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Abstract 

 

Local field potentials (LFPs) mediated by GABAergic transmission have been recorded from 

resected human epileptic brain tissue, as confirmed by blockade of these events upon exposure 

to GABAergic transmission antagonists, and are generated through an unknown mechanism.  

To better understand the underlying causes of this abnormal synchronization of action potential 

firing of neurons it is therefore important to study the generation of GABAergic transmission-

mediated LFPs. In the 4-aminopyridine (4-AP) in vitro model of epilepsy it has been previously 

established that one type of epileptiform LFP recorded in the hippocampus is generated by 

GABAergic transmission. Using a 60-channel perforated multi-electrode array (pMEA) I record 

LFPs and characterize the initiation and propagation of these events in mouse hippocampal 

slices. I found that LFPs initiated primarily in CA3. Most LFPs were of short duration and were 

restricted to CA3. I hypothesize that GABA-releasing interneurons in hippocampus are able to 

synchronize large groups of principal cells through depolarizing GABAergic transmission. Upon 

spike sorting of single unit activity I uncovered groups of neurons with interneuron 

characteristics, such as short action potential durations, that appeared to drive the propagation 

of the LFP from CA3 to DG. By utilizing juxtacellular and voltage clamp recordings and calcium 

imaging in combination with the pMEA, I also recorded low activity in granule cells during CA3-

restricted LFPs and high activity when LFPs propagated to DG. This also suggests interneuron 

entrainment driving propagation into DG. Therefore, long duration LFPs that propagated to DG 

from CA3 appeared to recruit GABAergic transmission-mediated mechanisms that allowed for 

depolarization of most granule cells. 
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Introduction 

1.1. Epilepsy 

Epilepsy affects over 50 million individuals worldwide and nearly 3 million Americans of 

all ages (Epilepsy Foundation 2010). There is an estimated $17.6 billion in direct and indirect 

costs and 200,000 new cases are reported each year. Approximately ten percent of the 

American populace will have a seizure during their lifetime.  

Epilepsy is a disorder of the brain in which a person has repeated seizures over time 

(A.D.A.M. Medical Encyclopedia 2011). Seizures vary from a momentary disruption of the 

senses, to short periods of unconsciousness, to staring spells, to convulsions. Although 

symptoms may be different, all seizures are caused by excessive or abnormally synchronous 

neuronal activity (Fisher et al. 2005).   

Limbic system neuronal networks, such as the hippocampus, amygdala, cingulate gyrus, 

and entorhinal cortex, are critical in generating seizures in patients with mesial temporal lobe 

epilepsy (Gloor 1991). Unfortunately, seizures in these patients are sometimes intractable (10% 

of new epilepsy cases) with current antiepileptic drugs (Epilepsy Foundation 2010). In these 

instances, epileptologists are forced to attempt difficult surgical procedures that are also 

sometimes unsuccessful at controlling seizures and, can negatively affect patient outcome. 

Therefore, understating seizure generation in structures of the limbic system remains an 

important goal in epilepsy research (Avoli et al. 2002).  A great deal of work at the cellular, 

pharmacological, and molecular level has led to an expansion of our knowledge of the 

mechanisms behind epilepsy disorders (Dichter and Ayala 1987; Scharfman 2007a; Avoli et al. 

2002; Avoli and De Curtis 2011). However, recent advances in technology, at the basic science 

level, which allow for the simultaneous recording of activity from large populations of neurons 

from multiple sites in vitro and in vivo, such as multi-electrode arrays (MEAs) and calcium 

imaging are likely to significantly improve our understanding of this disease, which is primarily a 
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pathology of neuronal networks as a whole (Egert et al. 2002; Geracitano et al, 2005; Giustizieri 

et al, 2007; Gomez-Gonzalo et al. 2010; Kent and Meredith, 2008; Beretta et al, 2010, Yuan et 

al. 2011).      

1.2. Mechanisms underlying epilepsy 

Epilepsy is a complex disease with diverse clinical characteristics that preclude a 

singular mechanism (Scharfman 2007). Seizure generation may be due to a variety of molecular 

and cellular mechanisms, including alterations in specific ion channels, neurotransmitter 

receptors, and glial degeneration. However, most abnormalities are thought to result from 

increased excitatory transmission mediated by Na+ channels, Ca2+ channels, N-methyl-d-

aspartic acid (NMDA) and/or a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) 

receptors or decreased inhibitory, specifically gamma-aminobutyric acid (GABA) mediated 

transmission through receptor malfunction or loss of interneurons, leading to an imbalance 

between cortical excitation and inhibition (Scharfman 2007).  

1.3. Local field potentials and single unit activity 

During epileptiform activity, a large number of neurons fire in synchrony. The voltage 

signal that neurons collectively produce is called a local field potential (LFP) and is the 

integrated, relatively-long duration (500 ms – 40 s), voltage signal of neuronal populations firing 

action potentials simultaneously (Fig 1, Avoli et al. 2002). Although these types of signals are 

recorded from in vitro and in vivo models of epilepsy when there is a seizure occurring, they are 

also the primary tool to diagnose patients with epilepsy (Epilepsy Foundation 2010). 

Electroencephalograms, which entail placing arrays of electrodes on a patient’s scalp, are 

routinely utilized to diagnose the seizure-type occur by studying the point of origin, duration, and 

extent of propagation across the brain of the synchronized activity (Epilepsy Foundation 2010).  
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 Single-unit activity, as the name implies, is action potentials generated by an individual 

cell. Each action potential is very short in duration (3 – 6 ms) (Henze et al, 2000). Extracellular 

electrodes are able to record both LFPs and single-unit activity simultaneously, if individual cells 

are close enough to the electrodes their activity is seen as “riding” the slower LFP (Fig 10). It is 

not possible to record single units with electroencephalograms. On the other hand, LFPs are 

easily recorded even hundreds of microns distances from their points of origin. It can be unclear 

whether an LFP was generated relatively close by or whether it originated from a location at a 

much greater distance, a phenomenon called “volume conductance” (Fig 1).  

LFPs and single units are the data presented in this thesis. In order to isolate one signal 

from the other, when both are recorded by a particular electrode, one must filter the signals. 

LFPs are more easily discernible when the data is filtered with a low-pass (<10 Hz) filter, while 

single units are isolated with high-pass filters (> 500 Hz) (Henze et al. 2000; Hill et al, 2011).          

1.4. GABAergic transmission and epilepsy 

GABA is the primary inhibitory neurotransmitter in the adult brain where it activates both 

pre- and post-synaptic receptors (Martin and Olsen, 2000; Farrant and Kaila 2007).  There are 

three kinds of GABA receptors: A, B, and C. GABAA and GABAc are ionotropic receptors that 

hyperpolarize neurons through the rapid influx of Cl-. GABAB receptors are slower in function as 

they are metabotropic and operate through second messengers (Purves et al. 2004).  

It was first realized that GABA had an important role in seizure generation when infants 

were accidentally fed formula deficient in pyridoxine (vitamin B6). The enzyme responsible for 

synthesizing GABA, glutamic acid decarboxylase, requires as a cofactor, pyridoxol phosphate,  
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Fig. 1. Synchronous epileptiform activities induced in hippocampus–entorhinal cortex slices that 

were obtained from adult rats during bath application of 4-aminopyridine (4-AP panel (A) or 

pilocarpine (B). Cited with permission from (Avoli et al., 2002) Note that in both cases three 

different types of discharges are evident. First, a continuous pattern of interictal discharges 

(arrows) that are confined to the hippocampus proper (note that their presence in the dentate 

gyrus reflects volume conduction of the signal generated by the CA3 network, cf. Nagao et al., 

1996). Second, a slower type of interictal discharge that is seen in entorhinal cortex, dentate 

gyrus, CA3 and CA1 subfields (asterisks). Third, a long-lasting discharge that resembles an ictal 

event and is recorded in all areas of the slice as well (continuous lines). In this and the following 

figures abbreviations are: EC, entorhinal cortex; DG, dentate gyrus. Panels (A) and (B) are 

modified from Avoli et al., 1996b and Nagao et al., 1996, respectively.  
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which is derived from vitamin B6. Consequently, with the lack of inhibition, the infants developed 

convulsions (Molony and Parmelee, 1954; Coursin, 1954). Furthermore GABA was found to 

prevent seizures while drugs interfering with GABA synthesis and transmission produced them 

(Hawkins and Sarett 1957; Hayashi 1959; Benassi and Bertolotti 1962).  

Since then, it has been demonstrated that blocking GABAergic inhibition induces 

epileptiform activity both in in vivo animal models (Matsumoto and Ajmone-Marsan, 1964; 

Prince 1968; Dichter and Spencer 1969; Ayala et al. 1973) and in vitro (Schwartzkroin and 

Prince 1978, 1980; Johnston and Brown 1981; Gutnick 1982; Wong 1986).  The application of 

GABAA antagonists (such as bicuculline, pricotoxin, or penicillin) to hippocampal or neocortical 

brain slices in vitro has been the central model in epilepsy for several decades (Avoli and de 

Curtis, 2011). These studies have shown that GABAergic transmission is necessary for limiting 

neuronal network synchrony in order to prevent epileptiform activity.  

1.5. GABAergic transmission mediated epileptiform synchronization 

 Nonetheless, the assumption that GABAergic transmission purely prevents seizure 

generation by inhibiting neuronal networks has been challenged. Evidence of the perseverance 

of GABAergic-transmission during epileptiform synchronization has been documented both in 

animal models (Davenport et al. 1990; Esclapez et al. 1998; Prince and Jacobs 1998; Cossart 

et al. 2001, 2005) and in post-surgical human temporal lobe tissue (Isokaway-Akesson et al. 

1989; Babb et al. 1989; Avoli and Olivier 1989; Avoli et al. 1995; Cohen et al. 2002). 

Furthermore, several studies over the last years have shown that GABAergic transmission may 

assist, support, or even generate epileptiform synchronization (Avoli et al. 1993a, b, 1996a, b, c, 

d, 2002, 2012; Mann and Mody, 2008, de Curtis and Gnatkovsky, 2009a, b). Therefore, the 

assumption that in most cases epilepsy is caused by an increase in excitation and a decrease in 
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inhibition has been put into question and it is necessary to study the mechanisms that may lead 

to GABAergic-dependent epileptiform synchronization, which is the primary goal of this thesis.  

1.6. The 4-aminopyridine in vitro model of epilepsy 

Bathing brain slices with the potassium channel blocker 4-aminopyridine (4-AP) has 

been widely used as an in vitro model of epilepsy for the last three decades (see for review 

Avoli et al. 2002; Avoli and De Curtis 2011). This compound increases the excitability of 

neurons by keeping the membrane potential closer to threshold. Importantly, 4-AP application 

onto brain slices results in LFP activity that is reminiscent of recordings from patients with 

seizures but, unlike other in vitro epilepsy models, preserves and enhances both glutamatergic 

and GABAergic transmission.  

Three types of synchronous field potential discharges have been reported during 4-AP 

application: i) “fast” interictal-like events that have a higher frequency of 0.5-0.25 Hz, originate in 

CA3 and are mainly mediated by glutamate receptors, termed LFPR-CA3 after chapter 2, ii) 

“slow”-GABA –mediated interictal-like events that occur at a relatively low frequency of 0.25-

0.05 Hz in both CA3 and DG and across the hippocampus, termed LFPPCA3-DG after chapter 

2 and iii) long-lasting ictal-like events that in adult brain slices originate in entorhinal cortex and 

propagate to hippocampus proper (Fig 1, Avoli et al. 2002). For ictal-like events to be present in 

hippocampus a contiguous connection between entorhinal cortex and hippocampus in slices 

from adult rodents is required.   

Both excitatory and inhibitory neurotransmissions modulate the frequencies and 

durations of these LFPs (see for review Avoli et al. 2002). Indeed, in the 4-AP model, fast-

interictal-like events are blocked by glutamatergic transmission antagonists while slow interictal-

like events disappear in the presence of GABAergic transmission antagonists (Avoli et al. 2002, 

Gonzalez-Sulser et al. 2011). Ictal events are dependent on both forms of transmission 
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(Gonzalez-Sulser et al. 2011). Thus, both glutamatergic and GABAA receptor signaling play an 

important role in the 4-AP in vitro epilepsy model by each generating a specific LFP.  

1.7. Depolarizing GABA  

The exact mechanisms underlying the GABA-mediated long-duration LFP that is 

characteristic of the 4-AP in vitro model of epilepsy are as of yet unknown. I hypothesize that 

these LFPs reflect the synchronous activation of a subpopulation of GABAergic interneurons 

that are made over-excitable by 4-AP; these cells are expected to release GABA that, by 

activating GABAA receptors, leads to transient increases in extracellular [K+], which is able to 

support further neuronal synchronization and the spread of epileptiform activity (Avoli et al. 

1996a; Kaila et al. 1994; Kaila et al. 1997; see for review Avoli and de Curtis 2011). I will 

attempt to elucidate the identity of these cells by studying the firing properties of neurons during 

GABA-mediated LFPs by spike sorting multi-unit signals.   

