the ionic conductance of the channel. The orther way leaeds to the insertion of entirely new 

AMPA receptors into the postsynaptic membrane. According to a current model, vesicular 

organelles studded with AMPA receptors lie in wait near the postsynaptic membrane. In 

response to CaMKII activation, the vesicle membrane fuses with the postsynaptic membrane, 

and the new AMPA receptors are thereby delivered to the synapse. Evidence also indicates 

that synaptic structure changes following LTP. 

 

Tetanic Stimulation and Theta-Burst Stimulation 

The induction of LTP is usually achieved with high frequency stimulation (HFS) 

(Crozier et al., 2004; Hernandez et al., 2005 and Manninen et al.,2010), which is a trains of 

50-100 square pulses at 100 Hz (Bliss and Collingridge, 1993, Crozier et al., 2004, Hernandez 

et al., 2005, Manninen et al., 2010). Tetanic stimulation is a brief burst of HFS (100 Hz for 1 

second) of an excitatory pathway that can also produce the LTP in the hippocampus (Beer et 

al., 2007). Moreover, Tetanic stimulation have been used and are effective for inducing both 

NMDA receptor-dependent and NMDA receptor independentforms of LTP (Albensi et al., 

2007). 

However, tetanic stimulation is different patterns from naturally occurring firing 

patterns of neurons. It is not reliable that hippocampal neurons in the alive animal fire at 100 

Hz for one full second, making tetanic sitmulation questionable. CA1 hippocampal pyramidal 

cells usual fire for only 30–40 ms bursts of three to four spikes (Feder and Ranck, 1973; 

Kandel and Spencer, 1961; Kandel et al., 1961; Ranck, 1973). 

In response to this evaluation, other stimulation protocols such as theta-burst 

stimulation (TBS) (Graves et al., 1990; Morgan and Teyler, 2001; Pavlides et al., 1988)  was 

developed (explained below) and appears capable of LTP induction based on the physiology 

of hippocampus (Albensi et al., 2007). TBS patterned mimics endogenous theta rhythms in 

the hippocampus that occur during some forms of learning and exploratory behavior  
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(Crozier et al., 2004). The observation of the hippocampal electroencephalographic waveform 

in rats was shown to be dominated by a 5 to12 Hz (theta, θ) frequency, observed when 

animals are occupied in learning-related exploratory behaviors (Grastyan et al.,1959). 

Furthermore, the theta-rhythm has been recorded in the CA1 subfield and the dentate gyrus of 

the hippocampus (Winson, 1972), and also in entorhinal cortex Ammon's horn, subiculum 

and cingulated gyrus (Furukawa et al., 1996). 

Given that theta burst stimulation seemed effective for LTP induction, investigation 

were also conducted addressing whether or not theta burst stimulations were also effective for 

long-lasting LTP. To this end, Nguyen et al. (1994) studied theta burst stimulation (3 seconds 

of theta: 15 bursts of 4 pulses at 100 Hz; pulse width 50 µs; interburst interval 200 ms) in 

CA1 mouse hippocampal slices and discovered that the LTP response was sustained out to 

180 min post stimulation, whereas LTP induced by 60 Hz for 1 s had decayed back to near-

baseline levels by this time point. However, Nguyen and Kandel did not observe and compare 

the usual100 Hz HFS in this study.  

Until currently, little was really understood about the mechanisms of theta burst. The 

recent data show that theta burst stimulation, like HFS, in area CA1 also implicates 

transcription, translation, and protein kinase A (PKA) activation (Nguyen et al., 1994). 

 

Cortical Spreading Depression  

Cortical spreading depression (CSD) is a propagating of cellular depolarization which  

a brief depolarization wave that slowly spread across the cortex at a rate of 3-5 mm per 

minute (Lauritzen, 1994). The phenomenon of CSD was originally described by Aristides 

Leao, who was studied a model of experimental epilepsy. When electrically stimulating was 

applied to the cortical surface of rabbits, the weak electrical stimulation obtained a reduction 

in the spontaneous activity (depression of the electrocorticogram signal) at the stimulated area 

(Leao 1944, Somjen 2005). CSD is postulated neuronal mechanism for migraine aura and the 

cause of subsequent headache pain (Rogawski, 2012:932). 

The Characteristic and growth of sensory disturbances during migraine auras suggests 

that the underlying mechanism is a disturbance of the cerebral cortex, probably the CSD 

(Lauritzen 1994). The good CSD explanation for migraine aura as the complex visual 

experience (for example, fortification auras) may be the result of the initial wave of 

activation. As the wave propagates over the visual cortex, the aura moves gradually from the 

center of the visual field out to the periphery. Negative experiences such as scotomas may be 
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the result of the subsequent cortical depression, following behind the wave of activation 

(Borkum, 2007:104). 

The precise mechanism for initiation and propagation of CSD are still not fully 

understood. Ionotropic glutamate receptor channels was believed to play a role in CSD. The 

depolarization of CSD is supposed to relieve the block of magnesium within NMDA 

receptors at resting potential, and therefore AMPA receptors quickly desensitize (Rogawski, 

2012:932). Actually, it has been known that glutamate can trigger CSD from the work of van 

Harreveld and Fifkova in the 1970s (Van and Fifkova, 1973). The glutamate-induced CSD 

was inhibited in occurring the high magnesium ion concentration (10-15 mM) and this 

concentration of magnesium is sufficient to block NMDA receptors. However in migraine 

NMDA receptors are crucial trigger for CSD but the nature of the ionic conductance that 

leads to the massive but transitory neuronal depolarization in CSD is yet to be defined 

(Rogawski, 2012:939).  

As memories in humans rely on the medial temporal lobe system (composing the 

hippocampus), it was proposed that interictal memory dysfunction in patients with migraine 

corresponds with the hippocampus involvement. Classical investigation of hippocampal 

spreading depression more often by implantation of KCl into hippocampus and induced the  

spreading depression directly in tissue. However, the information on the effects of CSD on 

hippocampal activities are not much available (Wernsmann et al., 2006: 1103).  

 

Nonlinear Least Squares Curve Fitting 

A nonlinear least squares problem arises when a parameterized function is fit to real 

data points by minimizing the sum of squared error between the data points, when the 

function is not linear in its parameters. Given a nonlinear model
0 1( , , ,..., )my x a a a , the 

parameters 
0 1, ,..., ma a a  are estimated in the model. Then, the objective function for the 

minimization problem is  

( )2

0 1 0 1
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( , ,..., ) ( , , ,..., )
n

m i i m
i

f a a a y y x a a a
=

= −∑ ,  

which depends on the ( 1)m +  variables 
0 1, ,..., ma a a , and 

ix  are known values from the data. 

However, the objective function is   
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f a f a a a
=

=∑  

where ( )0 1( , , ,..., )i i i mf y y x a a a= − , 1,2,...,i n= .  
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The objective function is defined in terms of the auxiliary function{ }if . Let an 

equation of the derivative in a least squares problem be  

2

1

minimize ( ) ( ) ( ) ( )
n

T
i

a
i

f a f a F a F a
=

= ≡∑       

where F  is the vector-valued function  ( )1 2( ) ( ) ( ) ... ( )
T

nF a f a f a f a=  . 

Using the chain rule for the derivative,  

( ) ( ) ( )f a F a F a∇ =∇                         (2.1) 

and 
  

2 2

1

( ) ( ) ( ) ( ) ( )
n

T
i i

i

f a F a F a f a f a
=

∇ =∇ + ∇∑ .               (2.2) 

These are the formulas for the gradient and Hessian of f  ( 2 ( )f a∇ , which are also 

denoted by ( )H x ). In many cases of interest, the Jacobian 
0 1( , ,..., )mJ a a a  of the vector 

0 1( , ,..., )mf a a a  is relatively easy to compute, and thus,( ) Tf a J F∇ =  is the same gradient of f  

in Eq. (2.1). The solution of the least squares problem was determined to be
*a , and we 

suppose that 
*( ) 0F a = . It would be correct to expect that ( )F a  is close to zero for

*a a≈ , 

which implies that          

2 2

1

( ) ( ) ( ) ( ) ( )
n

T
i i

i

f a F a F a f a f a
=

∇ =∇ + ∇ ≈∑ ( ) ( )TF a F a∇ .                (2.3) 

Thus, the special technique of a nonlinear least squares problem is that the Hessian of the 

objective function result is a simple computation.  