Furthermore, five potential mechanisms that may contribute to these GABAA receptor-

mediated LFPs have been identified by Avoli and de Curtis in their 2011 review: i) accumulation 

of intracellular Cl-, due to decreased activity of the potassium-chloride transporter, KCC2, can 

shift the reversal potential of GABA to values positive to resting membrane potential, thus 

allowing for GABAA receptor activation to be depolarizing, ii) Cl- accumulation in neonatal tissue 

is caused by the activation of the sodium-potassium-chloride co-transporter (NKCC1) and may 

play an important role in depolarizing GABA during early life (Dzhala et al., 2005, 2010; Nardou 

et al., 2009), iii) GABAA receptor-mediated depolarizations are aided by HCO3
- currents that also 

have very positive reversal potentials (-10 to -15 mV) (Staley et al. 1995; Lamsa and Kaila 1997; 

Kaila et al. 1993, 1997; Rivera et al. 2005), iv) postsynaptic GABAA receptor activation can lead 

to increases in extracellular potassium concentration (Barolet and Morris 1991), which has been 

known to produce depolarization in neighboring cells and lead to epileptiform activity 
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(Zuckermann and Glaser 1968), and v) HCO3
- dependent depolarization may lead to the 

activation of voltage-gated Ca2+ channels (Autere et al. 1999). 

1.8. Multi-electrode arrays and calcium imaging 

In these projects I use two main techniques to assess network activity with population 

and single-cell resolution: multi-electrode array recordings and calcium imaging, which in 

chapter 4 are combined also with juxtacellular and voltage-clamp recordings. The multi-

electrode array allows for simultaneous recordings of LFPs and multiple single-units across the 

slice. The technique has excellent temporal resolution and its spatial resolution, at the level of 

the LFP, is enough to allow detailed analysis of LFPs propagating across the slice. The precise 

location and anatomical identification of individual neurons is not possible, although an estimate 

of which anatomical areas contain the most interesting cells and what the firing patterns of these 

neurons are is attainable.  

I utilize a perforated multi-electrode array (Multi-Channel Systems, Reutlingen Germany) 

that permits negative pressure to be applied onto the slice, which in turn adheres the tissue onto 

the electrodes and therefore records with a high signal-to-noise ratio and is likely to improve 

oxygenation of the slice (Fig 3, Egert et al. 2002a,b). In previous studies utilizing glass-pipette 

electrodes, with significant technical difficulty, at most 4 sites could be recorded from. Therefore, 

I am able to record with much higher spatial resolution at the LFP level. Thus, questions of 

initiation and level of propagation of LFPs across the slice can be addressed with improved 

accuracy. The added advantage of recording from single units permits me to try and identify 

cells responsible for the initiation and propagation of LFPs. 

In later experiments I combine the MEA recordings with identified-cell recordings of 

single cells though traditional patch-clamp and juxtacellular electrophysiology. This permits for 

the anatomical identification of individual neurons and allows for the confirmation of the data 
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acquired solely with the MEA. I am also able to record the intracellular currents associated with 

the various LFPs. 

The second important technique I utilize is population calcium imaging (Grienberger and 

Konnerth 2012). I can utilize dyes that fluoresce at differing intensities depending on the calcium 

concentration in the milieu they are placed in.  When exponential increases in calcium 

concentrations occur intracellularly, during action potentials, I see changes in fluorescence. This 

technique allows me to monitor the level of activity in populations of neurons during and in 

between LFPs by imaging continuously. Although the temporal resolution is several orders of 

magnitude less than the electrical signals, the spatial resolution permits for the precise 

anatomical identification of individual neurons. This technique permits me to answer questions 

such as: How many neurons are participating in the various LFPs? How signals propagate 

across them? And, I can also attempt to answer whether some neurons are leading the others 

during the LFP, as has been shown in giant depolarizing potentials in post-natal slices (Bonifazi 

et al. 2010).  Furthermore, I combine MEA recordings with calcium imaging to assess in detail 

the relationships of the LFPs with anatomically-identified individual neurons.  

1.9 Hypotheses and Thesis Outline 

 

The overarching hypothesis of the thesis is that LFPs in the 4-AP model of epilepsy 

initiate in CA3 and when interneurons are recruited these release depolarizing GABA 

onto granule cells that allows the LFP to propagate to DG. 

 

Project 1 (Chapter 2): I hypothesize that high frequency interictal-like activity propagating 

only within CA3 is glutamatergic dependent while low frequency events that are able to 

propagate to dentate gyrus are dependent on GABAergic transmission. I have utilized 4-
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aminopyridine (4-AP) containing ACSF to induce epileptiform-like discharges in cortico-

hippocampal slices, while recording field potentials from the network with a 60-channel, 

perforated multi-electrode array (pMEA) in order to assess frequencies, initiation point, 

propagation, and pharmacological sensitivity of the different interictal-like events.  

 

Project 2 (Chapter 3): I hypothesize that GABAergic interneurons synchronize principle 

cell firing in hippocampus during GABA-mediated interictal-like events. I have studied the 

firing properties of many neurons through the use of the pMEA and spike sorting to find cells 

that fire differentially during GABA and glutamate mediated LFPs. I hypothesize that cells with 

such firing properties determine whether field potentials propagate into dentate gyrus and are 

preferentially located in the hilus the area intermediate to dentate gyrus and CA3.  

 

Project 3 (Chapter 4): I hypothesize that propagation of LFPs is contingent on 

recruitment of interneurons that will depolarize the majority of granule cells. Through the 

use of calcium imaging, juxtacellular recordings, and whole-cell voltage clamp I have studied the 

participation of granule cells during the various LFPS and the inputs onto these cells that drive 

activity. 

 

 The thesis is subdivided into 3 projects in chapters 2, 3, and 4. Chapter 2 deals with the 

reinvestigation of the pharmacology, initiation, and propagation of LFPs in the 4-AP in vitro 

model of epilepsy recorded with a MEA. In chapter 3 I attempt to identify individual neurons 

responsible for the LFP activity seen in the 4-AP model of epilepsy by spike sorting the data 

recorded with the MEA. And, finally, in chapter 4, I examine the responses of pyramidal and 

granule cells during the various LFPs with calcium imaging, juxtacellular recordings, and patch-

clamp recordings during the various LFPs in order to determine the effect of the various LFPs 

on the two classes of cells. Chapter 5 consists of the discussion and conclusions of the thesis.  
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Chapter 2: The 4-aminopyridine in vitro epilepsy model analyzed with a perforated a 
multi-electrode array 

 

This data is published in: Gonzalez-Sulser A, Wang J, Motamedi GK, Avoli M, Vicini S, 

Dzakpasu R. The 4-aminopyridine in vitro epilepsy model analyzed with a perforated multi-

electrode array. Neuropharmacology 60: 1142-1153, 2011. 
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Chapter 2 

2.1. Introduction 

The potassium channel blocker 4-aminopyridine (4-AP) has been widely used as an in 

vitro model of epilepsy for the last three decades (see for review Avoli et al. 2002). This 

compound enhances neuronal activity and mimics the electroencephalographic activity recorded 

in patients affected by partial epilepsy. Three types of synchronous field potential discharges 

have been reported during 4-AP application: i) “slow”-GABA (g-aminobutyric acid) –mediated 

interictal-like events that occur at a relatively low frequency of 0.25-0.05 Hz, ii) “fast” interictal-

like events that have a higher frequency of 0.5-0.25 Hz, originate in CA3 and are mainly 

mediated by glutamate receptors, and iii) long-lasting ictal-like events that in adult brain slices 

originate in entorhinal cortex and propagate to hippocampus proper (Avoli et al. 2002). Ictal-like 

events require a contiguous connection between entorhinal cortex and hippocampus in slices 

from adult rodents. 

Both excitatory and inhibitory neurotransmissions modulate the frequencies and 

durations of these field potential discharges (see for review Avoli et al. 2002). Furthermore, 

GABAA receptor signaling can be epileptogenic (Klaassen et al. 2006) and is required for the 

generation of interictal-like events in human brain slices (Cohen et al. 2002). Indeed, in the 4-AP 

model, slow interictal-like events are blocked only when BMR, the competitive antagonist for 

GABAA receptors, is applied (Avoli et al. 2002). Thus, GABAA receptors play an important role 

in the 4-AP in vitro epilepsy model. 

GABA is the principle inhibitory neurotransmitter in the mammalian forebrain. GABAA 

receptors are ligand-gated ion channels permeable to Cl- and HCO-3 and are assembled as 

pentameric proteins comprised of distinct subunits (MacDonald and Olsen 1994). The specific 
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subunit composition of the receptors determines the channel kinetics, pharmacological 

sensitivity (MacDonald and Olsen 1994) and subcellular localization (Fritschy and Brunig 2004). 

Synaptic GABAA receptors mediate phasic inhibition produced by quantal release of GABA at 

high concentrations, which results in inhibitory postsynaptic currents (Stell and Mody 2002; 

Farrant and Nusser 2005). In addition, a persistent concentration of ambient GABA generates a 

tonic conductance via high affinity extrasynaptic GABAA receptors. (Stell and Mody 2002; 

Farrant and Nusser 2005; Glykys et al. 2008). These currents show little to no desensitization 

and by defining the neuronal membrane potential at rest provide a powerful persistent inhibition 

that allows for the regulation of network excitability (Scimemi et al. 2005; Semyanov et al. 2003). 

Tonic GABAergic current is increased after pilocarpine-induced status epilepticus in dentate 

granule cells and in subicular neurons (Zhan and Nadler 2009; Biagini et al. 2010), and it is 

reduced in basolateral amygdala circuitry after kainate status (Fritsch et al. 2009). Tonic current 

is expressed to varying degrees in the multiple cell-types of hippocampus (Scimemi et al. 2005; 

Semyanov et al. 2003; Mann and Mody 2009; Wyeth et al. 2010). 

Here, by using multisite electrophysiological recordings with a perforated multi-electrode 

array (pMEA), I analyzed the changes in synchronous epileptiform activity induced by 4-AP, 

under the pharmacological manipulation of phasic and tonic GABAergic currents. I also studied 

the action of NMDA and non-NMDA glutamatergic receptor antagonists. My experiments were 

performed using acute coronal hippocampal slices from juvenile mice, as coronal slices permit 

the focused study of intrinsic hippocampal network dynamics without the influence of enthorinal 

cortex, and in turn allow for the analysis of independent cortical activity. 

2.2. Methods 

2.2.1. Slice preparation 

C57BL/6J mice aged postnatal days 13e18 were sacrificed by decapitation in agreement 

with the Georgetown University Animal Care and Use committee (GUACUC), and in accordance 
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with the National Institutes of Health guide for the care and use of Laboratory animals (NIH 

Publications No. 8023, revised 1978). All efforts were made to minimize animal suffering and to 

reduce the number of animals used. Brains were rapidly removed and placed in an ice-cold 

slicing solution containing (in mM): 86 NaCl, 3 KCl, 4 MgCl2, 1 NaH2PO4, 75 sucrose, 25 

glucose, 1 CaCl2, and 25 NaHCO3. Coronal slices (300 mm thick) containing hippocampus and 

neocortex were prepared using a Vibratome 3000 Plus Sectioning System (Vibratome, St. 

Louis, MO). Slices were further reduced in size to approximately 6.5 mm sided squares to better 

fit them on the perforated multi-electrode array (pMEA, Multi Channel Systems GmbH, 

Reutlingen, Germany). The slices contained the dorsal section of hippocampus proper and 

parietal somatosensory neocortex. An illustration of a typical slice used can be found in Fig 2. 

Sections recovered in artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 4.5 

KCl,1 MgCl2,10 glucose,1 CaCl2, and 26 NaHCO3 at 32 º C for 30 min. Brain slices remained 

in ACSF at room temperature until they were utilized in the experiment. All solutions were 

maintained at pH 7.4 by continuous bubbling with 95% O2-5% CO2. 

2.2.2. Chemicals 

The effect of specific drug treatments (3,3-(2-carboxypiperazine-4-yl)propyl-1-

phosphonate (CPP, 12 µM) and (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-

dione) (NBQX, 10 µM), bicuculline methabromide (BMR, 25 µM), pentobarbital (20 µM), or 

(4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol) (THIP, 10 µM) were studied upon perfusion of 

the slice by gravity at 3 ml/min. Chemicals were acquired from SigmaeAldrich Canada (Oakville, 

Ontario, Canada) and Tocris Cookson (Ellisville, MO, USA). 

2.2.3. Induction of epileptiform activity 

In order to induce spontaneous epileptiform-like discharges, the hippocampal slices 

were perfused with ACSF-containing 4-AP (100 µM). This defined the control condition and all 

experiments commenced with a 24 min recording. A second 24 min session followed by the  
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ACSF- Fig.  2. Low-power micrograph of a coronal hippocampal slice illustrating the relative 

position of the pMEA. The slice has the same orientation as the example shown in Fig. 3. 
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containing 4-AP solution containing one of the drugs described above. In addition, the control 

slices that received continuous treatment with 4-AP after the initial 24 min showed no change in 

frequencies, sites of initiation, and level of propagation. 

 

2.2.4. Data analysis 

MC Rack was used to record and display data. An in-house adaptation of MEATools 

(Egert et al., 2002a,b) written using Matlab (MathWorks, Natick, MA), imports the MC Rack data 

into Matlab variables for further analysis. The last 6 min of the 24 min of data recorded in each 

condition were analyzed when activity was stabilized for both control and drug treatments. 

Specifically, I calculated the power spectrum, wavelet transform, frequencies and durations of 

local field potentials (LFPs) recorded from each electrode within each slice. Frequency 

decomposition was performed on each 6-min trace and the result was smoothed using a 

SavitzkyeGolay polynomial smoothing filter. In addition, to examine the finer temporal structure 

of the activity, I measured the power spectrum within each LFP. After visual inspection of the 

power distribution from 0 to 200 Hz, I narrowed the range of analysis to two regions: 0.1 to 4 Hz 

and 160 to 200 Hz. Next, I measured the time evolution of the power distribution by applying a 

wavelet transformation. Using a normalized Morlet wavelet centered at angular frequency, ω0 = 

6, scales were chosen to reflect the frequencies, f, between 103 and 1 Hz as follows: 

f



4

2
scale

2
00 

  

Wavelet transforms are presented as color-coded frequency vs. time plots with warmer 

colors representing larger power. Lastly, I calculated the durations of individual LFPs for three 

electrodes in the CA3 subfield and dentate gyrus, as well as the durations of ictal-like events for 

three electrodes in neocortex. These data were averaged to attain frequency and duration 
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values for each anatomical area. Data analysis programs were written using Matlab. Statistical 

analyses were calculated in Origin 8.0 (OriginLab, Northampton, MA). For the 6-min power 

spectra and durations, average data are presented as mean ± S.D. For individual LFP power 

spectrum analysis, average data are presented as mean ± S.E.M. 

2.2.5. Movies of color-coded voltage activity 

The initiation and propagation of events in different areas were determined by 

constructing contour plots from raw data files at one frame per sampling point (5 kHz) from each 

of the 60-channels plotted simultaneously using the Analysis Rack within MC Rack software. 

This was followed by an interpolation analysis utilizing Movie Tool in MEATools with a 5 point 

SavitzkyeGolay filter before export to JPEG image format. Individual JPEGs were then 

concatenated and converted in AVI animations using ImageJ (Abramoff et al. 2004). 

Three types of epileptiform-like activity were recorded (see Results for detailed 

description). Approximately 70% of slices exhibited this stereotyped activity, and if all three 

types of field potentials were present, the slice was included in the analysis. Ictal-like events 

originated in neocortex and did not propagate to hippocampus. Only rarely were ictal-like 

potentials present in CA1 and with diminishing amplitude in CA3 and DG as electrodes 

increased in distance from neocortex. The small number of brain slices in which ictal-like activity 

was present in the hippocampus, the amplitude variations and the fact that ictal-like events were 

superimposed over interictal-like events in hippocampus led us to suspect that the ictal-like 

activity recorded in the hippocampus was volume-conducted from cortex, which displayed 

simultaneous large-amplitude ictal-like activity. Furthermore, no ictal-like events were recorded 

in four hippocampal slices that contained no cortex and ictal-like events were generated in four 

cortical slices that contained no hippocampus. As such, interictal-like events in hippocampus 

were analyzed separately from ictal-like events in neocortex in combined slices. 
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2.2.6. Statistics 

The data was analyzed for a normal distribution using the ShapiroeWilk test. Control 

frequencies, durations, points of initiation, and propagation were compared among groups using 

a one-way ANOVA. Paired t-tests and 2-sample T-tests were used to compare frequency, 

duration, initiation, and propagation differences between groups. 

2.3. Results 

2.3.1. Stereotyped activity in 4-AP 

Using a pMEA illustrated in Fig. 3A, I recorded field potentials induced by 4-AP, Fig. 

1B,C similar to those previously reported with other approaches (Avoli et al. 2002; Ziburkus et 

al. 2006). Epileptiform activity was maintained throughout the recordings, due to the perfusion of 

the slice via the pMEA perforations (Fig. 3A, Egert et al. 2005).  

In order to assess the epileptiform activity of hippocampus and neocortex separately, I 

used neocortico-hippocampal slices in the coronal plane, which contain little connections 

between dorsal hippocampus and neocortex. As previously reported in several 4-AP studies 

(Avoli et al.1996a,b, 2002 for review), I was able to record three distinct neuronal patterns of 

activity in different sections of my slice preparation (Fig. 3B and C). Ictal-like field potentials, 

with durations longer than 4 s and a biphasic waveform (tonice-clonic) originated in the 

neocortex and did not propagate to hippocampus (Fig. 3C and see Methods for further details). 

Thus, two distinct types of interictal-like local field potentials were the only population events 

present in hippocampus: (i) “CA3-only” LFPs that were usually circumscribed to the CA3 area, 

and (ii) “CA3-DG” LFPs that although initiated in CA3, propagated to the dentate gyrus (DG, Fig. 

3B and C). Interictal-like activity in CA3 and CA1 was highly synchronous but LFPs were 

present less consistently in CA1. Therefore, my analysis focused on LFPs recorded from 

electrodes located in CA3 and DG population events. 
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Fig.  3. Stereotyped activity during application of 4-AP. A) i) Example of a 60-channels pMEA. ii) 

Perforated MEA at 40x magnification illustrating perforations (red arrow) that permits gentle 

suction of the slice for a more stable recording and high signal to noise ratio due to the reduced 

distance between the electrodes and the tissue. B) Photograph of corticohippocampal slice over 

pMEA with voltage traces recorded at each electrode overlaid in distinct colors. Colors indicate 

the anatomical area: red e CA3, blue e dentate gyrus (DG), and green e cortex (Cx). C) i) 

Example traces of local field potentials (LFP) from selected channels in the anatomical regions 

indicated. ii) Overlap of the expanded view of segments of traces in i) indicated by grey bars. 

LFPs in CA3 leads are compared to those recorded in dentate gyrus (DG, arrows) and often 
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CA3 events do not propagate to dentate gyrus (arrowhead). Color coding as in B. 
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The average frequencies of the LFPs recorded in each anatomical area, CA3, DG, and 

neocortex (CX) were 0.071 ± 0.006 Hz, 0.046 ± 0.003 Hz, and 0.008 ± 0.001 Hz respectively (n 

= 26 slices, averaged frequency value of three leads per anatomical area). CA3 and DG 

frequencies were significantly different from one another (p < 0.001). This difference in 

frequency reflects presumably the presence of CA3-only field potentials in CA3. Of 974 events 

in which propagation was analyzed, 198 remained only in CA3 while 776 propagated to DG as 

well (Fig. 9). Interictal-like events in both CA3 and DG had significantly higher frequencies than 

ictal-like events in neocortex (n =  26 slices, p < 0.001).  

As reported previously in multi-electrode array recordings with the 4-AP model by Hill et 

al. 2010, most interictal-like LFPs, 958 out of 978, recorded from hippocampal leads and 

assessed across 21 slices initiated in stratum radiatum of CA3 (Fig. 3C and G, Supplementary 

movies 1 and 3). Thus, both events that remained only within CA3, and those that propagated to 

DG as well, initiated in CA3 98.8% of the time. The average durations of all events seen per 

slice in CA3, DG, and CX were 1.19 ± 0.12 s, 1.23 ± 0.11s, and 16.5 ± 1.3 s (n = 26 slices). DG 

and CA3 events were not significantly different from each other in durations but were 

significantly shorter than CX (n = 26, p < 0.001). Without pharmacological blockade (see below), 

it was not possible to measure LFP duration from recordings in each anatomical structure as a 

means to differentiate which events propagate only within CA3 and those that propagate to DG. 

2.3.2. GluR antagonists decrease the frequency of events in CA3 and silences cortical 

activity while changing the initiation point of the field potentials from CA3 to DG 

When I blocked glutamatergic signaling with both AMPA and NMDA receptor blockers 

(CPP (12 µM) and NBQX (10 µM)), interictal-like field potentials identified in CA3-only 

decreased significantly in frequency from 0.076 ± 0.003 Hz to 0.010 ± 0.033 Hz (n = 5, p < 0.05)  
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Fig.  4. Glutamate receptor antagonists decrease the frequency of LFPs but increase their 

duration in DG and CA3 areas while silencing cortical activity. A comparison of LFPs recorded 

from a hippocampal slice from selected channels of a pMEA in the presence and the absence of 

CPP (12 µM) and NBQX (10 µM). i) Selected channel traces in each specified area (CA3 in A, 
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DG in B and Cx in C) are shown over color-coded power (wavelet analysis with frequencies 

plotted in a log scale; warmer colors indicate higher power) in the absence (top) and the 

presence of the drugs (bottom). ii) Top: overlaps of power spectra of traces shown in i) in each 

specified area (CA3 in A, DG in B and Cx in C). Bottom: plot of overall averages of peak 

frequencies derived from a pool of 3 channels in each selected area in the presence and 

absence of the drugs are shown together with the average in red from 4 slices. *p < 0.05 paired 

t-test. iii) Top: histogram of duration (bin size 0.2 s in CA3 and DG and 2 s in Cx) of LFPs 

derived from an aggregate of 3 channels in each selected area in the presence and absence of 

the drugs. Bottom: plot of overall averages of durations in each selected area are shown 

together with the average in red from 4 slices. *p < 0.05 paired t-test. 
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Fig.  5 A GABAA receptor antagonist increases the frequency of LFPs and decreases their 

duration in CA3 and cortex while completely blocking activity in dentate gyrus. A comparison of 

LFP recorded from a hippocampal slice from selected channels of a pMEA in the presence and 



26 
 

the absence of BMR (25 µM). i) Selected channel traces in each specified area (CA3 in A, DG in 

B and Cx in C) are shown over color-coded power (wavelet analysis with frequencies plotted in 

a log scale; warmer colors indicate higher power) in the absence (top) and the presence of the 

drug (bottom). ii) Top: overlaps of power spectra of traces shown in i) in each specified area 

(CA3 in A, DG in B and Cx in C). Expanded frequency view in the inset in A ii) illustrates power 

reduction after drug treatment. Bottom: plot of overall averages of peak frequencies derived 

from a pool of 3 channels in each selected area in the presence and absence of the drugs are 

shown together with the average in red from 4 slices. *p < 0.05 paired t-test. An expanded 

section of the power spectrum at low frequency is shown in A. iii) Top: histogram of duration (bin 

size 0.2 s in CA3 and DG and 2 s in Cx) of LFPs derived from an aggregate of 3 channels in 

each selected area in the presence and absence of the drug. Bottom: plot of overall averages of 

durations in each selected area are shown together with the average in red from 4 slices. *p < 

0.05 paired t-test. 
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(i.e., a reduction of 87%), while their duration was significantly increased from 0.75 ± 0.05 s to 

0.98 ± 0.05 s (n = 5, p < 0.05) (i.e., an increase of 29%)  (Fig. 4A). DG showed a trend towards 

lower frequency and duration but data were not significantly different (Fig. 4B). Furthermore, 

events that initiated in CA3 and did not propagate to DG were completely silenced after blocking 

glutamatergic signaling (Fig. 9). Since the duration of LFPs recorded in CA3 increased with 

these drugs (Fig. 4A iii, bottom), it is likely that CA3 events blocked by CPP/NBQX, which do not 

propagate to DG were shorter in duration (see also Fig.3C as an example, arrowhead). Activity 

in neocortical leads was completely silenced by the addition of GluR antagonist (Fig. 4C). 

Fig. 4A shows an example of wavelet spectral analysis for the 6 min period illustrated. In 

addition to the reported decrease in frequency summarized for each slice, the low frequency 

power components of each individual event decreased with glutamate receptor antagonists 

(bottom panels labeled ii) of each section of Fig. 4). However, longer episodes of higher power 

materialize in the wavelet sonogram suggesting increased synchronization albeit at a lower 

frequency (Fig. 4A and B). These results were further supported by the analysis of binned 

averaged power consumption of each individual LFP (Fig. 6). In addition, spectral analysis 

revealed that averaged power consumption at the high frequency range (160-200 Hz) 

decreases (Fig. 6). 

Addition of GluR antagonists also significantly changed the initiation point from the CA3 

stratum radiatum to the molecular and granule cell layers of DG. The number of events in a 6 

min window, 18 min after addition of GluR antagonists, initiating in CA3 was reduced from 26 ± 

3 to 1.2 ± 0.73 (n = 131 and 6 events respectively, from at least 3 leads in 5 slices, p < 0.01), a 

decrease of 95.6% while the number of events initiating in DG was increased from 0.2 ± 0.2 to 

15 ± 5 (n = 1 to 73 events respectively, from at least 3 leads in n = 5 slices, p < 0.05), an 

increase of three orders of magnitude (Fig. 9, Supplementary movies 1 and 2). This indicates 

that events initiating in CA3 are dependent upon glutamatergic neurotransmission since CA3  
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Fig.  6.  Spectral analysis of individual local field potential discharges. A. (left) Representative 

trace of sequence of interictal LFP recorded from one electrode in CA3 illustrated at two distinct 

time scales. Red lines in the top trace indicate the expanded segment illustrated on the bottom 



29 
 

left in the frequency range 0.1–4 Hz. The inset shows the power spectrum of the same segment 

in the frequency range 160–200 Hz. B.–E. Histograms of binned average power consumption 

within the 0.1–4 Hz (left) 160–200 Hz (right) frequencies for 3 channel traces in CA3 (B, D) and 

in DG (C, E)in the absence (black) and the presence (grey) of CPP & NBQX (B, C) or BMR (D, 

E). Also illustrated in insets are the plot of overall averaged power consumption shown together 

with the average in red from 4 slices. *p < 0.05 paired t-test. 
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events rarely initiate in CA3 after the addition of GluR antagonists. Furthermore, events that 

were generated in CA3 and limited in their propagation within this area were completely blocked 

by glutamate receptor antagonists. 

2.3.3. GABAA receptor antagonism increases the frequency of events in neocortex and 

CA3 while inhibiting DG 

Addition of the GABAA antagonist BMR (25 µM), to the 4-AP containing ACSF, 

significantly increased the frequency of interictal-like events in CA3 from 0.06 ± 0.01 Hz to 0.13 

± 0.01 Hz (n = 4, p < 0.05), an increase of 114%, and significantly decreased their duration from 

1.03 ± 0.06 s to 0.56 ± 0.12 s (n = 4 slices, p < 0.05), a decrease of 46 ± 12% (Fig. 5A). Events 

in DG were completely blocked (Fig. 9B, Supplementary movies 3 and 4). GABAA receptor 

antagonism, as seen from the wavelet analysis in Fig. 6, increased the basal frequency but 

created multiple short episodes of higher power. Averaged binned power derived from each LFP 

(Fig. 5) is also decreased in the low frequency range but surprisingly is reduced in the high 

frequency range with BMR as well. 