 The main methods for solving nonlinear least squares problems are the Gauss-

Newton method and the Levenberg-Marquardt method (Leader, 2004). In summary, the 

Gauss-Newton method computes a probe by Newton’s method for the minimization of 

1( )( ) ( )k k k kH z z z f z+ − = −∇ . However, it replaces the Hessian with an approximation from  

Eq. (2.3),  

1( ) ( ) ( ) ( ) ( )T
k k k k k kF z F z z z F z F z+∇ − = −∇ .                     (2.4) 

For another algorithm for solving nonlinear least squares problems, specifically the 

Levenberg-Marquardt method, see (Leader, 2004; Marquard, 1963). This method is a 

combination of the gradient descent method and the Gauss-Newton method, which uses the 

equation 

1( ) ( ) ( ) ( ) ( )T T
k k k k k k k k kF z F z D D z z F z F zλ + ∇ ∇ + − = −∇  .             (2.5) 

where 0kλ ≥  and 
kD is a diagonal matrix such that it is the identity matrix for all k . 

   



CHAPTER III 

 

Materials and Methods 

 

This research design was animal experimental design to study the cortical spreading 

depression (CSD) occurrences, an antagonist of GABAA and electrical stimulate patterns on 

changes of LTP and synaptic plasticity in rats. In vitro hippocampal brain slice techniques 

were used to investigate these effects for LTP where characteristics of hippocampal LTP are 

described by least squares curve fitting. The experimental data were modeled as three 

mathematical equations. Curve fitting with least squares procedure and parameters solving 

were computed from Levenberg-Marquardt method, with OriginPro 8.5 software.  

 

Animal Preparation 

Male Wistar rats were purchased from the National Laboratory Animal Center, 

Mahidol University, Salaya, Nakorn Pathom. The rats were kept in a controlled temperature 

room at 25±1°C under standard conditions (12 hour light: dark) and had freely access to food 

and tap water. All rats were received well care in accordance with the Ethical Committee, 

Faculty of Medicine, Chulalongkorn University, Thailand (approval No. 20/54). 

 

Experimental Protocols 

 The experimental studies were divided into 2 sections. First, I investigated whether a 

comparison of tetanic stimulation and theta-burst stimulation (TBS) would produce difference 

in magnitude of LTP. Second, I investigated LTP under conditions with a GABA receptor 

antagonist (Picrotoxin) and CSD with tetanic stimulation. Therefore the groups of experiment 

are shown follow. 

 

1. Experiment of the patterns of stimulation  

Male Wistar rats (250-450 g.) were divided into 2 groups: The LTP induced by  

tetanic stimulation (tetanic stimulation group, N =10)  and the LTP induced by TBS (theta-

burst stimulation group, N =10). There were same conditions of brain slices preparation. The 

study design was summarized in the Figure 3.1(a). 
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Figure 3.1 (a) Diagram of experimental design for experiment of the patterns of stimulation 

 

 

2. Experiment of the effect of CSD and Picrotoxin  

        Male Wistar rats (250-450 g.) were divided into 3 groups: the LTP control (the 

control group, N=10), the LTP with picrotoxin (the picrotoxin group, N=8) and the LTP  

with picrotoxin and applied CSD (the picrotoxin+CSD group, N=8). The picrotoxin 

experiments were preparation and maintenance of brain slices in artificial cerebrospinal fluid 

(ACSF) with picrotoxin. On the other hand, the control group used ACSF without picrotoxin. 

The applied CSD was a procedure that done before the preparation of brain slices. All groups 

applied tetanic stimulation for LTP induction. The study design was summarized in the Figure 

3.1(b). 
 However, tetanic stimulation from section 1 and the control group from section 2 

were same conditions, thus there were collected as same data.  

 

 

Wistar rat (N=10) Wistar rat (N=10) 

Preparation of hippocampal slices 

Tetanic stimulation Theta-burst stimulation 

Electrical stimulation 

Least squares curve fitting 

Experiment of patterns of stimulation 
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Figure 3.1 (b) Diagram of experimental design for experiment of the effect of CSD and Picrotoxin 

 

 

Surgical Procedures and Induction of CSD 

The rats were anesthetized with sodium pentobarbital (60 mg/kg, intraperitoneally) 

and fitted with an intratracheal tube. Accessional doses of anesthetics were given as required 

to sustain surgical anesthesia based on the response to a tail pinch, to prevent the animal were 

feeling in pain during the experiment. Rats were placed in a stereotaxic apparatus. A midline 

surgical incision was executed, and the skin and soft tissue overlaying the skull were 

removed.  

For the CSD induction process, a craniotomy that was 2 mm in diameter was 

performed on the right parietal bone (6 mm posterior to the bregma and 2 mm lateral to the 

midline). The bone was attentively drilled using a slow-speed, saline-cooled technique to 

minimize the surgical irritation of the neurons. Dura mater was uncovered by a micro needle. 

Wistar rat (N=10), 
Control group 

ACSF with Picrotoxin 

Preparation of hippocampal slices 

Tetanic  stimulation 

Experiment of the effect of CSD and Picrotoxin 

Induced CSD 

ACSF 

Wistar rat (N=8), 
Picrotoxin group 

Wistar rat (N=8), 
Picrotoxin+CSD group 

Least squares curve fitting 
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Multiple waves of CSD were elicited by a topical application of solid KCl (3 mg) on exposed 

parietal cortex surface, as shown in Figure 3.2.  Forty-five minutes later, the ipsilateral 

hippocampus was removed and was prepared for hippocampal slicing. 

 

Figure 3.2 Induction of CSD in the brain of a Wistar rat. 
 

 

Preparation and Maintenance of Brain Slices 

Hippocampal slices were prepared from rats in all groups. The animals were 

decapitated after anesthesia (120 mg/kg of Thiopental Sodium, intraperitonealy injection). 

The brains was removed rapidly from skull and maintained in ice-cold ACSF consisted of the 

following: 119 mM NaCl, 2.5 mM KCl, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM 

glucose, 1.3 mM MgSO4 and 2.5 mM CaCl2, oxygenated by 95% O2 and 5% CO2  (pH 7.3-

7.4). The hippocampus of both sides was then dissected out from surrounding cortical tissue 

and sliced of 400 microns thickness, using a vibrating tissue slicer (Vibratome Instruments). 

The slices were maintained for 1-2 hours, stored in a holding chamber with oxygenation at 

temperature 22-24°C. For the electrophysiological experiments, slices were transferred to 

recording chambers and were immerged in ACSF at a rate of 2.3 ml/min with oxygenation 

and control as room temperature (22-24°C). 

 The LTP inductions were presented either in the presence or absence of the 

postsynaptic inhibition with the GABA antagonists. The picrotoxin had been used for this 

GABAA receptor blockage. I applied 0.1 mM picrotoxin in ACSF that used it in the 

picrotoxin group and the picrotoxin+CSD group. 
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Electrical Stimulation and Recording 

Stimulating and recording electrodes were positioned via micromanipulators in the 

slice under visual guidance under a microscope. Bipolar tungsten stimulating electrodes were 

placed into the Schaffer collateral in area CA1 (150 microns in deep). For extracellular 

recording of a neurons population or field excitatory postsynaptic potentials (fEPSPs) 

recording, a glass micropipette filled with 4 M NaCl (2-6 MΩ   resistance) was used in the 

stratum radiatum of the CA1 area. The stimulus intensity was adjusted so that fEPSPs of  

0.10-0.15 mV/ms slope. The fEPSP were elicited by adjusting the stimulation intensity 

ranging from 0.18V up to the intensity that yielded fEPSP of maximal slope. The position of 

the stimulating electrode and the recording electrode are shown in Figure 3.3. 