The number of interictal-like events initiating in CA3 was increased significantly from 29 

± 2 to 65 ± 12 (n = 119 and 259 events respectively, from at least 3 leads in n = 4 slices, p < 

0.05), an increase of 118%, during BMR bath application (Fig. 9). The number of events that 

were limited to CA3 in their propagation also increased from 6.5 ± 3.5 to 62 ± 11 (n = 26 and 

248 events respectively, from at least 3 leads in n = 4 slices, p < 0.05), an increase of 854%, 

while the number of events propagating to DG decreased from 23 ± 5 to 2.7 ± 2.1 (n = 93 and 

11 events respectively, from at least 3 leads in n = 4 slices, p < 0.05), a decrease of 88%. 

Although no field potentials were detected with the frequency counting algorithm in DG after 

BMR addition, in the visual analysis of propagation an average of 2.7 ± 2.1 interictal-like events 

per slice in DG after the addition of BMR were seen suggesting a difference in the stringency of 

my methods although both results suggest a large inhibition of DG when GABAA receptors are 

blocked.  
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Fig.  7. A barbiturate increases the frequency and decreases duration of LFPs recorded from 

CA3 but not those in dentate gyrus or cortex. A comparison of LFP recorded from a 
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hippocampal slice from selected channels of a pMEA in the presence and the absence of 

Pentobarbital (PB, 20 µM). i) Selected channel traces in each specified area (CA3 in A, DG in 

B and Cx in C) are shown over color-coded power (wavelet analysis with frequencies plotted in 

a log scale; warmer colors indicate higher power) in the absence (top) and the presence of the 

drug (bottom). ii) Top: overlaps of power spectra of traces shown in i) in each specified area 

(CA3 in A, DG in B and Cx in C). Bottom: plot of overall averages of peak frequencies derived 

from a pool of 3 channels in each selected area in the presence and absence of the drugs are 

shown together with the average in red from 6 slices. *p < 0.05 paired t-test. iii) Top: histogram 

of duration (bin size 0.2 s in CA3 and DG and 2 s in Cx) of LFPs derived from an aggregate of 3 

channels in each selected area in the presence and absence of the drug. Bottom: plot of overall 

averages of durations in each selected area are shown together with the average in red from 6 

slices. *p < 0.05 paired t-test. 
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During BMR application, neocortical epileptiform discharges were also significantly 

increased in frequency from 0.002 ± 0.0006 Hz to 0.009 ± 0.002 Hz (n = 4 slices, p < 0.05), an 

increase of 326%, and showed a trend towards a decrease in duration from 17 ± 4 s to 6.2 ± 0.5 

s (n = 4 slices, p = 0.07), a decrease of 64 ± 3% (Fig. 5C). Thus, the increase in frequency of 

CA3 initiating and CA3-only propagating events after BMR suggests that intact GABAergic 

transmission controls the occurrence of field potentials in CA3 and their propagation into DG. 

2.3.4. Potentiating synaptic GABAAR increases the frequency of events in CA3 

It has been shown that potentiating GABAAR with the barbiturate PB (20 µM) increases 

sharp-wave ripple events in CA3 (Ellender et al. 2010). PB potentiates both phasic and tonic 

currents (Choi et al. 2008; Feng and Macdonald 2010; Wang et al. 2010). Addition of PB to the 

4-AP containing ACSF, significantly increased the frequency of interictal-like events in CA3 from 

0.05 ± 0.003 to 0.10 ± 0.02 Hz (n = 6, p < 0.05), an increase of 978 ± 44% and significantly 

decreased their duration from 2.0 ± 0.2 to 1.2 ± 0.1 s (n = 6, p < 0.05), a decrease of 40% (Fig. 

7A). PB did not affect the frequency or duration of field potentials in DG or CX (Fig. 7A and B). 

Propagation and initiation within hippocampus was not affected significantly by the 

changes in frequency of CA3 (Fig. 9). Interestingly, like BMR, potentiating GABAARs with PB 

increased the frequency of CA3 field potentials. However, in contrast to when the GABAAR 

antagonist was applied, DG and neocortex were unaffected. As the interpretation of these 

findings is complicated by the fact that both phasic and tonic currents are potentiated with PB, I 

next addressed the role of tonic current in my experimental model. 

2.3.5. Tonic GABAAR activation decreases the frequency of events in CA3 

In contrast to the effect of potentiating both phasic and tonic currents in which the 

frequency of events in CA3 is increased, addition of the d-containing-GABAA receptor agonist, 

THIP (10 µM), which specifically activates the tonic current (Krook-Magnuson et al., 2008) to  
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Fig.  8. Tonic GABAA receptor activation decreases the frequency of events in CA3. Gaboxadol 

(THIP, 10 µM), a preferential agonist for tonically active GABAA receptor decreased the 
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frequency of events in CA3 and dentate gyrus. Cortical activity was not affected. A comparison 

of LFP recorded from a hippocampal slice from selected channels of a pMEA in the presence 

and the absence of the drug. i) Selected channel traces in each specified area (CA3 in A, DG in 

B and Cx in C) are shown over color-coded power (wavelet analysis with frequencies plotted in 

a log scale; warmer colors indicate higher power) in the absence (top) and the presence of the 

drug (bottom). ii) Top: overlaps of power spectra of traces shown in i) in each specified area 

(CA3 in A, DG in B and Cx in C). Bottom: plot of overall averages of peak frequencies derived 

from a pool of 3 channels in each selected area in the presence and absence of the drugs are 

shown together with the average in red from 10 slices. *p < 0.05 paired t-test. iii) Top: histogram 

of duration (bin size 0.2 s in CA3 and DG and 2 s in Cx) of LFPs derived from an aggregate of 3 

channels in each selected area in the presence and absence of the drug. Bottom: plot of overall 

averages of durations in each selected area are shown together with the average in red from 10 

slices. *p < 0.05 paired t-test. 
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Fig.  9. Initiation and Propagation of Synchronous Field Potential Discharges A. Initiation. i) 

Plots of time-dependent color-coded voltage changes in 4-AP (top) and 4-AP + NBQX. ii) Color-

coded voltages recorded from the MEA overlapped onto low magnification (4x) bright field 
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images of the hippocampal slice. Each snapshot illustrates the initiation point of synchronous 

LFP discharges shifting from CA3 in 4-AP (left) to dentate gyrus in CPP þ NBQX (right). B. 

Summary of results of initiation for each treatment. Data are expressed as number of events 

originating in electrodes located in CA3 (blue) or DG (grey). Events were collected from all 

electrodes in each area (at least 5 per area including both pyramidal or granule cell layers and 

dendritic layers) and averaged across at least 4 slices. *p < 0.05 independent t-test. C. 

Propagation. i) Plots of time-dependent color-coded voltage changes in 4-AP (top) and 4-AP þ 

BMR (bottom) from columns of selected electrodes illustrated by arrows in middle and right 

panels. Note the failure of propagation from CA3 to dentate gyrus in BMR. ii) Color-coded 

voltages recorded from the MEA overlapped onto bright field image of the hippocampal slice. 

Each snapshot shows the endpoint of the LFP, illustrating the lack of propagation to dentate 

gyrus in BMR. D. Summary of results of propagation for each treatment. Data are expressed as 

number of events recorded simultaneously in both CA3 and DG electrodes (black) or exclusively 

in CA3 electrodes (red). Events were collected from all electrodes in each area (at least 5 per 

area including both pyramidal or granule cell layers and dendritic layers) and averaged across 

at least 4 slices. *p < 0.05 independent t-test. 
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the 4-AP containing ACSF, significantly decreased the frequency of CA3 events from 0.07 ± 

0.01 Hz to 0.04 ± 0.005 Hz (n = 10, p < 0.01), a decrease of 47% (Fig. 8A). However, although 

a trend towards increased duration was seen in CA3 and DG, it was not significant. 

Nevertheless, THIP significantly reduced the number of events restricted to CA3 from 13.1 ±  

2.4 to 2.3 ± 1.29 (n = 131 and 23 interictal-like events respectively, from at least 3 leads in n = 5 

slices, p < 0.05) a decrease of 90%. THIP also reduced the number of events propagating to 

DG from 17.8 ± 1.9 to 9.9 ± 1.43 (n = 178 and 99 interictal-like events respectively, from at least 

3 leads in n = 5 slices, p < 0.05), a decrease of 44% (Fig. 9). THIP did not have a significant 

effect on the initiation of signals within hippocampus. Similarly, THIP also reduced the frequency 

of interictal-like discharges in DG from 0.043 ± 0.01 Hz to 0.034 ± 0.01 Hz (n = 10, p < 0.05), a 

decrease of 21% (Fig. 8B) without significantly affecting durations. Cortical events were 

unaffected by THIP. 

When compared, PB and THIP had almost an opposite effect. The effect of PB in CA3 

was similar to that of BMR but it had no effect in DG. In contrast THIP decreased LFP 

occurrence in both CA3 and DG, similarly to the effect of the combination of CPP/NBQX, but it 

failed to significantly alter event duration. PB increases the occurrence of CA3-restricted LFPs 

while leaving the LFPs that initiate in CA3 and propagate to DG unaffected. This is compatible 

with the increase of LFP frequency and decreased duration in CA3 but not in DG. THIP also 

fails to alter LFPs propagating to DG but blocked LFPs originating in CA3, resulting in a 

decrease in the frequency of LFPs in both CA3 and DG. 

2.4. Discussion 

The role of GABA receptors in neuronal network synchronization has been widely 

recognized and is now central to the understanding of the mechanisms behind epileptogenicity. 
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As previously reported (Avoli et al., 2002), an advantage to using the 4-AP in vitro epilepsy 

model to address this question is that it produces network synchronization while preserving 

GABAergic inhibition. Using multisite electrophysiological recordings with a pMEA I have 

reported here the changes in hippocampal excitability resulting from pharmacological 

manipulation of phasic and tonic GABAergic conductances. My data are in partial agreement 

with previous studies (Avoli et al., 2002, 1998, 1993, 1996b) that identified “fast-CA3-driven” 

and “slow” interictal discharges as the two major types of synchronous activity observed in the 

hippocampal areas of the slice. In addition, I also observed longer lasting, “ictal-like” activity in 

neocortical areas that did not propagate to the hippocampus due to the anatomical constraints 

of my preparation.  

Interictal-like events were more abundant in CA3 leads than in the DG. The cocktail of 

glutamate receptor antagonists reduced the frequency of these events and induced a significant 

increase in their duration in both CA3 and DG. These results were supported by wavelet 

spectral analysis as well as binned averaged power that further suggested an increased 

synchronization, albeit at a lower frequency. However, spectral analysis of individual LFPs at 

the high frequency range (160-200 Hz) showed a decrease with glutamate antagonists, 

consistent with the hypothesis that fast interictal-like LFPs, or those originating in CA3 in my 

study, are due to recurrent excitatory connections in CA3 pyramidal neurons (Avoli et al., 2002; 

Dzhala and Staley, 2003). 

I also observed LFPs that became prevalent in DG leads when glutamatergic activity 

was blocked; these events have a low frequency of occurrence and longer durations than CA3-

driven glutamatergic interictal-like events. Therefore, DG can independently generate field 

potentials but when CA3 activity is present they are synchronized with events initiating in CA3. 

As seen in the wavelet analysis, CPP/NBQX treatment decreased basal frequency and created 

longer episodes at lower power, suggesting less frequent but longer lasting synchrony, possibly 

between GABAergic interneurons since glutamatergic activity is blocked. 
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 Wavelet analysis also suggested that GABAA receptor antagonism increased the basal 

frequency in CA3 and created short episodes with higher power, suggesting more frequent but 

shorter lasting synchrony. Similar results have been reported both in the 4-AP model 

(Lopantsev and Avoli, 1998) as well as in the 8.5 mM KCl model (Dzhala and Staley, 2003). 

Averaged binned power was also decreased both in the low frequency range but surprisingly it 

was also reduced in the high frequency range. One intriguing possibility is that the GABAA 

receptor antagonist BMR silences several neuronal populations. The increase in frequency of 

LFPs restricted to CA3 after BMR, suggests that intact GABAergic transmission controls their 

occurrence. Events originating in DG are also depended on GABAergic transmission as they 

are silenced when the GABAA antagonist is applied. This implies a role for hilar commissural 

projection interneurons synapsing onto dentate granule cells in mediating population events in 

DG (Witter and Amaral, 2004; Scharfman 2007b). 

The use of the pMEA allows for the study of both initiation and propagation of the 

synchronous LFP as seen in Fig. 6 and the Supplemental movies. Strikingly the main effect of 

the GluR antagonists is a significant change in site of initiation from CA3 to DG, due to the 

predominance of BMR-sensitive events in DG. The GABAA receptor antagonist resulted in the 

failure of propagation fromCA3 to dentate gyrus. This supports the hypothesis that the source of 

fast interictal-like discharges and high frequency oscillation are CA3 pyramidal cells (Avoli et al., 

2002; Dzhala et al., 2003; Ellender et al., 2010). Together, these findings suggests that there 

are two types of synchrony occurring in hippocampus, the “fast” interictal-like events that 

originate in CA3 and trigger events in DG, and the slower interictal-like LFPs, which are 

prevalent in DG and are silenced by GABAA antagonists. CA3 activity occurs more frequently 

and the majority of these events propagate to DG. However, when GluR antagonists are 

applied, CA3 no longer initiates the events, and instead DG synchronizes first and in turn these 

events propagate to CA3. Thus, both CA3 and DG are capable of generating LFPs, and these 
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synchronous events can propagate to the neighboring structure. It should be noted that signals 

initiating in the highly epileptogenic CA3 area can propagate back to the molecular layer and 

excite granule cells in DG via the commissural/associational projections to the inner 3rd of the 

dentate molecular layer that arise exclusively from large neurons in the dentate hilus (Witter and 

Amaral, 2004; Praxinos, 2004). Moreover, although the CA3 area does not have robust 

excitatory influence on DG granule cells, in the presence of  4-AP and possibly in pathological 

conditions, the balance between mossy cell and GABAergic interneurons is altered allowing 

CA3 outputs to influence DG activity (Scharfman, 2007b). 