 

Figure 3.3 The electrode placement for LTP induction in area CA1 of the hippocampus. 

At the start of each experiment, a single square pulse was delivered once every 10 

seconds (0.1 Hz) for a test of stimulus. After fEPSPs were acquired and remained stable for at 

least 30 minutes as the baseline level, the tetanic stimulation or TBS were applied. The tetanic 

stimulation consisted of 100 pulses in 1 second (100 Hz). TBS is typically consists of three 

trains of 10 brief 100 Hz bursts, 4 impulses each, 200 msec between burst and is repeated in 

10 seconds between train as shown in Figure 3.4. For more detail consult the literature 

(Albensi et al., 2007; Bongsebandhu-phubhakdi & Manabe, 2007). Finally, I applied a 0.1 Hz 

test stimulus and continued recording for 60 minutes. LTP was estimated to be the change in 

slope of the fEPSPs at the final 10 minutes of recording period. 
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Figure 3.4 Theta-burst stimulation is typically consisting of three trains of 10 brief 100 Hz burst,  
4 impulses each, 200 msec  between burst and repeated in 10seconds between train. 

 

Data Acquisition and Analysis 

 The recorded signals were amplified, filtered, digitized and transferred to personal 

computer for online and off-line analysis by Patchmaster multi-channel data acquisition 

software  (HEKA Instruments Inc, Bellmore, New York, USA) as main component show in 

Figure 3.5.  

 

 

Figure 3.5 The main window of HEKA software  
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The fEPSPs were measured from early time positioned after presynaptic volley and 

using a time period at about 25 ms. Figure 3.6 is an example of the raw fEPSPs, and the 

changeability of fEPSPs slope between the arrowheads was used for measuring fEPSP 

changes from base line as the LTP magnitude. 

 

 

   Figure 3.6 An example of the raw fEPSPs, and the slope between the arrowheads is used for 
measuring fEPSP changes before and after tetanic stimulation/TBS as the LTP magnitude. 

 

 

Data obtained in the individual experiments were normalized to their respective 

baselines that were referenced 100%. The data are expressed as the mean values of the groups 

and standard errors of the mean values (mean±SEM). Statistical comparisons were performed 

by the analysis of variance test (one-way ANOVA). The α level for statistical significance 

was set at 0.05P < . All computation used Microsoft Excel 2007. 

 

 

Least Square Curve Fitting 

 The purpose of curve fitting is to describe experimental data as mathematical 

equations. Data are interpreted into a recognized model 
0 1( , , ,..., )my t a a a , where y is dependent 

variable which is measurement, t  is independent variable which controlled by the 

experimenter and ( 1)m +  variables 
0 1, ,..., ma a a  are computing parameters from data. 
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Let 
1 1 2 2( , ), ( , ), ... , ( , )n nt y t y t y  be given n data points, least-squares curve fitting 

problems arise when fitting a parameterized model to real data points by minimizing the sum 

of squares of error between the data points and this model. Then the objective function for the 

minimization problem is   

( )2

0 1 0 1
1

( , ,..., ) ( , , ,..., )
n

m i i m
i

F a a a y y t a a a
=

= −∑                 (3.1) 

The basic idea for obtaining solution is calculus approach. Technically, the derivative 

of objective functions with respect to  , 0,...,ia i m=  equal to zero. Thus parameters  
ia  are 

solved which are substituted in 
0 1( , , ,..., )my t a a a as goodness fitted model. A difference between 

fitted value provided by model and observed value is residual which considerate to zero as 

ideally fitting. The computational methods for solving least square problems, we used 

Levenberg-Marquardt method, see (Leader, 2004: 551-514; Marquard, 1963: 431-441) with 

Origin-Pro 8.5 software (OriginLab, Northamton, Ma, USA).  

The coefficient of determination or 2R  is one measurement effectiveness of an 

estimated curve fits the data, the formula as 

( )

( )

2

2

2
1 1

fity y
RESS

R
Total SS y y

−
= − = −

−

∑

∑

                     (3.2) 

where RESS  is residual sum of squares, Total SS  is total sum of squares, y is values from 

data, 
fity is fitted values and y  is mean of data values.  

The 2R equals the proportion of the total variation in the values of the independent 

variable, (y ) that can be explained by the association of y  with t  as measured by the 

estimated curve (Kohler, 2002: 753-756). If 2R  converge to 1 then modeled with curve fitting 

more closely corresponded those actually data. In addition the value of 2R  above 0.8 or so are 

considered good (Dewy, 1994). 

For completeness, I assessed the adjusted-2R  or 2
adjR  to compensate for practicable 

bias due to distinct number of parameters (Spiess, 2010: 1-11) as shown in Eq. (3.3) 

( )2 2 1
1 1

1adj

q
R R

q p

 −
= − −  − − 

                     (3.3) 

where q  is sample size and p  is the number of parameters. 

 

 

 

 



CHAPTER IV 

 

Results 

 

Results from the Experiments 

1. Experiments for study the electrical stimulate patterns 

The Experiments for study patterned stimuli were present in absence of picrotoxin. 

The response minimum 30 minutes before tetanic stimulation and theta-burst 

stimulation (TBS) were normalized and determined as a baseline response. The intensity was 

0.37+0.0677V with tetanic stimulation and 0.31+0.0862V with TBS. There were no 

significant differences among groups we examined for stimulation intensity (one-way 

ANOVA, P=0.122). The statistical values and one way-ANOVA analysis are show in 

Appendix. 

The efficacy of tetanic stimulation and TBS were represented as a percent change of 

baseline fEPSPs slope. The postPTP is record within first 10 minutes and LTP is measured 

from an average increase of synaptic responses in 50-60 minutes after tetanic stimulation and 

TBS. 

 The beginning of tetanic stimulation (N=10) resulted in a large, rapidly magnifying 

post-tetanic potentiation (PTP), with peak approximately 213% of baseline. The potentiating 

swiftly decayed over the first 5 minutes post tetanic stimulation and then continued to be 

stable until the end of recording period (60 minutes after tetanic stimulation, Figure 4.1a and 

Figure 4.2). The LTP was 134.88+ 6.92% of baseline. 

To determine the efficacy of LTP from pattern of stimulation, a TBS was applied  

(N=10). TBS also resulted in a large, rapidly magnifying PTP, with peak approximately 193% 

of baseline. The potentiated response stabilized within 3 minutes after stimulating, and 

remained stable until the end of recording period (Figure 4.1b and Figure 4.2). The LTP was 

144.42+6.54% of baseline. There was a significant difference in the magnitude of LTP 

induced by tetanic stimulation and TBS (p<0.0001). The results shown that TBS effectively 

induce LTP more than tetanic stimulation; this finding is illustrated in Figure 4.4 and  

Figure 4.5.  
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Figure 4.1 The fEPSPs slope results from tetanic stimulation and theta-burst stimulation. Single-pulse 
stimuli were delivered every 10 seconds. After a 30 minutes with a stable baseline period (time -30  
to 0), either tetanic stimulation or theta-burst stimulation were applied to induce LTP at the 0 time 
point, and the post tetanic stimulation and theta-burst stimulation responses were continuously recorded 
for 60 minutes. The measurements of the fEPSP slopes were plotted, for which each point was an  
average over 6 values of 0.1 Hz (6 points in 1 minute).The inset is an example of the raw fEPSPs, and 
the slope between the arrowhead is used for measuring fEPSP changes before and after tetanic 
stimulation and theta-burst stimulation. (a) Tetanic stimulation resulted  in rapidly developing LTP that 
decayed and then stabilized over recording period (LTP was 134.88+6.92% of baseline). (b) The theta 
burst stimulation effectively induce LTP more than tetanic stimulation with 144.42+ 6.54% of baseline.   