The expression of tonic current in hippocampal neurons (Scimemi et al., 2005; 

Semyanov et al., 2003; Mann and Mody, 2009; Wyeth et al., 2010) prompted us to compare the 

action of two compounds that differentially affect GABAergic mechanisms: THIP, a preferential 

agonist for extrasynaptic GABAA receptors, and PB that enhances the synaptic action of GABA 

(Choi et al., 2008; Ellender et al., 2010; Feng and Macdonald 2010; Wang et al., 2010). PB 

increased the frequency of interictal-like events in CA3-only suggesting that GABAergic 

transmission in CA3 is excitatory in juvenile animals as has been seen in other hippocampal 

preparations (Ellender et al. 2010). THIP, in contrast, inhibited LFPs both in CA3 and DG 

highlighting the role of tonic current in neuronal excitability and leading to a decreased level of 

synchronization in CA3. 

The effect of PB and THIP suggests that GABA controls the activity of CA3 pyramidal 

neurons and, their recurrent afferents via both tonic and synaptic conductance. This is crucial to 

the network effect of these GABA modulators, as this is associated with the CA3-restricted 

LFPs. However my results also suggest an effect of these drugs on GABAergic interneurons, 

which may mediate propagation into and initiation in DG when excitatory neurotransmission is 

blocked. Thus all three treatments of CPP/NBQX, PB, and THIP may differentially affect 

inhibitory interneurons regulating DG excitability. However, one should also consider the 

reported selective PB antagonism on Ca2+-impermeable AMPA receptors (Yamkura et al. 1995) 
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predominant in pyramidal neurons. Although observed at high concentration, reduction of AMPA 

currents would preferentially inhibit excitatory recurrent synapses among CA3 in addition to 

silencing GABAergic interneurons. Further studies with single cell recording resolution 

combined with pMEA recordings should clarify these issues. 

Although my study focused on the frequency, duration, initiation, and propagation of 

interictal-like discharges in the hippocampus using coronal slices, we also detected an 

independent neocortical activity. As reported for the entorhinal cortex and the juvenile 

hippocampus (Avoli et al. 2002, 1998, 1993, 1996b) this activity consisted of repetitive LFPs 

lasting for a few seconds that were completely antagonized by glutamate receptor antagonists 

and reduced in duration but enhanced in frequency and amplitude by BMR. In contrast to the 

hippocampus the GABA current modulators, PB and THIP had no significant effects on these 

LFPs suggesting a profoundly different network regulation by GABA between these two areas in 

the 4-AP model. 

In summary, MEA recordings allowed me to describe in detail the electrophysiological 

and pharmacological properties of previously reported synchronous epileptiform discharges 

induced by 4-AP in an in vitro hippocampus-neocortical slice preparation. My results point to 

phasic and tonic GABA currents as important regulators of synchronous epileptiform discharges 

in CA3 with contrasting effects. 
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Chapter 3: Hippocampal neuron firing and local field potentials in the in vitro 4-
aminopyridine epilepsy model 
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3.1. Introduction 

Excessive or abnormally synchronous neuronal activity in the brain is a defining feature 

of epileptic activity (Fisher et al. 2005).  The in vitro 4-aminopyridine (4-AP) model has been 

widely used during the last three decades to identify the mechanisms underlying 

synchronization of hippocampal and parahippocampal neuronal networks (Voskyul and Albus 

1985; Avoli et al. 1996a; Ziburkus et al. 2006; Uva et al. 2009; Hazra et al. 2012).  However, 

until recently, it has been difficult to simultaneously study the activity of large populations of 

neurons from multiple sites in vitro. With the advent of the multi-electrode array (MEA) it is now 

possible to investigate network-level dynamics arising from single-unit activity of distinct 

neuronal populations in response to pharmacological or electric stimulation (Egert et al. 2002; 

Geracitano et al. 2005; Giustizieri et al. 2007; Kent and Meredith 2008; Beretta et al. 2010, 

2012).  

I recently reported on the pharmacology and electrophysiology of local field potential 

(LFP) discharges induced by bath application of 4-AP in mouse hippocampal slices that were 

recorded with a perforated MEA (Gonzalez-Sulser et al. 2011).  In that study, I identified the 

presence of two types of spontaneous activity: (i) a frequently occurring, short duration, 

glutamatergic transmission-dependent LFP observed only in CA3, and (ii) a less frequent LFP 

that occurs in both CA3 and dentate gyrus (DG) and is composed of multiple components (see 

Methods). The CA3-DG occurring LFP is largely generated by the activation of GABAA 

receptors and is resistant to ionotropic glutamatergic receptor antagonists. The exact 

mechanisms that underlie its occurrence are unknown, but it is likely that the activity of 

particular subclasses of GABA-releasing interneurons leads to network synchronization through 

depolarizing GABAA receptor-mediated conductances (see for review Avoli and de Curtis, 

2011).  Many interneuron subtypes have been documented and classified across the 
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hippocampus (Freund and Buzsaki. 1996; Maccaferri and Lacaille 2003).  Individual 

interneurons are capable of generating inhibitory field potentials (Bazelot et al. 2010). However, 

the precise behavior of these cells during epileptiform synchronization remains unclear.  

The specific aim of the present chapter was to identify neuronal hippocampal 

populations that mediate specific LFPs in the 4-AP in vitro model of epileptiform 

synchronization. I found individual units, located in distinct hippocampal sub-regions, 

responding differentially to the various components of the LFPs. I also located a group of units 

that was able to generate spontaneous activity in the absence of both excitatory and inhibitory 

synaptic transmission. By analyzing the relationship between the activity of these groups of 

units and the distinct types of LFPs during spontaneous epileptiform discharges, I have indeed 

identified subclasses of cells that are likely to underlie the generation of these LFPs mediated 

by GABAergic interneurons. 

3.2. Methods 

3.2.1. Slice Preparation 

C57BL/6J mice aged postnatal days 13-18 were sacrificed by decapitation in line with 

the Georgetown University Animal Care and Use Committee (GUACUC), and in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH 

Publications No. 8023, revised 1978).  All efforts were made to minimize animal suffering and 

the number of animals used.  Brains were rapidly removed and placed in an ice-cold slicing 

solution consisting of (in mM): 86 NaCl, 3 KCl, 4 MgCl2, 1 NaH2PO4, 75 sucrose, 25 glucose, 1 

CaCl2, and 25 NaHCO3. Horizontal slices (350 µM) containing the hippocampus and the 

adjacent entorhinal cortex were prepared using a Vibratome 3000 Plus Sectioning System 

(Vibratome, St. Louis, MO). Slices were cut to 6.5 mm-sided squares to fit the pMEA chamber 

(Multi Channel Systems GmbH, Reutlingen, Germany). These slices contained the ventral 

section of the hippocampus proper, the adjacent subiculum and part of the entorhinal cortex. 
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These slices were placed in artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 

4.5 KCl, 1 MgCl2, 10 glucose, 1 CaCl2, and 26 NaHCO3 at 32 ºC for 30 min to recover; 

afterward, they remained in ACSF at room temperature until utilized in the experiment.  All 

solutions were maintained at pH 7.4 by continuous bubbling with 95% O2 - 5% CO2. 

3.2.2. Chemicals 

I studied the effects of specific drug treatments with the goal of assessing the presence 

of single unit activity in hippocampal slices during synaptic transmission blockade. I abolished 

glutamatergic transmission with concurrent application of the N-methyl-D-aspartic acid (NMDA) 

receptor antagonist (3,3-(2-carboxypiperazine-4-yl) propyl-1-phosphonate (CPP) and the 2-

amino- 3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA) receptor antagonist (2,3- 

dihydroxy-6-nitro-7-sulfamoyl-benzo[f] quinoxaline-2, 3-dione) (NBQX).  I blocked GABAA 

receptor signaling with antagonist, bicuculline methobromide (BMR).  Drugs were perfused over 

the slice by gravity at a rate of 3 ml/min.  Chemicals were acquired from Sigma-Aldrich Canada 

(Oakville, Ontario, Canada), Tocris Bioscience (Ellisville, MO, USA), and Ascent Scientific 

(Princeton, NJ, USA). 

3.2.3. pMEA recordings 

The pMEA system consists of 60 platinum electrodes, each with a 30 µm electrode 

diameter and a 200 µm inter-electrode spacing. The pMEA substrate is perforated to allow 

suctioning of the brain slice by activation of a Constant Vacuum Pump with Pressure Control 

(Multi Channel Systems GmbH, Reutlingen, Germany). The resulting continuous negative 

pressure onto the slice facilitates close contact with the electrodes thus improving multi-unit 

acquisition. Recordings were sampled at 10 kHz and data were acquired with MC Rack (4.0, 

Multi Channel Systems, Reutlingen, Germany). All recording solutions were continuously 

preheated to 32 ºC before reaching the MEA chamber with a heated perfusion cannula (ALA 
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instruments, Farmingdale, NY). Temperature in the MEA tissue chamber was verified with an 

analogue YS1 Telethermometer (Yellow Springs Instrument Co., Yellow Springs, OH).  

3.2.4. Induction of epileptiform activity and recording sequence 

I induced spontaneous epileptiform discharges by superfusing slices with ACSF-containing 4-

AP (100 µM). All experiments began with a 6 min long recording in ACSF + 4-AP followed by a 

6 min session in ACSF + 4-AP + glutamatergic antagonists (CPP/NBQX). Experiments finished 

with a 6-min session in ACSF + 4-AP + glutamatergic antagonists (CPP/NBQX) + the GABAA 

receptor antagonist BMR.  

3.2.5. Spike sorting and field potential extraction 

I analyzed the final three minutes of data for each pharmacological condition, at which 

point network activity displayed stable dynamics. Voltage traces from each electrode were 

imported into Spike2 (version 7.05, Cambridge Electronic Design Ltd, Cambridge, UK). LFPs 

were extracted via a 2nd-order low-pass Butterworth filter with a cutoff frequency of 5Hz.  Multi-

unit activity (MUA) was extracted via a 2nd order high-pass Butterworth filter with a cutoff 

frequency of 500 Hz . 

Single unit activity was extracted for 195 cells in CA3, DG, and hilus in 7 hippocampal 

slices. 34 ± 2 channels per slice were located over the somatic and dendritic layers of CA3 

pyramidal and DG granule cells as well as the hilus on average.  43 ± 4 % of these channels 

displayed unit activity, resulting in an average of 28 ± 4 cells recorded per slice from the area of 

interest. 

Channels from each slice were first spike sorted using units in the CPP/NBQX state. The 

occurrence of low frequency LFPs recorded in this condition facilitated the detection of clean, 

single-unit waveforms that were not distorted by the concomitant field potential activity. A 

positive or negative threshold was selected for spike sorting based on which polarity created the 

largest number of waveform crossings. Spike detection was performed on MUA with a ± 5 
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standard deviation threshold from the total average amplitude of the recording. Once 

determined, this threshold was used to detect the same units in the 4-AP and CPP/NBQX/BMR 

conditions. 

Unit heterogeneity produced spikes with different shapes and amplitudes that allowed 

umeto discriminate and sort individual units.  Custom-made scripts written in Spike2 were 

created for an automated initial pass of spike sorting of all channels of interest. Specifically, 

spikes were first mapped into an n-dimensional space with a mixed strategy of principal 

component analysis (PCA) and amplitude measurements. These components were sorted using 

a K-means clustering algorithm to obtain independent clusters (Fig. 2D). The K-Means algorithm 

chooses the solution that maximizes the variance of the distance between all clustered points 

and the center of its cluster. Cluster separation was quantified as J3, which is given as J2/J1 

where J2 is the sum of the squares of the distances of all clustered points from the centroid of 

all the points and J1 is the sum of the squares of the distances of each point from the centroid of 

the cluster it belongs to. Higher J3 values indicate better cluster separation. 

In order to avoid cell refractory period violations, Spike2 cluster analysis software was 

utilized to identify pairs of spikes with intervals of less than 4 ms in duration (Fig. 2F). Channels 

with a ratio of more than 1 to 10 refractory period violations to spike number were eliminated 

from the analysis. Remaining channels were corrected manually to establish clusters free of 

intervals less than 4 ms in duration. Peak spike amplitude was monitored for stationarity and 

remained constant. Comparisons of the waveforms and clusters were made across the three 

experimental conditions in order to improve accuracy between the drug treatments. 

 As in chapter 2, I used Matlab (MathWorks, Natick, MA) to modify the analysis program 

MEA-Tools (Gonzalez-Sulser et al. 2011; Egert et al. 2002) in order to calculate frequency, 

amplitude, initiation and propagation of LFPs. Briefly, the initiation and propagation of events in 

different areas were determined by constructing contour plots from raw data files followed by an 

interpolation analysis (Abramoff et al. 2004). 
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I determined LFP start time by superimposing voltage traces obtained from three 

electrodes in the DG molecular and granule layers and by comparing them with a superposition 

of three electrodes in the CA3 pyramidal and dendritic layers. LFPs were classified depending 

upon the site of origin, as well as the degree of propagation across the slice (Fig. 12A).  LFPs 

that were more frequent and initiated in the CA3 subfield were classified as CA3-restricted LFPs 

if they were predominantly present in CA3 and not in DG. They are referred to as LFPR-CA3 

throughout the paper. LFPs that propagated from CA3 to DG were classified as LFPP-CA3/DG (Fig. 