(a) 

(b) 
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Figure 4.2 PTP in first 5 minutes after tetanic stimulation and theta-burst stimulation, 
each point plots 10 seconds time interval. 

 
 

 

Figure 4.3 A raw data of fEPSPs slope with N=10 which measured across the first 
30 seconds after tetanic stimulation and theta-burst stimulation. 
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     Figure 4.4 Summary of fEPSPs slope of tetanic stimulation and theta-burst stimulation.     
                   The fEPSPs  slope in recording period (60 min), I  and L are representd initial and long  
                   term response respectively. 
 
 

 
 

      Figure 4.5 Results of long term potentiations at the final 10 minutes of recording 
(50-60 min), each point plots the average of fEPSPs slop at interval 1 minute. 
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2. Experiment for study the effect of CSD and Picrotoxin 

LTP is also considered to be an average increase in synaptic responses at 50-60 

minutes after tetanic stimulation. The largest magnification of PTP was observed in the 

picrotoxin group (N=8), followed by the picrotoxin+CSD group (N=8) and the control group 

(N=10, data are same conditions with tetanic stimulation of section1). Then, potentiation 

swiftly decayed over the first 10 minutes of post-tetanus stimulation and continued stably for 

the duration of the 60-minute recording period (Figure 4.6, Figure 4.7 and Figure 4.8). The 

LTP was 134.88±6.92% of the baseline in the control group, 142.25±4.18 % of the baseline in 

the picrotoxin group and 120.15±3.73% of the baseline in the picrotoxin+CSD group (Figure 

4.6, Figure 4.7 and Figure 4.9). In all of the groups, there was a significant difference in the 

amount of LTP, p<0.00001. 

From all of experiments, the results shown that TBS effectively induces LTP, there 

are the highest magnitude of LTP as show in Figure 4.10 

 

 

Figure 4.6 The LTPs were induced under three different conditions. After 30 minutes with a stable 
baseline period (time -30 to 0), tetanic stimulation was applied at the 0 time point, and the post tetanic 
responses were continuously recorded for 60 min.  
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Figure 4.7 The LTPs were induced under three different conditions. The measurements of the fEPSP 
slopes were plotted, for which each point was an average over every 6 values of 0.1 Hz (6 points in 1 
minute). For the analysis, the error bar were removed and displayed the line for the data relationship. 

 

              Figure 4.8 fEPSPs slope in the first 20 minutes after the tetanic stimulation.  For the  
              analysis, the error bar were removed and displayed the line for the data relationship. 
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Figure 4.9 Results of LTPs at the final 10 minutes of recording (50-60 min). 
 

 

Figure 4.10 The experimental data of four different conditions. For the analysis,  
the error bar were removed.  
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Figure 4.11 The LTPs were induced under four different conditions. 

 

 

Results From Least Squares Curve Fitting 

As experimental results above, I considered three models for curve fitting. Since 

polynomial function is general manipulate for curve fitting because its simplicity of 

computing, save running time and produced moderately results. We chose polynomial 4th 

order equation for fitted data as  

   2 3 4
0 1 2 3 4( )y t P Pt P t Pt P t= + + + +                      (4.1)  

where 
0 1 4, ,...,P P P  are fitting parameters, y   represented % change in the slope of fEPSPs and 

t  represented times. The least squares curve fitting that was accomplished with a polynomial 

equation is a linear function which is used to describe the goodness of fit and to make a 

comparison of the efficacy of each computation. 

However the best model could be good explanation of experiments. For the accurate 

interpretation of experimental results, we concentrated on the percents changes in the fEPSPs 

after each patterns of stimulation for the magnitude of LTP that was found. This approach 

resulted in a large PTP that majority of which swiftly decayed over the first 5 minutes and 

continued to decay over the next 20 minutes. The potentiation then remained stable for the 

duration of the 60 minute recording period (Figure 4.2, Figure 4.4). Thus these situations 

produced a second model in exponential equation 
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   ( ) Cty t A Be−= + ,                                    (4.2)  

where  y   is the % change in the slope of fEPSPs and  t  is times. All parameter in Eq. (4.2) is 

reasonable term for data because parameter A  represented stable line and CtBe− represented 

exponential decay curve. 

 

 

Figure 4.12 General plot of the data set in arbitrary units.  
 

 As displayed in Figure 4.4 and the general plot of data set in Figure 4.12, I 

determined two relevant time scales of slope of fEPSPs. The initial of PTP, represented by I  

and LTP at time 50-60 minutes, represented by L . We constructed third model with form of 

power function as follows: 

   ( )
n n

n n n n

k t
y t I L

k t k t

   
= +   + +   

,                     (4.3) 

where y  is  the percent change in the slope of fEPSPs, t  is times and  ,k n  are positive 

parameters. The power equation in Eq. (4.3) indicates dominant feature of curve in Figure 4.4. 

This model explained by taking limit of  t ,  approaching 0+  and ∞  for Eq.(4.3), we obtain 

0
lim

n n

n n n nt

k t
I L I

k t k t+→

    
+ =    + +    

 

and 

lim .
n n

n n n nt

k t
I L L

k t k t→∞

    
+ =    + +    
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These limit results are reasonable for experimental data interpretation. Eq. (4.3) was 

simplified to the following  

( )
n n

n n

Ik Lt
y t

k t

+
=

+
 

                   ( )n n n n

n n

I k t Lt It

k t

+ + −
=

+
          

                        ( )
n

n n

t
I L I

k t

 
= + −  + 

. 

Thus the third model with power function for least square curve fitting is 

   ( )( )
n

n n

t
y t I L I

k t

 
= + −  + 

                     (4.4)  

Note that, the model construction in Eq. (4.2) and Eq. (4.4) are model for the 

nonlinear least square curve fitting. 

For the solving of all parameters 
0 1 2 3 4, , , ,P P P P P  from Eq. (4.1), , ,A B C  from Eq. (4.2) 

and , , ,I L k n  from Eq. (4.4) and recalled from Eq. (3.1) ,we must minimize the function 

   2

1

( ( ))
n

i i
i

f y y t
=

= −∑                      (4.5) 

where ( , ), 1,...,i it y i n=  are the given n data  points. The parameters of Eq. (4.5) were obtained 

from fitting the experimental data in recording period (1-60 minutes of after tetanic 

stimulation and TBS) with OriginPro 8.5 software. The summary of fitting results is shown in 

table 1. In addition, the values for the fit parameters with the control group, picrotoxin group 

and picrotoxin+CSD group were obtained. These values are shown in table 2. The curve 

fitting and residuals (difference value between experiment data and fitting) are shown in 

Figures 4.13- Figure 4.17. 

In accordance with Eq. (4.1), Eq. (4.2) and Eq. (4.4) and the parameter values from 

table 1 table 2, these allow to calculate the function ( )iy t  at arbitrary time constants and 

determine magnitude of LTP. The initial PTP, 
1( )y t was calculated by substitute 

1 1t =  (as 
1y  in 

table 3 and table 4). In order to compare with real data
iy  , the relative error was used, with the 

formula ( ( )) /i i iy y t y− . Consequently, LTP was calculated from the average of 

(51), (52), ... , (60)y y y  and typical results of computational model of fitting LTP are 

summarized in table 3 and table 4. 
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  Table 1 The parameters values of least square fitting, with data of stimulated patterns 
 

Models Parameters Tetanic stimulation Theta-burst stimulation 

Polynomial equation, 0P  195.52647 165.99986 

2 3 4
0 1 2 3 4( )y t P Pt P t Pt P t= + + + +  1P  -10.88533 -4.19639 

 2P  0.58624 0.22911 

 3P  -0.01227 -0.00485 

 4P  8.79114E-5 3.52476E-5 

Exponential equation, A  134.05117 143.06938 

( ) Cty t A Be−= +  B  153.85253 277.08508 

 C  0.60322 1.69598 

Power equation, I  214.52135 194.24051 

( )( )
n

n n

t
y t I L I

k t

 
= + −  + 

 L  134.26524 143.08861 

 k  2.46777 1.70749 

 n  4.77765 8.94841 

 
Table 2 The parameters values of least square fitting, with control, Picrotoxin and       
Picrotoxin+CSD data. 