3A). LFPP-CA3/DG typically consisted of an initial CA3-only-like component (LFPP-CA3) followed by a 

long duration high-amplitude LFP after-discharge present in DG and, to a lesser extent in CA3 

(LFPP-DG), as shown in the examples in Fig 3A and 3B. Consequently, the start time of both 

LFPP-CA3 and LFPP-DG were determined and utilized for analysis. In most slices, the 

frequency of events was constant and no well-defined pauses were observed between these 

sequences as reviewed by Avoli and de Curtis (2011). However, in some experiments we 

recorded long pauses between sequences of slow and fast LFPs, which may account for my 

lower frequency of LFPs when compared to previous work.    

Peri-stimulus time histograms (PSTHs) with a 50 ms bin size were generated in Spike2 

for single units using the various LFP start times as trigger. The difference in LFP start time 

between the channels was never greater than 50 ms and therefore provided an accurate 

measurement of when the field actually began across many channels (Fig 12B).  

3.2.6. Statistics 

Normality was assessed for each group utilizing the Kolmogorov-Smirnov test. Paired t-

tests were utilized to compare LFP frequency, duration, initiation, and propagation differences 

between LFPs before and after pharmacological manipulation. To asses between-group 

differences in parametric PSTH parameters such as frequency and duration I used 1-way 

analysis of variance (ANOVA) with a Bonferroni Correction. For non-parametric PSTH 
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parameters such as start time, baseline firing rate, and action potential half-width and peak-to-

valley measurements, I utilized a Kruskal-Wallis ANOVA to determine significance, followed by 

a Mann-Whitney U-Test to assess the differences between specific sample pairs.   

3.2 Results 

3.2.1. LFPs in 4-AP in the horizontal hippocampal preparation 

Using a pMEA, I recorded 4-AP-induced LFPs and action potentials generated by 

multiple cells across 7 brain slices (Fig 10A). In the present study, I expanded my experiments 

from the isolated hippocampus (coronal slice preparation; Gonzalez-Sulser et al. 2011) to a 

horizontal hippocampal brain slice preparation which is a more typically utilized in vitro model of 

temporal lobe epilepsy as more inputs are preserved (Kaila et al. 1997; Barbarosie and Avoli 

1997). In Fig.10 I show examples of LFPs with overlapped multiunit activity recorded from a 

subset of MEA electrodes located in CA3 and DG. Consistent with my previous results, I 

observed two distinct populations of LFPs (see methods for detailed description): (i) a frequent, 

short duration LFP which was observed predominantly in CA3 (LFPR-CA3, Inverted triangles in 

Fig 1A and Fig 3A (Fig 10G) and (ii) a CA3-DG occurring LFP which propagated between CA3 

and DG (LFPP-CA3/DG, diamonds in Fig. 10A) (Fig 1G). The average frequency of LFPs initiating 

in CA3 per recording was significantly higher than in DG (Fig 10D). Indeed, when propagation 

was considered, I found that there was a higher frequency of occurrence of CA3-restricted, 

LFPR-CA3, than CA3-DG propagating, LFPP-CA3/DG (p < 0.05, Fig 10E). These results confirm in 

the horizontal slice my previous findings that there are two distinct LFP populations that tend to 

initiate in CA3 and are defined by whether they propagate to DG (Gonzalez-Sulser et al. 2011).   

To further study these LFPs, I blocked ionotropic glutamatergic signaling using the 

NMDA- and AMPA-type glutamate receptor antagonists, CPP (20 µM) and NBQX (20 µM), 

respectively (Fig. 10B).  Glutamatergic blockade significantly decreased the frequency and  
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Fig.  10. Effect of synaptic transmission blockade on 4-AP-induced local field potentials and 

single unit activity.  Representative traces obtained from 3 electrodes in CA3 (gray, top) and DG 

(black, bottom) are shown under the three pharmacological conditions: A. 4-AP, B, 4-AP + 
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CPP/NBQX, C, 4-AP + CPP/NBQX + BMR. Inverted triangles indicate LFPR-CA3, LFPs detected 

only in CA3; diamonds indicate LFPP-CA3/DG, LFPs detected simultaneously in CA3 and DG; 

black circles indicate CPP/NBQX LFPs. Scale bars indicate a 500 μV y-axis and a 5 s x-axis. D. 

Quantification of the frequency of events initiating in CA3 or DG in the absence or presence of 

CPP/NBQX. + p<0.05 to DG LFPs, * p<0.05 to 4-AP LFPs.  E. Frequency of CA3-restricted and 

CA3-DG occurring LFPs in the absence or presence of CPP/NBQX.  LFPs were analyzed from 

all electrodes in each area (at least 5 per area including both pyramidal or granule cell layers 

and dendritic layers) and averaged across 7 slices. + p< 0.05 to CA3-DG LFPs, *p < 0.05 to 4-

AP LFPs.   F and G. Average LFP frequency (top) and amplitude (bottom) recorded in CA3 (F) 

and DG (G) in the absence and presence of CPP/NBQX. Each black line indicates an average 

of 3 electrodes per subfield; gray line indicates the overall average across the 7 slices. *p<0.05. 
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amplitude of LFPs in CA3 but not in DG (Fig. 10F-G) leaving a longer-duration LFP (CPP/NBQX 

LFP, black circles in Fig 10B).  However, while glutamatergic blockade decreased the frequency 

of LFPs initiating in CA3, CPP/NBQX application significantly increased the frequency of LFPs 

initiating in DG (Fig. 10D). The occurrence of CA3-restricted LFPs was significantly reduced by 

glutamatergic blockade while the frequency of those propagating to DG was not significantly 

different (Fig. 10E).  The addition of the GABAA receptor antagonist, BMR to glutamatergic 

blockade abolished all LFPs, although multiunit activity persisted (Fig. 10C).  

Taken together my results confirm the existence of two distinct LFPs that tend to initiate 

in CA3: (i) LFPR-CA3, which requires glutamatergic transmission and propagates only within CA3, 

and (ii) LFPP-CA3/DG, which normally initiates in CA3 and is simultaneously recorded in both CA3 

and DG, but persists at a lower amplitude in the presence of CPP/NBQX and initiates 

predominantly in DG after glutamatergic blockade.    

3.2.1. Single Unit Responses to Local Field Potentials 

To elucidate the mechanisms underlying the glutamatergic transmission-dependent and 

-independent LFPs, I examined the multiunit activity in detail to study the action potential firing 

of individual neurons.  I high- and low-pass filtered recordings from individual channels to 

extract distinct single units and LFPs, respectively (Fig. 11F, left, bottom). Multi-unit activity (Fig. 

11A) was resolved into single-unit activity (Fig. 11B) via offline spike sorting using Spike2 (Fig. 

11C-E). Single unit activity was extracted for 195 cells in CA3, DG, and hilus in 7 slices. I then 

constructed PSTHs from raster plots of each recorded unit triggered by the start time of LFPR-

CA3, the two LFP components of LFPP-CA3/DG (LFPP-CA3 and LFPP-DG), and the CPP/NBQX LFP 

(Fig. 12, see Methods).  
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Fig. 11. Resolution of single-unit activity via spike sorting.  A. Example of high-pass filtered 

multi-unit activity recorded in CA3. B. Single-unit activity resolved via spike sorting with principal 

component analysis. Two distinct cells are indicated in black and gray. Two portions of the trace 

are expanded to show waveforms on 1 s and 50 ms timescales. C. Waveforms from the two 

cells plotted according to the first three principal components of the waveform (PC1-3). D and E, 

Frequency distributions of interspike intervals (ISIs) from example sorted cells shown in B, Inset: 

Overlay of all detected waveforms. F. Raw data trace (top) and high-pass filtered spike sorted 
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action potentials with low- filtered field potential overlayed (bottom) (left). Expanded view of 

times over bars displaying single action potentials and how they are sorted (right). Example 

shows action potential traces during LFP containing no refractory period infractions or collisions 

between spikes from cells 1 and 2. 
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Fig.  12 Entrainment of hippocampal neurons by local field potentials.  A. Spike-sorted action 

potentials from 3 example units (top), superimposed local field potentials from 3 channels in 

CA3 (middle) and DG (bottom). Start times of LFPR-CA3 (inverted triangles LFPP-CA3 (star), 

and LFPP-DG (upward triangles) are indicated with dashed lines. B. Superimposed LFPs from 
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expanded time over black bar in A. Notes: LFPP-CA3/DG and LFPR-CA3 are characterized by 

their presence and absence in DG, respectively. Start time of synchronous field potentials does 

not differ between channels by more than 50 ms as indicated. C. Raster plots for consecutive 

sweeps and peri-stimulus time histograms (PSTHs) of spike frequencies within bins centered 

around the onset time of the indicated LFP for the 3 single units represented in A. Bin size was 

20 ms for PSTHs related to LFPR-CA3 and 50 ms for all others. Start times of LFPR-CA3, 

LFPP-CA3, LFPP-DG and the CPP/NBQX LFP are indicated with dashed lines and symbols. 

Note: Histograms show representative P-CA3 (top), P-CA3/P-DG (middle), and P-DG (bottom) 

units. 
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Using LPFP-CA3 as the trigger for single-unit activity, I found that distinct single units 

responded remarkably differently to the two components of LFPP-CA3/DG. Certain neurons had a 

large peak frequency response to LFPP-CA3 but either a smaller (<60%) or non-existent   

response to LFPP-DG, and were accordingly classified as “P-CA3 units” (n = 69, Fig. 3C, top).  

Neurons that had similar peak frequencies to both LFPP-CA3 and LFPP-DG were termed “P-CA3/P-

DG units” (n = 46, Fig 12C, middle) and those neurons that had a smaller (<60%) or non-

existent peak response to LFPP-CA3 but a large response to LFPP-DG were separated as “P-DG 

units” (n = 42, Fig 12C, bottom). Cells that had no response to any of the LFPs or that did not 

spike during glutamatergic blockade, but displayed spiking activity in 4-AP and in the presence 

of CPP/NBQX and BMR were not included in this analysis.  

I investigated the responses of these three groups of neurons to the various LFPs (Fig. 

13).  P-DG units had lower peak frequencies than P-CA3/P-DG units when PSTHs were 

generated using each of the four distinct LFPs as triggers (Fig 13A). In addition less than 55% 

of P-DG units responded to LFPR-CA3, LFPP-CA3 and the CPP/NBQX LFP. However, they all 

responded to LFPP-DG with a longer lasting PSTH (Fig 13B).  P-CA3 units had significantly higher 

peak frequencies and longer duration (Fig 13A, B) when PSTHs were generated using the 

CPP/NBQX LFP as trigger. However, less than 60% of cells in this group responded to the 

CPP/NBQX LFP while they all responded to LFPR-CA3 and LFPP-CA3.  P-CA3/P-DG units had a 

trend to higher peak frequency and significantly longer duration in response to all LFPs (Fig 4A, 

4B). Most of the cells in this group responded to all LFPs, unveiling their important contribution 

to these potentials.   

Even when units with no response to either component of the LFPP-CA3/DG were excluded 

from the analysis (Fig 13A), peak PSTH frequencies of P-CA3 units was still significantly higher 

for the LFPP-CA3 than the LFPP-DG and vice versa for the P-DG units. Peak frequencies of P-

CA3/P-DG units did not differ between the two components of the LFPP-CA3/DG.  
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Fig.  13. Differential entrainment of P-CA3, P-CA3/P-DG and P-DG units to the various LFPs.  

A-C. Quantification of P-CA3 units (light gray), P-CA3/P-DG units (dark gray), and P-DG units 

(black) firing patterns with respect to the different LFPs.  Single unit ac activity was described in 

terms of peak action potential frequency (A), duration (B), and percentage of cells per location 
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(C). Note: Units were not included in statistical analysis when there was no PSTH response to 

that particular field.  + p <0.05 to CA3-P units, $ p<0.05 to DG-P units, # p<0.05 to LFPR-CA3, ! 

p<0.05 to LFPP-CA3, * p<0.05 to LFPP-DG. 
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I then considered the onset of the PSTH response to the various fields taken as time of 

5% of the PSHT peak. Strikingly, while this parameter did not differ between the three groups 

with respect to either LFPR-CA3 or LFPP-CA3/ DG, it was significantly earlier for P-CA3/P-DG units 

during the CPP/NBQX LFP (158 ± 18 vs 89 ± 19 ms and 91 ± 15 ms P-DG units, p<0.05). This 

suggested a major role for P-CA3/P-DG units in the generation of the CPP/NBQX LFP.   

Next, I focused my attention on the time interval between LFPP-CA3 and LFPP-DG (178 ± 15 

ms, n=7 slices). The highly variable inter-peak frequency of action potential firing during this 

interval prevented a reliable measurement of the duration of LFPP-CA3 PSTHs for the three 

groups of cells.  I did however, assess the inter-peak frequency by measuring the minimum 

action potential frequency of the PSTH as percent of the peak of the PSTH for either LFPP-CA3 or 

LFPP-DG. P-CA3/P-DG units had an average inter-peak frequency of 76 ± 5% of the LFPP-CA3 

peak and 67 ± 3% of the LFPP-DG peak while, inter-peak frequencies of P-CA3 and P-DG units 

were only 14 ± 2% of and 5 ± 2% of their respective LFP peak. These results suggested that P-

CA3/P-DG units, once activated by the LFPP-CA3, maintain their firing leading to the generation 

LFPP-DG. 

I also considered the location of the units in the three groups. P-CA3 and P-CA3/P-DG 

units were more prevalent in CA3 (54% and 69% respectively) while P-DG units were more 

abundant in DG (60%, Fig 13C).  These differences were not due to recording bias: there was 

no significant difference in the number of electrodes located in CA3 or DG per slice (7.1 ± 0.9 

and 5.7 ± 0.8 respectively), This is consistent with LFPR-CA3 and LFPP-CA3 initiation in CA3 and 

LFPP-DG occurring in DG (Fig 10F), which suggests that neurons in a particular hippocampal 

location have a higher probability of firing action potentials with LFPs occurring in those 

structures. However, when the units were divided into groups by anatomical locations, I did not 

see significant differences (not shown), suggesting the sparseness of different elements 

underlying the distinct LFPs.   
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Fig.  14. Differential entrainment of class A and B units by LFPs.  A. Representative examples of 

class A (top row) and class B (bottom row) action potential firing in 4-AP before (left), and after 

successive application of CPP/NBQX (middle), or CPP/NBQX/BMR (right)  B. Scatter plot of 

mean spike waveform parameters of Class A (black) and B (gray) units. Cells were classified 

based on the width at half-height (x) and peak-to-valley time (y) (example inset top left). 

Examples of extracellular waveforms recorded from a class A (black) and B (gray) unit (inset 

bottom right). C-E. Quantification of class A and class B firing patterns with respect to the 

different LFPs.  Single unit activity described in terms of peak action potential frequency (C), 

onset time before LFP start (D), and duration. F-I. Distribution of values of peak action potential 
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frequency (F), onset time (G), duration (H), and baseline (I) for individual class A and B units 

derived from their PSTH responses to the CPP/NBQX LFP. Note that Onset times are reported 

as negative values in panel G when they preceded the start time of the LFP. +p<0.05 to Class B 

units, # p<0.05 to LFPR-CA3, ! p<0.05 to LFPP-CA3, * p<0.05 to LFPP-DG.   
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Last, I considered the baseline firing rate of each unit averaged during periods of 

recordings devoid of LFPs. P-DG units had a significantly lower baseline firing rate when 

compared to P-CA3 and P-CA3/P-DG units (0.42 ± 0.11 vs 1.07 ± 0.17 and 1.01 ± 0.19 Hz  

respectively, p < 0.05). In addition, P-CA3/P-DG units significantly increased their baseline firing 

rate in the presence of glutamatergic transmission antagonists (p < 0.05, 1.01 ± 0.19 vs 1.71 ± 

0.30 Hz). This suggests that in the P-CA3/P-DG group there are more neurons capable of 

spontaneous firing in the absence of excitatory drive.    

3.2.2. Spontaneously active neurons in the absence of synaptic transmission. 

I hypothesized that the glutamatergic transmission-independent LFPs identified in CA3 and DG 

(Fig. 10B) were mediated by GABAA receptors.  I therefore blocked GABAergic transmission 

following glutamatergic blockade to eliminate all LFPs (Fig. 10C). I further hypothesized that 

cells active and inactive in the absence of glutamatergic and GABAergic synaptic transmission 

differed significantly in their firing relationship with the LFPs. Neurons that did not generate 

action potentials or fired only occasionally in during blockade of synaptic transmission 

(CPP/NBQX/BMR) were considered Class A neurons (n= 94, Fig. 14A, top).  Neurons fired 

action potentials at a frequency greater than 0.5 Hz (range 0.6-150 Hz) when synaptic 

transmission was blocked were considered. Class B neurons (n= 90, Fig. 5A, bottom).  All other 

cells (n = 11), which were active in CPP/NBQX/BMR, but did not display unit activity in the 

presence of 4-AP, were not analyzed further.  Class B cells were significantly more abundant in 

CA3 than in DG per slice (8 ± 1.4 and 3 ± 1.2, respectively for n= 7 slices, p < 0.05) while class 

A cells were evenly distributed between CA3 and DG, (4.5 ± 1.6 and 5.7 ± 1.4, n= 7 slices).  In 

addition (Fig 14B), the average action potential duration of class B cells was significantly shorter 

than class A for both the half-width (0.30 ± 0.01 vs 0.33 ± 0.01 ms, p < 0.05) and peak-to-valley 

duration (0.62 ± 0.02 and 1.19 ± 0.03 ms, p < 0.001), suggesting that at least some of the class 
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B units are interneurons (Ranck et al.1973, Ylinen et al. 1995, Takahashi et al. 2007). 

Interestingly, 73% of P-CA3/P-DG units were class B cells while only 51% and 25% of P-CA3 

and P-DG units respectively, were class B. Although there was no difference in the action 

potential half-width, P-CA3/P-DG units also had a significantly shorter action potential peak-

valley measurement in comparison to P-CA3 and P-DG units (0.76 ± 0.33 vs 0.96 ± 0.38 and 

0.95 ± 0.33 ms, p< 0.01). This suggests that there is an overlap between the class B and P-

CA3/P-DG unit classifications and both populations are most likely to be interneurons.  

As shown in Fig 14C class B neurons had significantly higher peak responses to all 

LFPs compared to class A cells and had a higher peak response to LFPP-CA3 than to LFPR-CA3 

and to LFPP-DG. Importantly, this group of cells also had larger peak PSTH after glutamatergic 

blockade, suggesting they are major contributors to the CPP/NBQX LFP.  

The onset of class B cell firing preceded all LFPs more than class A cells, including 

during blockade of glutamatergic transmission (Fig 14D), further supporting the notion that 

Class B cells underlie the glutamatergic-independent LFP . Class B unit PSTHs had longer 

durations than class A PSTHs in all LFPs (Fig 14E) implying that they have greater excitability. 

Both class B and A had significantly longer durations during LFPP-DG and the CPP/NBQX LFP 

than LFPR-CA3 (Fig 14D), suggesting that the LFPP-DG component of LFPP-CA3/DG and the 

CPP/NBQX LFP share similar mechanisms leading to their generation. Furthermore, class B 

cells had significantly higher basal frequencies than class A cells (1.34 ± 0.15 vs 0.41 ± 0.08 Hz, 

p< 0.05). Lastly upon glutamatergic transmission blockade, class B units increased their 

baseline firing rate (1.34 ± 0.15 vs 2.18 ± 0.25 Hz, p< 0.05) while class A units decreased their 

baseline firing rate (0.41 ± 0.08 vs 0.22 ± 0.05, p< 0.05). The pivotal role of class B neurons in 

the CPP/NBQX LFP is further supported by the distribution of class A and class B units (Fig. 

14F-I) obtained considering four distinct parameters characterizing the PSTHs triggered by the 

CPP/NQBX LFP. From these results it is evident that during blockade of excitatory synaptic 

transmission many class B units precede the start times of the LFPs earlier and have higher 
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peak frequencies and baseline firing rates with a longer duration of the response to the LPFs 

(Fig 14F-I). This suggests that class B neurons are characterized by high excitability even 

during glutamatergic blockade and that their activity underlies the occurrence of the CPP/NBQX 

LPF. Interestingly, these cells were located predominantly in the broader CA3 area (22 of 34).   

3.3. Discussion 

In this study, I correlated LFPs with the activity of single units recorded from electrodes 

that were located in the hippocampal regions CA3, hilus and DG that are known to be critical for 

seizure initiation (Gloor 1997).  I present evidence for classes of neurons with high excitability 

which are likely to be pivotal in the generation of 4-AP-induced slow field potentials that are 

mediated by GABAA receptor activation and continue to occur in the presence of ionotropic 

glutamatergic receptor blockers. LFPs recorded in horizontal hippocampal slices during 4-AP 

application initiate in the CA3 subfield as reported previously by us in coronal slices analyzed 

with a pMEA (Gonzalez-Sulser et al. 2011) and, in agreement with earlier studies in which 

conventional extracellular glass microelectrodes were used (reviewed in Avoli and de Curtis 

2011).  Moreover, I found that blockade of glutamatergic transmission can elucidate two major 

types of synchronous activity: 1) LFPR-CA3 discharges that depend on ionotropic glutamatergic 

receptors and 2) LFPP-CA3/DG that had both glutamatergic (LFPP-CA3) and GABAergic (LFPP-DG) 

dependence (Perreault and Avoli 1992; Avoli and de Curtis 2011; Lamsa and Kaila 1997).  

Accordingly, all LPFs were blocked using GABAA and glutamate receptors antagonists and, 

under these conditions, I was able to record the activity from many neurons, suggesting that 

non-synaptic mechanisms controlling the intrinsic firing rate of single units do operate in the 

presence of 4-AP. 

I found three populations of neurons that respond distinctly to the glutamatergic and 

GABAergic components of LFPP-CA3/DG: P-CA3, P-CA3/DG, and P-DG units. P-CA3 responded 



67 
 

preferentially to the LFPP-CA3, P-CA3/P-DG units had similar response to both LFPP-CA3 and 

LFPP-DG and P-DG units had a large response to LFPP-DG.  P-CA3 units were primarily located in 

CA3 whereas P-DG units were mainly located in DG. These results align well with my findings 

that glutamatergic-dependent field potentials originate in CA3, whereas GABAergic LFPs 

propagate to DG or initiate in that structure in the absence of glutamatergic transmission (Fig. 

10 and Gonzalez-Sulser et al. 2011). Interestingly, P-CA3/DG units had very high peak 

frequencies that did not differ between LFPP-CA3 and LFPP-DG. In addition these units had longer 

PSTH durations and had a higher level of sustained action potential firing between LFPP-CA3 and 

LFPP-DG peaks suggesting that they were activated by LFPP-CA3 and that their sustained activity 

was involved in generating LFPP-DG.  Moreover activation of P-CA3/DG units proceeded the LFP 

start time of the CPP/NBQX LFP in comparison to the other two unit groups, highlighting their 

importance in generating LFPs after glutamatergic blockade, and suggesting their involvement 

in the propagation of activity into DG after it initiates in CA3 during LFPP-CA3/DG. These units were 

mainly located in CA3 and had the highest percent representation in hilus, ideal locations from 

which to signal DG and cause the sporadic activation of that structure after the start of the LFP 

in CA3.  

I also analyzed my pool of single units based on their activity in the presence of 

glutamatergic and GABAergic antagonists. Active units (class B) had shorter action potential 

duration than inactive ones (class A). In addition class B units had longer PSTHs than class A 

units, a higher basal and peak firing frequency and, earlier onset of PSTHs. The action potential 

duration suggests that some class B units are likely to be GABAergic interneurons (Ranck et al. 

1973; Ylinen et al. 1995; Takahashi et al. 2007). Certain interneuron subclasses (including 

parvalbumin-positive fast-spikers, somatostatin expressing, oriens-lacunosum moleculare, and 

basket cells) have been shown to fire at higher frequencies both in in vitro models of epilepsy as 

well as under more physiologically relevant conditions (Spampanato et al. 2007; Ziburkus et al. 

2006; Freund and Buzsaki 1996). P-CA3/DG units, which had sustained activity triggered by the 
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LFPPCA3, were in their majority class B units with short spike duration suggesting that they are 

GABAergic interneurons with higher excitability. Furthermore, just like units in the P-CA3/DG 

group, class B cells preceded significantly the LFP in CPP/NBQX, supporting their role in the 

initiation of these LFPs.   

These findings lend support to the hypothesis that both LFPP-DG and LFPs recorded in 

the absence of excitatory synaptic transmission reflect the synchronous activation of a 

subpopulation of GABAergic interneurons that are made over-excitable by 4-AP; these cells are 

expected to release GABA that, by activating GABAA receptors, leads to transient increases in 

extracellular [K+], which is likely to support further neuronal synchronization and the spread of 

epileptiform activity in this model (Avoli et al. 1996a; Kaila et al. 1994; Kaila et al. 1997; see for 

review Avoli and de Curtis 2011).  

My study has further characterized network activity within an in vitro experimental model 

of epileptiform synchronization revealing intrinsic activity of neuronal subpopulations with 

several characteristics of GABAergic interneurons. These data suggest different roles for these 

neurons in the initiation and propagation of LFPs. Further study will be needed to identify the 

anatomical and functional correlates between these neuronal subgroups.   
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Chapter 4: LFP activity in dentate gyrus in the 4-aminopyridine model of epilepsy 
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4.1. Introduction 

Local field potentials (LFP)s are traditionally considered to be epiphenomena of 

structured neuronal network activity (Frohlich and McCormick 2010). Nonetheless, the extent of 

their activity and propagation is the primary factor utilized when diagnosing epilepsy in patients 

(Epilepsy Foundation, 2010). Recently, it has been shown that hippocampal network activity is 

susceptible to modulation by weak external fields (Deans et al. 2007; Francis et al. 2003). 

Naturalistic LFPs imitating those recorded in vitro can also enhance network activity (Frohlich 

and McCormick 2010). What effects LFPs have on neuronal network activity is an important 

question, especially in terms of epilepsy.   

 I recently reported on the pharmacology and electrophysiology of LFP discharges 

induced by bath application of 4-AP in mouse hippocampal slices that were recorded with a 

perforated MEA (Gonzalez-Sulser et al. 2011, chapter 3).  In those studies, I identified the 

presence of two types of spontaneous activity: (i) a frequently occurring, short duration, 

glutamatergic transmission-dependent LFP restricted in propagation mainly to CA3, “LFPCA3-R” 

and (ii) a less frequent LFP that occurs in both CA3 and dentate gyrus (DG) and is composed of 

multiple components, “LFPP-CA3/DG”. LFPR-CA3 is glutamatergic dependent and is blocked by the 

addition of AMPA and NMDA antagonists to the artificial cerebral spinal fluid (ACSF). LFPP-

CA3/DG is largely generated by the activation of GABAA receptors and is mostly resistant to 

ionotropic glutamatergic receptor antagonists. 