Model Parameters Control Picrotoxin Picrotoxin+CSD 

Polynomial equation 0P  195.52647 262.12361 227.33046 

 1P  -10.88533 -18.59255 -15.68811 

 2P  0.58624 0.9514 0.79584 

 3P  -0.01227 -0.01954 -0.0163 

 4P  8.79114E-5 1.38799E-4 1.1555E-4 

Exponential equation A  134.05117 142.16181 123.38844 

 B  153.85253 207.86261 170.21673 

 C  0.60322 0.38477 0.34942 

Power equation I  214.52135 296.19897 253.6417 

 L  134.26524 141.68052 122.70538 

 k  2.46777 2.65676 2.82771 

 n  4.77765 2.42568 2.28393 
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Table3 Representative of first PTP of stimulated pattern experiments, comparison between 
experimental data and computational value; and 2

adjR values. 

 Models 2
adjR  

1y  1( ) (1)y t y=  Relative errors 

Tetanic Polynomial 0.69836 213.36324 185.21520 0.131925 

stimulation Exponential 0.95751 213.36324 218.21578 0.022743 

 Power  0.98484 213.36324 213.46351 0.000470 

Theta-burst Polynomial 0.32125 193.81808 162.02777 0.164021 

stimulation Exponential 0.95216 193.81808 193.89216 0.000382 

 Power  0.95247 193.81808 193.81782 0.000001 

1y : experimental data of first PTP, (1)y : computational value of first PTP 

 
 
 

Table4 Representative LTP of stimulated pattern experiments, comparison between 
experimental LTP and computational LTP 

 Model LTP Fitting LTP Relative error 

Tetanic Polynomial 134.88271 135.04725 0.001220 

stimulation Exponential 134.88271 134.05117 0.006165 

 Power  134.88271 134.26527 0.004578 

Theta-burst Polynomial 144.42413 144.72374 0.002074 

stimulation Exponential 144.42413 143.06938 0.009380 

 Power  144.42413 143.08861 0.009247 

LTP: experimental LTP, Fitting LTP: LTP from model fitting 
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Table5 Representative of first PTP of control, Picrotoxin and Picrotoxin+CSD groups, 
comparison between experimental data and computational value; and 2

adjR values. 

 Models 2
adjR  

1y  1( ) (1)y t y=  Relative errors 

Control Polynomial 0.69836 213.36324 185.21520 0.131925 

 Exponential 0.95751 213.36324 218.21578 0.022743 

 Power  0.98484 213.36324 213.46351 0.000470 

Picrotoxin Polynomial 0.83387 276.69642 244.46306 0.117363 

 Exponential 0.95533 276.69642 283.63459 0.0241066 

 Power  0.96867 276.69642 282.99113 0.021743 

Picrotoxin Polynomial 0.85031 236.56528 212.42201 0.102056 

+CSD Exponential 0.95837 236.56528 243.40773 0.028925 

 Power  0.97281 236.56528 242.48966 0.025045 

 

 

Table6 Representative LTP of control, Picrotoxin and Picrotoxin+CSD groups comparison 
between experimental LTP and computational LTP 

 Models LTP Fitting LTP Relative error 

Control Polynomial 134.88271 133.04725 0.001220 

 Exponential 134.88271 134.05117 0.006165 

 Power  134.88271 134.26527 0.004577 

Picrotoxin Polynomial 140.24921 139.45302 0.005675 

 Exponential 140.24921 142.16181 0.013639 

 Power  140.24921 141.77865 0.010907 

Picrotoxin+CSD Polynomial 120.14960 119.61757 0.004443 

 Exponential 120.14960 123.38844 0.026953 

 Power  120.14960 122.85266 0.022494 
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Figure 4.13  The experimental results of the fEPSPs slope (% baseline) from tetanic stimulation. The 
lines represent curve fitted with least squares procedure, the insets show residual or error from curve 
fitting and the exact data. (a) Curve fitting with polynomial model, (b) Curve fitting with exponential 
model, (c) Curve fitting with power model. 
 

 

 

 

(a) 

(b) 

(c) 
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Figure 4.14 The experimental results of the fEPSPs slope (% baseline) from TBS. The lines represent 
curve fitted with least squares procedure, the insets show residual or error from curve fitting and the 
exact data. (a) Curve fitting with polynomial model, (b) Curve fitting with exponential model, (c) 
Curve fitting with power model. 

 

 

 

(a) 

(b) 

(c) 
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Figure 4.15 The experimental results of the fEPSP slopes (% baseline) from the control group. The 
lines represent the results of curve fitting with the nonlinear least squares procedure, the above inset 
show residuals from fitting. (a) Curve fitting with polynomial model, (b) Curve fitting with exponential 
model, (c) Curve fitting with power model. 
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Figure 4.16 The experimental results of the fEPSP slopes (% baseline) from the picrotoxin group. The 
lines represent the results of curve fitting with the nonlinear least squares procedure, the above inset 
show residuals from fitting. (a) Curve fitting with polynomial model, (b) Curve fitting with exponential 
model, (c) Curve fitting with power model. 
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Figure 4.17 The experimental results of the fEPSP slopes (% baseline) from the picrotoxin+CSD 
group. The lines represent the results of curve fitting with the nonlinear least squares procedure, the 
above inset show residuals from fitting. (a) Curve fitting with polynomial model, (b) Curve fitting with 
exponential model, (c) Curve fitting with power model. 

 



CHAPTER V 

 

DISCUSSIONS AND CONCLUSIONS 

 

The Efficacy of Nonlinear Least Square Curve Fitting 

Curve fitting not only gives a approximation of values that do not appear in the data 

set but also describes characteristics of the data. For a mathematical description of the model, 

the power equation:   ( )( )
n

n n

t
y t I L I

k t

 
= + −  + 

 ,    

makes it is easy to find the first potentiation and LTP from the values of I  and L , 

respectively. In addition, the exponential form ( ) Cty t A Be−= +  (Eq. (4.2)) could be an 

approximation to the fEPSP slopes at a certain time. The LTP approximation was performed 

by considering a large value fort . Because CtBe−  is close to zero when there is a very large 

value of Ct , LTP could be estimated by the value of A .  

Moreover, results from the fitting and Eq. (4.2) are intrinsically capable of differential 

information as a result of the time-dependent changes in the fEPSP slopes. The derivative of 

Eq. (4.2) is  Ctdy
CBe

dt
−= −                                          (5.1)      

 Equation (5.1) shows the decay rate of the post tetanus stimulation, whereby there is 

a decay to a stable value for LTP. This decay might also play a role in short-term plasticity 

and other time-dependent properties that are involved in changes in synapses. The 

modifications from Eq. (4.1) and the data in table 2 produce a rate of decay for the post 

tetanus stimulation shown in Figure 5.1.  

Nonlinear systems occur widely in mathematical analysis and often provide a more 

realistic analysis than can be obtained by using a system of linear equations (Atkinson & Han, 

2004; Bielecki & Kalita, 2008; Iannella & Tanaka, 2006; Ude et al., 2009; Ude et al., 2010). 

This system provided high computational efficacy, which is available to researchers when 

attempting to make their systems as accurate as possible (Aur et al., 2011; McCullough 2004; 

Bennani et al., 2009). The potentiation after the tetanic stimulation involves changes in the 

synaptic efficacy and is present in two states: PTP, which is a short temporal decay in the 

potential after a stimulation (Zucker, 1989), and LTP, which is the steady state of the 

potentiation. Our experimental data behaved like the exponential equation in Eq. (4.2). 

Moreover, Eq. (4.4) is a nonlinear power equation that is produced from an initial ( )I  and 
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long-term ( )L  potentiation and is modified with a power function. In addition, the polynomial 

is a basic function for quantifying because it is easy to solve the coefficients with a general 

computer program. We also quantifies with a polynomial equation for the purpose of 

comparing the other nonlinear equations. For convenience, the parameters of the least squares 

quantifying were determined by Origin software. 

 This research found more accurate fitting results with 2
adjR , which were more than 0.9 

with the exponential and power equation, and the run time of the algorithm was 

approximately 30 seconds. It can be observed that the polynomial equation gave a lower value 

for 2
adjR  compared to the other nonlinear equations.  

 

Figure 5.1 Rate of decay of PTP or the slope from the Eq. (4.2); parameter values in table 2 were used. 
 

  

Computational Approach for LTP Describes Their Efficacy of Stimulate 

Patterns 

The present studies reveal that the effects of tetanic stimulation and TBS protocols on 

synaptic changes and the magnitude of LTP in area CA1 of Hippocampus. The results also 

show LTP description by least-square curve fitting which enabled us to distinguish between 

the usefulness of some LTP conditions. While tetanic stimulation have been the favored 

method for LTP induction, it is not relevant to natural behavior related with learning in the 

intact animal (Grover et al., 2009: 69; Morgan and Teyley, 2001: 1289; Tsukada, 1994: 495). 

TBS were created that seem capable of eliciting LTP and naturally closer to what occurs in 

hippocampus during learning and memory (Abarbanel et al., 2002: 10132: Lynch, 1998: 83).  
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However, it remains unclear from several studies why LTP magnitude for tetanic 

stimulation TBS was statistically different (Albensi et al., 2007:1-13). 

 Hippocampal LTP has been studied as a cellular model of learning and memory 

(Bliss and Collingridge, 1993; Crozier et al., 2004: 109-122) which is induction by brief high 

frequency and TBS. Potentiation from induction is divided into three phases; post tetanic 

potentiation-PTP, an immediately decrease of synaptic efficacy following with a plateau of 

LTP (Volianskis and Jensen, 2003:459-492). Considerable evidence now connects the 

increase in postsynaptic Ca2+ to initial steps induction of LTP (Albensi et al., 2007; 1-13; Bear 

et al., 2007: 776-780). In contrast PTP arising from a presynaptic accumulation of Ca2+ during 

potential induction and the accelerated decay of PTP reflects a component in removal of 

residual Ca2+ from the presynaptic terminal (Volianskis and Jensen, 2003; Zucker, 1989).  

Because initial PTP from tetanic stimulation is higher than TBS (Figure 4.3), it’s 

suggest that Ca2+ of tetanic stimulation are accumulated in presynaptic terminal more than 

Ca2+ of TBS. In the same way, a line-scatter plot for individual experiments shown in Figure 

4.2, at first 5 minutes provide some interesting observations. It seems that second and third 

records after tetanic stimulation resulted in slightly larger response compared with first the 

record. It was remain situate about 30 seconds before rapid decay and it may unseen in 

recording if stimuli procedure using longer time course, whereas this results not happen in 

TBS. It also suggests that TBS could be removed presynaptic Ca2+ rapidly than tetanic 

stimulation. Moreover, our results from the derivative of fitting equation 

(Eq.(4.1),(4.2),(4.4)), shown a decay rate of PTP that  also plays a role in calcium ion, short-

term plasticity and other time-dependent properties that are involved in changes in synapses 

(Langdon et al., 1995: 370-385; Volianskis and Jensen, 2003; Woodson, Schlapfer and 

Barondes, 1978: 33-46). 

From an approximation of initial PTP of tetanic stimulation and TBS as 
1y  in table 3, 

the model of power equation gave the smallest error for
1y . In contrast the polynomial model 

produced a relatively high error, and it corresponds to the results, which produced high 

residuals from the fitting (inset; Figures. 4.13a, 4.14a). These results indicated that the 

approximation from the polynomial model could be far from the real data. This indication fits 

our expectation because the exponential and power form model fit from actual PTPs while the 

polynomial did not.  

For LTP description (see the relative error in table 4); although polynomial model 

gave smallest of relative error but results in higher residuals than the other models (see the 

last 10 minutes in Figure. 4.13, Figure. 4.14, which show both the positive and negative 
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residuals in polynomial model). The results suggest that the minimum relative error was 

calculated from the deletion of positive and negative errors of approximation values. Thus the 

power equation model could be the best LTP approximation. Moreover, the maximum of the 

adjusted coefficient of determination was found to be in the power equation model because 

the main purpose of 2
adjR  is the description of future outcomes on the basis of other related 

data and the model is not specific to certain points. Together, these results, curve fitting with a 

power equation model are a good choice for overall estimations.  

Since different type of stimulation results in different in the magnitude of LTP 

(Albensi et al., 2007) that our curve fitting technique show TBS produced greater LTP than 

tetanic stimulation.  

What might be the reason why TBS more effective than tetanic stimulation in LTP 

induction? Research has shown that high frequency stimulation is a conditional requirement 

for postsynaptic CA1 neuron being strongly depolarized (Albensi et al., 2007; Hernandez et 

al., 2005; Volianskis and Jensen, 2003). To achieve this depolarization, tetanic stimulation 

must be stimulated synapse at frequencies high enough to cause temporal summation and 

spatial summation of EPSP. Moreover, the high frequency activation of synapse is consistent 

with the mass of synaptic neuropeptide release, whereas LTP induction by TBS is less 

effective in neuropeptide releasing (Bongsebandhu-phubhakdi and Manabe, 2007). 

In addition the optimal theta frequency patterned for the induction of LTP was 

produced from the burst interval of 200 msec (Larson and Lynch, 1986). The observations 

from Hernandez et al., conclude that TBS produced greater LTP than 100 Hz with protocols 

having a pulse number up to 200 or 300, (Hernandez et al., 2005). However I used TBS with 

total a 120 pulses and curve fitting results show that the TBS protocol is more effective for 

LTP induction than tetanic stimulation. This explanation suggests specific electrical 

stimulation patterns give different effect to LTP.  

 

Computational Approach of Altered LTP That Used to Investigated the Effects 

of CSD and Picrotoxin on the Synaptic Plasticity 

The initial response of tetanic potentiation is a very high magnitude from the baseline, 

and it swiftly decays, which is approximated as (1)y  in table 5. The model of power equation 

gave the smallest relative error for (1)y  in all of the experimental groups. The polynomial 

equation produced a relatively high error, and it corresponds to the data in Figures. 4.15-4.17, 

which produced high residuals from the fitting (Figures. 4.15a, 4.16a, 4.17a). These results 
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indicated that the approximation from the polynomial equation could be far from the real data. 

This indication fits our expectation because the exponential and power equation fit from 

actual PTPs while the polynomial did not. An interesting algorithm from Philipp (Spitzer et 

al., 2006) fits multiple measured data simultaneously and results in increasing the parameter 

accuracy. 

Next, we focused on LTP computation (see the LTP, Fitting LTP and relative error in 

table 6). Although the polynomial equation gave the smallest relative errors, the LTP 

computation of all equations resulted in quite similar values when comparing experimental 

LTP and quantifying LTP. In contrast, the polynomial equation gave higher residuals than the 

other equations (see the last 10 minutes in inset of Figures 4.15a, 4.16a, and 4.17a which 

show both the positive and negative residuals). The results suggest that the minimum relative 

error was calculated from the deletion of positive and negative approximation values. 

In accordance with the computational values and the functions obtained from fitting, 

it is difficult to determine a mathematical equation of the experimental investigations that 

could be best described as the potentiation from the tetanic stimulation, especially LTP. With 

respect to the best equation based on the minimum relative error, each equation can reproduce 

the experimental data for a different case. However, the maximum of the adjusted coefficient 

of determination was found to be in the power equation because the main purpose of 2
adjR  is 

the prediction of future outcomes on the basis of other related data; the technique is not 

specific to certain points. Moreover, quantifying with a power equation is a good choice for 

overall estimations. 

  The results of fitting to suitable mathematical expressions could be important factors 

related to real neuronal plasticity. Little information is available on the mechanisms that 

underlie the initiation and propagation of CSD. Ionotropic glutamate receptor channels have 

been proposed to play a role (Gorji, 2001; Mody et al., 1987; Wernsmann et al., 2006). 

AMPA receptors quickly desensitize and therefore do not contribute substantially. NMDA 

receptors are regularly blocked by magnesium at resting potential, and CSD depolarization is 

expected to relieve the block. Traditional studies investigated that glutamate can trigger CSD 

(Coan & Collingridge, 1985; Edelstein & Mauskop, 2009; Rogawski, 2012; Van & Fifkova, 

1973). Moreover, they demonstrated that glutamate-induced CSD was found to be inhibited 

while occurring in high concentrations of magnesium ions (Rogawski, 2012). 

 Of course, glutamate is known to be involved in excitatory synapses, while GABAA 

acts at inhibitory synapses in the brain. Therefore, GABAA antagonists could increase PTP 

and LTP (Albensi et al., 2007). Within slice comparisons between potentiation in the 



46 

picrotoxin group and the control group (Figure 4.8), I showed a greater fEPSP response of the 

picrotoxin group at initial PTP. This observation corresponds to the quantifying application in 

which the synaptic responses in the picrotoxin group were obviously higher than in the 

control group for the first 5 minutes. 

 In addition, tetanic stimulation was delivered to area CA1 of hippocampus tissues 

after induced CSD. Initial PTP in the picrotoxin+CSD group resulted in a higher baseline 

compared with the control group. This augmentation resulted from the effect of picrotoxin. In 

the long run, CSD resulted in decreasing fEPSPs because glutamate receptors were 

desensitized. This desensitization could be a majority of the attenuated LTP in the 

picrotoxin+CSD group. 

 It was obvious that picrotoxin could increase LTP and excitability. In contrast, LTP 

was significantly reduced when applied to CSD because glutamate was desensitized, 

especially in the picrotoxin+CSD group, which showed minimal LTP. The experimental data 

of this study also revealed the important role of glutamate receptors in the induction of LTP 

and in synaptic plasticity properties, whereas GABAA receptors play a role as a 

supplementary circuit.  

I made two interesting observations from PTP and the slope from our equations. First, 

in the presence of picrotoxin, the CSD produced the slope of the quantified data, the first 

potentiation value and LTP lower than when CSD was not applied (Figure 5.1). These 

observations suggest that the decay rate of PTP has a direct relationship with LTP and that 

this rate might correspond to a desensitization of the glutamate receptors. Second, in the 

presence of picrotoxin, effective PTP occurred by the increase in postsynaptic excitability. 

This scenario was a direct relationship of the decay-rate, rapid potentiation and LTP. 

However, the time course of exponential decay to a stable period was maximal with the action 

of picrotoxin compared with the action of CSD (Figure 5.1). The mechanisms of glutamate 

receptor desensitization by CSD were more powerful than the action of the GABAA receptors. 
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Conclusions   

In this study, proposed model of LTP that provides an experimental results for 

investigating synaptic plasticity under two conditions: with picrotoxin and with applied CSD 

before hippocampal slice preparation. In addition I also investigated the efficacy of electrical 

stimulates patterns of LTP induction: tetanic stimulation and TBS. Thus the TBS produced 

greater LTP than tetanus stimulation. LTP in CSD group induced by tetanic stimultion was 

significanty reduced, compared to control group. Picrotoxnin effected to incresed fEPSP and 

LTP. Initials posttetanic stimulation in CSD and control group resulted in higher baseline  

when compared against all other protocols  cause from picrotoxin. In long time CSD 

occurrence results in decreasing fEPSP because of glutamate was desensitized. 

The nonlinear least square curve fitting accomplished the goal because it gave the 

increasable accuracy of parameters. The results shown that the curve fitting with the power 

equation is the most appropriate model for overall estimations when compared with model of 

polynomial and exponential equation.  

In conclusion, this  computation procedure can quantify the alteration of LTP under 

various conditions. With respect to our findings, both change in excitability from a GABAA 

antagonist and the occurrence of CSD have a definitive effect on the magnitude of LTP. 
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Descriptions of the Results  

 In this thesis, data of LTP magnitude was estimated to be the change in slope of the 

fEPSPs. Figure A1 is example of raw data. When a test stimulus was delivered with a single 

square pulse once every 10 seconds (0.1 Hz), the baseline period of fEPSPs slope was plotted 

at time -30 to 0. The tetanus stimulation or theta-burst stimulation was applied at time 0 and 

then applied immediately with a 0.1 Hz test stimulus again. These results were plotted at time 

0 to 60 and each points were also 10 seconds interval. 

  However there are distinct values of the raw fEPSPs slope. For data synchronized, 

the fEPSPs slope values were averaged and plotted as the percent change from baseline and 

were referenced 100% as shown in Figure A2. Each points were 1 minute interval.  

 When data were collected completely in once experimental group, there were 

averaged as mean value from all experimental data within groups. The mean of the fEPSPs 

slope (% from baseline) are summarized in table A1.  

 

 

 

Figure A1 The example of raw data of the fEPSPs slope 
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Figure A2 The example of normalized data of the fEPSPs slope 

 

 

 
Table A1 The mean of the fEPSPs slope (% from baseline) 

 
 
 
 
 
 
 

 
 

Time (min) 
fEPSPs slope (% from baseline) 

Theta-burst stimulation Tetanic stimulation/control Picrotoxin Picrotoxin+CSD 

-30 98.700 99.669 97.562 99.005 

-29 99.745 99.823 98.106 99.333 

-28 100.950 99.986 98.392 98.587 

-27 97.943 98.562 100.156 99.103 

-26 99.336 99.900 99.612 98.617 

-25 99.207 98.252 97.652 97.801 

-24 98.181 99.006 99.749 98.897 

-23 99.897 99.627 98.575 99.192 

-22 99.579 100.494 100.901 101.210 

-21 101.869 100.348 97.339 99.990 

-20 100.196 97.805 97.387 99.512 
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Table A1 (Continued) 

 
 
 

 

Time (min) 
fEPSPs slope (% from baseline) 

Theta-burst stimulation Tetanic stimulation/control Picrotoxin Picrotoxin+CSD 

-19 98.608 97.531 97.214 100.652 

-18 98.701 97.332 99.762 100.451 

-17 101.561 96.405 99.915 100.182 

-16 99.040 98.729 98.659 99.937 

-15 99.306 99.043 99.759 99.869 

-14 99.636 98.956 101.351 101.115 

-13 98.406 99.805 100.263 99.907 

-12 99.127 98.154 98.700 99.608 

-11 100.167 99.782 100.777 100.830 

-10 98.279 101.001 99.599 99.870 

-9 100.496 101.390 101.256 100.333 

-8 100.143 100.787 100.369 99.548 

-7 100.857 101.538 101.102 101.147 

-6 100.941 102.890 101.652 98.475 

-5 99.475 101.350 102.821 101.193 

-4 101.863 103.511 102.025 100.794 

-3 102.326 103.104 101.427 102.038 

-2 99.499 101.303 102.400 102.680 

-1 102.098 100.970 103.048 100.955 

0 103.868 102.945 102.470 99.579 

1 193.818 213.363 276.696 236.565 

2 153.080 193.273 263.206 228.617 

3 143.781 156.218 195.075 175.806 

4 140.772 142.384 173.534 157.029 

5 140.882 138.137 165.473 145.853 

6 142.937 135.256 161.565 141.615 

7 141.002 134.214 160.825 139.033 

8 141.274 133.423 158.572 134.994 

9 143.017 133.810 154.981 132.736 

10 142.268 132.480 152.877 133.657 

11 143.893 132.319 154.719 132.687 

12 144.231 131.572 151.262 133.004 

13 139.874 132.851 149.113 131.772 

14 143.205 131.893 147.117 129.082 

15 143.620 131.947 144.064 130.007 
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Table A1 (Continued) 

 
 
 
 

Time (min) 
fEPSPs slope (% from baseline) 

Theta-burst stimulation Tetanic stimulation/control Picrotoxin Picrotoxin+CSD 

16 144.161 133.714 144.350 128.845 

17 145.953 133.681 141.010 126.820 

18 142.496 135.232 142.307 126.818 

19 142.582 132.742 141.116 124.676 

20 144.403 135.388 142.517 125.932 

21 141.772 133.469 140.221 126.082 

22 142.803 133.559 142.260 123.597 

23 141.742 133.566 140.454 124.865 

24 143.580 133.084 142.637 125.526 

25 142.741 133.678 142.111 124.288 

26 140.293 133.255 143.103 123.453 

27 143.617 131.345 144.581 123.701 

28 143.471 132.923 142.856 122.765 

29 142.140 134.287 143.279 122.672 

30 141.537 134.749 142.182 123.375 

31 141.191 132.365 143.099 121.952 

32 143.043 133.030 143.072 122.389 

33 142.882 132.191 142.711 123.353 

34 141.084 132.686 143.768 122.728 

35 144.068 135.081 141.499 124.464 

36 142.019 133.687 143.212 123.637 

37 145.198 135.987 143.866 124.882 

38 144.757 136.825 142.139 122.506 

39 142.814 136.241 141.004 123.304 

40 142.432 136.090 141.257 122.625 

41 142.287 134.696 143.084 123.668 

42 142.111 137.009 141.843 122.658 

43 142.441 134.256 140.760 123.999 

44 142.299 137.074 139.829 124.492 

45 142.738 136.876 139.788 122.923 

46 142.401 137.353 139.741 122.017 

47 142.673 136.170 139.209 120.407 

48 144.038 135.265 140.879 120.932 

49 144.860 136.732 137.442 120.477 

50 145.879 132.630 137.891 119.497 
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Table A1 (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time (min) 
fEPSPs slope (% from baseline) 

Theta-burst 

stimulation 

Tetanic 

stimulation/control 
Picrotoxin Picrotoxin+CSD 

51 144.940 133.761 141.229 119.307 

52 146.429 134.679 139.499 119.601 

53 143.795 134.537 140.074 120.376 

54 143.910 134.489 141.011 120.252 

55 145.888 136.187 141.681 120.213 

56 143.798 134.613 140.682 119.807 

57 143.459 134.847 138.466 120.165 

58 145.765 133.266 141.027 120.644 

59 143.657 135.394 140.110 120.631 

60 142.599 137.055 138.713 120.501 
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Statistical Values 

The Statistical comparisons were performed by the analysis of variance test (one-way 

ANOVA). The α level for statistical significance was set at0.05P < .  

 

1. One way ANOVA to compare the intensity of tetanic stimulation and theta-burst 

stimulation. 

 

SUMMARY 

Groups Count Sum Average Variance 

Row 1 10 4.06 0.406 0.005671 

Row 2 10 3.436 0.3436 0.009174 

ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.019469 1 0.019469 2.622916 0.122718 4.413873 

Within Groups 0.133606 18 0.007423 

Total 0.153075 19         

 

Since the P-value is 0.122>0.05, hypothesis of equal intensity is not rejected. 

 

2. One way ANOVA to compare the effectively induce LTP of tetanic stimulation and 

theta-burst stimulation. 

 

SUMMARY 

Groups Count Sum Average Variance 

Column 1 10 1348.827 134.8827 1.216122 

Column 2 10 1444.241 144.4241 1.569915 

 
ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 455.1932 1 455.1932 326.7676 5.48E-13 4.413873 

Within Groups 25.07433 18 1.393018 

Total 480.2676 19         

 

Since the P-value <0.05, hypothesis of equal LTP induction is rejected. 
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3. One way ANOVA to compare the amount of LTP in control group, picrotoxin group 

and CSD+picrotoxin group. 

 

SUMMARY 

Groups Count Sum Average Variance 

133.3496393 10 1343.563 134.3563 0.708622 

137.8914343 10 1402.492 140.2492 1.170139 

119.4970755 10 1201.496 120.1496 0.199205 

 

ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 2135.168833 2 1067.584 1541.292 1.49E-28 3.354131 

Within Groups 18.70169435 27 0.692655 

Total 2153.870528 29         

 

Since the P-value <0.05, hypothesis of equal LTP is rejected. 

 

4. One way ANOVA to compare the amount of LTP in theta-burst stimulation group, 

tetanic stimulation/control group, picrotoxin group and CSD+picrotoxin group. 

 

SUMMARY 

Groups Count Sum Average Variance 

Column 1 10 1343.563 134.3563 0.708622 

Column 2 10 1402.492 140.2492 1.170139 

Column 3 10 1201.496 120.1496 0.199205 

Column 4 10 1444.241 144.4241 1.569915 

 

ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 3371.488 3 1123.829 1232.309 2.53E-36 2.866266 

Within Groups 32.83093 36 0.91197 

Total 3404.319 39         

 

Since the P-value <0.05, hypothesis of equal LTP is rejected. 

 

 

 

 



64 

 

BIOGRAPHY 

 

NAME  Mr. Teerapol  Saleewong 

BIRTHDAY  January 4, 1978 

PLACE OF BIRTH  Lampang, Thailand 

EDUCATION  

1996-1999  B.S. (Mathematics), Chiang Mai University, Chiang Mai, Thailand. 

2000-2001 M.S. (Applied Mathematics), Chiang Mai University, Chiang Mai, 

Thailand. 

2006-2012  Ph.D. Candidate in Biomedical Engineering, Faculty of Engineering, 

Chulalongkorn University, Thailand. 

 

SCHOLARSHIP University Development Commission Scholarship, U.D.C. 

(2000-2001). 

 

PRESENT APPOINTMENT 

  Lecturer in Mathematics, Department of Mathematics, Faculty of Science,  

King Mongkut’s University of Technology Thonburi (KMUTT), Thailand. 

 

PUBLICATION 

[1] Saleewong, T., Srikiatkhachorn, A., Maneepark, M., Chonwerayuth, A.,  

Bongsebandhu-phubhakdi, S., Computational approach to long-term potentiation in  

hippocampal CA1 area describes the efficacy of stimulation patterns, ASIAN  

BIOMEDICINE (Accepted, 2012).  

 

[2] Saleewong, T., Srikiatkhachorn, A., Maneepark, M., Chonwerayuth, A.,  

Bongsebandhu-phubhakdi, S., Quantifying altered long-term potentiation in the CA1 

hippocampus, JOURNAL OF INTEGRATIVE NEUROSCIENCE (Accepted, 2012). 

 

 

 
 

 

 


	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Abbreviations
	Chapter I Introduction
	Background and Rationale
	Research Questions
	Research Objectives
	Hypothesis
	Expected Benefit and Application

	Chapter II Theory and Literature Review
	Synaptic Function
	The Hippocampus
	Glutamatergic Synaptic Transmission
	GABAergic Synaptic Transmission
	Long-Term Potentiation
	Tetanic Stimulation and Theta-Burst Stimulation
	Cortical Spreading Depression
	Nonlinear Least Squares Curve Fitting

	Chapter III Materials and Methods
	Animal Preparation
	Experimental Protocols
	Surgical Procedures and Induction of CSD
	Preparation and Maintenance of Brain Slices
	Electrical Stimulation and Recording
	Data Acquisition and Analysis
	Least Square Curve Fitting

	Chapter IV Results
	Results from the Experiments
	Results From Least Squares Curve Fitting

	Chapter V Discussions and Conclusions
	The Efficacy of Nonlinear Least Square Curve Fitting
	Computational Approach for LTP Describes Their Efficacy of Stimulate Patterns
	Computational Approach of Altered LTP That Used to Investigated the Effects of CSD and Picrotoxin on the Synaptic Plasticity
	Conclusions

	References
	Appendix
	Vita