Interestingly, the CA3 restricted LFP, LFPR-CA3, has also been recorded, at relatively 

small amplitudes in dentate gyrus, where it has been assumed to be volume conductance, a 

spurious signal (Avoli et al. 2002). However, in chapter 3, I found that half of all P-DG neurons, 

which are primarily located in DG, fired action potentials during LFPR-CA3. Thus, if neurons in DG 



71 
 

are able to fire action potentials during the CA3 restricted field, it is unlikely that LFPR-CA3 signals 

in DG are purely volume conductance.  

There is direct evidence for a “backprojection” from CA3 to DG both directly to granule 

cell dendrites and through hilar mossy cells and GABAergic interneurons (Scharfman 2007). 

Signal transfer from CA3 to DG has been implicated in epilepsy through mossy fiber sprouting 

after chronic seizures where synapses from CA3 onto granule cells increase (Dudek and Sutula 

2007). Thus, it is critical to understand how gating occurs from CA3 to DG and how the varying 

levels of propagation of LFPs into DG affect neuronal activity.  

In this study I establish the activity levels of granule and pyramidal cells during both 

LFPR-CA3 and LFPP-CA3/DG utilizing juxtacellular recordings of visually identified neurons and 

calcium imaging in conjunction with pMEA LFP recordings.  I find that granules cells fire more 

sparsely with LFPR-CA3 although half the population, do fire action potentials with these cells. 

Furthermore, by recording in the voltage-clamp configuration I determine that granule cells 

receive excitatory post-synaptic inputs during both LFPR-CA3 and LFPP-CA3/DG. 

4.2. Methods 

4.2.1. Slice Preparation 

C57BL/6J mice aged postnatal days 13-18 were sacrificed by decapitation in line with 

the Georgetown University Animal Care and Use Committee (GUACUC), and in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH 

Publications No. 8023, revised 1978).  All efforts were made to minimize animal suffering and 

the number of animals used.  Brains were rapidly removed and placed in an ice-cold slicing 

solution consisting of (in mM): 86 NaCl, 3 KCl, 4 MgCl2, 1 NaH2PO4, 75 sucrose, 25 glucose, 1 

CaCl2, and 25 NaHCO3. Horizontal slices (350 µM) containing the hippocampus and the 

adjacent entorhinal cortex were prepared using a Vibratome 3000 Plus Sectioning System 

(Vibratome, St. Louis, MO). Slices were cut to 6.5 mm-sided squares to fit the pMEA chamber 
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(Multi Channel Systems GmbH, Reutlingen, Germany). These slices contained the ventral 

section of the hippocampus proper, the adjacent subiculum and part of the entorhinal cortex. 

These slices were placed in artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 

4.5 KCl, 1 MgCl2, 10 glucose, 1 CaCl2, and 26 NaHCO3 at 32 ºC for 30 min to recover; 

afterward, they remained in ACSF at room temperature until utilized in the experiment.  All 

solutions were maintained at pH 7.4 by continuous bubbling with 95% O2 - 5% CO2. 

4.2.2. pMEA Recordings 

The pMEA system consists of 60 platinum electrodes, each with a 30 µm electrode 

diameter and a 200 µm inter-electrode spacing. The pMEA substrate is perforated to allow 

suctioning of the brain slice by activation of a Constant Vacuum Pump with Pressure Control 

(Multi Channel Systems GmbH, Reutlingen, Germany). The resulting continuous negative 

pressure onto the slice facilitates close contact with the electrodes thus improving multi-unit 

acquisition. Recordings were sampled at 10 kHz and data were acquired with MC Rack (4.0, 

Multi Channel Systems, Reutlingen, Germany). All recording solutions were continuously 

preheated to 32 ºC before reaching the MEA chamber with a heated perfusion cannula (ALA 

instruments, Farmingdale, NY). Temperature in the MEA tissue chamber was verified with an 

analogue YS1 Telethermometer (Yellow Springs Instrument Co., Yellow Springs, OH).  

I induced spontaneous epileptiform discharges by superfusing slices with ACSF-

containing 4-AP (100 µM). 

Peri-stimulus time histograms (PSTHs) with a 50 ms bin size were generated in Spike2 

for single units using the various LFP start times as trigger. The difference in LFP start time 

between the channels was never greater than 50 ms and therefore provided an accurate 

measurement of when the field actually began across many channels (Fig 15C).  
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4.2.3. Juxtacellular and Patch-Clamp Recordings 

Juxtacellular (3-5 MΩ) and patch electrodes (5–7 MΩ) were pulled (PP – 83; Narishige, 

Tokyo, Japan) from borosilicate glass capillaries (Drummond, Broomall, PA). No fire polishing or 

Sylgard coating were used. Current and voltage signals at the head stage of the patch-clamp 

amplifier (Axopatch 1D; Molecular Devices Co., Sunnyvale, CA) were filtered at 2 kHz with a 

low-pass Bessel filter and digitized at 5 to 10 kHz using a personal computer equipped with 

Digidata 1322A data acquisition board and pCLAMP 10 software (both from Molecular Devices 

Co.). The firing patterns of single cells were recorded in the juxtacellular loose-patch 

configuration from visually identified pyramidal cells and green fluorescent interneurons. Current 

and voltage-clamp recordings were achieved using the whole-cell configuration of the patch-

clamp technique at a holding voltage of −70 mV. Both juxtacellular and patch-clamp were 

recorded while simultaneously recording LFPs with the pMEA (MEA2100-HS60, Multi-channel 

systems, Reutlingen, Germany). Juxtacellular and voltage-clamp data was recorded for 3 min 

once cells were loose-seals were obtained or membranes were broken through respectively.  

4.2.4. Calcium imaging 

For population calcium imaging, slices were incubated for 45 min in oxygenated ACSF 

containing Fluo-8 AM (~400 µM, with 1% Pluronic F-127. Quest Sunnyvale, CA). Recordings of 

calcium transients were combined with simultaneous pMEA recordings (20x objective). Image 

acquisition (494 nm excitation, 2×2 binning, 15–20 Hz) was carried out with a cooled-CCD 

camera system (T.I.L.L. Photonics). Image processing and analysis were performed with 

ImageJ (National Institutes of Health, Bethesda, MD). 

4.2.5. Statistics 

Normality was assessed for each group utilizing the Kolmogorov-Smirnov test. Paired t-

tests were utilized to compare LFP frequency, duration, initiation, and propagation differences 

between LFPs before and after pharmacological manipulation. To asses between-group 
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differences in parametric PSTH parameters such as frequency and duration I used 1-way 

analysis of variance (ANOVA) with a Bonferroni Correction. For non-parametric PSTH 

parameters such as start time, baseline firing rate, and action potential half-width and peak-to-

valley measurements, I utilized a Kruskal-Wallis ANOVA to determine significance, followed by 

a Mann-Whitney U-Test to assess the differences between specific sample pairs.   

4.3. Results 

Consistent with my previous findings in chapter 2 and 3, I observed in horizontal-

hippocampal slices bathed in 4-AP two distinct populations of LFPs: (i) a frequent, short 

duration LFP which was observed predominantly in CA3 (LFPR-CA3, Inverted triangles in Fig 1A 

and Fig 3A (Fig 15A, B) and (ii) a CA3-DG occurring LFP which propagated between CA3 and 

DG (LFPP-CA3/DG, diamonds in Fig. 15A, B) (Fig 1G). As reported in previous chapters, the 

average frequency of LFPs initiating in CA3 per recording was significantly higher than in DG 

(Fig 10D). Indeed, when propagation was considered, I found that there was a higher frequency 

of occurrence of CA3-restricted, LFPR-CA3, than CA3-DG propagating, LFPP-CA3/DG (p < 

0.05, Fig 10E). 

4.3.1. Both individually identified granule and pyramidal cells respond to LFP-RCA3 

  To elucidate the activity in 4-AP of pyramidal and granule cells during LFPR-CA3 and 

LFPP-CA3/DG I performed juxtacellular recordings of visually-identified neurons while simultaneous 

recording the extent of LFP propagation with the pMEA. 45% of granule cells (n=11) while 100% 

of pyramidal cells (n=19) fired at least one action potential during a 3 min recording in 

correlation with LFPR-CA3 (Fig 15). Although all pyramidal cells fired action potentials during 

LFPR-CA3 and the peak frequency of their PSTHs was significantly higher than granule cell 

PSTHs (42.4 ± 2 vs 22.9 ± 8.9 Hz, P< 0.05), granule cells nonetheless had some, albeit sparse, 

responses to LFPR-CA3. 
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Fig.  15 Granule and Pyramidal Responses to LFPR-CA3 and LFPP-CA3/DG. Example granule (A) 

and pyramidal (B) cell juxtacellular responses (black, top) to LFPR-CA3 (inverted triangles) and 
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LFPP-CA3/DG (diamonds). Example LFP recordings from CA3 (gray, middle) and DG (gray, 

bottom). Note: LFPP-CA3/DG is characterized by its occurrence in both CA3 and DG. C, Example 

PSTHs triggered by LFPR-CA3 and LFPP-CA3/DG for a granule (left) and pyramidal (right) neuron.  
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Fig.  16 DG Granule cell fluo-8 calcium imaging during LFPP-CA3/DG and LFPR-CA3. A) Example 

recordings from channels in CA3 (top) and DG (bottom). Note: LFPP-CA3/DG (diamonds) and 

LFPR-CA3 (triangles) are categorized based on their extent of propagation. B) Example calcium 

transient responses to LFPs in A from neurons labeled in micrograph in C. C) Regions of 

interest from 26 neurons. D) Quantification of percent of DG cells responding to LFPP-CA3/DG and 

LFPR-CA3. 
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 When I performed calcium imaging of dentate granule cells in response to LFPR-CA3 and 

LFPP-CA3/DG I found that certain assemblies of cells displayed transiens continuously in 

correlation with both LFPs (Fig 16). However, most neurons remained silent during LFPR-CA3. 

Nonetheless, during LFPP-CA3/DG nearly all granule cells had activity. These results show that 

granule neurons, as expected, mostly respond specifically to LFPP-CA3/DG. However, some 

granule cells indeed have activity during LFPR-CA3, thus showing that these LFPs are not 

necessarily volume conductance when recorded in DG.       

4.3.3. Granule cells only reach threshold during LFPP-CA3/DG   

 I recorded in current-clamp simultaneously from pyramidal and granule cells in order to 

assess the level of depolarization during LFPR-CA3 and LFPP-CA3/DG (Fig 17). When the cells were 

clamped close to their membrane potential at – 60 mV I found that both pyramidal and granule 

cells received excitatory post-synaptic potentials during both LFPR-CA3 and LFPP-CA3/DG. However, 

whereas pyramidal cells reached threshold and fired action potentials during almost every LFP, 

granule cells reached threshold mainly during LFPP-CA3/DG and only sporadically during LFPR-CA3 

(Fig 17). Furthermore, whereas pyramidal cells received excitatory post-synaptic potentials 

during both LFPs, granule cells received much larger amplitude excitatory post-synaptic 

potentials during LFPP-CA3/DG.   

4.3.2. Large depolarizing currents mediate granule cell responses during LFPP-CA3/DG  

In the whole-cell configuration I next recorded current responses simultaneously in a 

granule and pyramidal cell while monitoring the extent of propagation of LFPs. When holding 

the cells at -70 mV, close to the reversal potential of GABA, I found that both cell types 

displayed inward currents during the LFPs (Fig 18A). However, while the amplitude of these 

currents did not vary between LFPR-CA3 and LFPP-CA3/DG in pyramidal cells, granule cells had 

currents with much smaller amplitudes with LFPR-CA3 than with LFPP-CA3/DG. This was also true  
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Fig.  17 Current-clamp recordings of pyramidal and granule cells during LFPR-CA3 and LFPP-DG. 

LFP recording from 1 pMEA lead from CA3 and DG (gray, top) displaying time of LFPR-CA3 

(inverted triangles) and LFPP-CA3/DG (diamonds).Current-clamp recordings at -60 mV from a 

pyramidal and granule neuron (black, bottom).  
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when the cells were held at 0 mV (Fig 18B). These findings suggest that these neurons receive 

both excitatory and inhibitory post-synaptic currents. Furthermore, granule cells are slightly 

depolarized during LFPR-CA3 by small post-synaptic currents but, will only fire sparsely since 

this excitatory post-synaptic current (EPSC) is not large enough to raise their membrane 

potentials beyond threshold. The post-synaptic current amplitude itself during LFPR-CA3 is much 

smaller in granule cells than in pyramidal cells. However, a very large post-synaptic current is 

recorded from granule cells during LFPP-CA3/DG, which is likely to lead to most granule cells 

reaching threshold and firing action potentials during that LFP.  

4.4. Discussion 

 In this study I correlated the activity of individual pyramidal and granule cells with LFPs 

that are restricted to CA3 or propagate to both CA3 and DG. I investigated the effect of  

the low-amplitude LFPR-CA3 recorded within DG, previously thought to be purely volume 

conductance (Avoli et al. 2002), on granule cells. I found by juxtacellular recordings and calcium 

imaging that while CA3 pyramidal neurons fire action potentials consistently with both LFPR-CA3 

and LFPP-CA3/DG, half of dentate granule cells display activity with LFPR-CA3 while most fire action 

potentials with LFPP-CA3/DG. Even though this finding was in agreement with my spike sorted data 

from chapter 3, it was surprising to confirm that indeed, the CA3-restricted LFP, which is 

recorded in DG at a low-amplitude, is associated with action potentials, albeit sparse ones in 

DG. Whether these action potentials are a consequence or a cause of the presence of LFPR-CA3 

in DG is as of yet unclear.  

Current and voltage-clamp recordings of CA3 pyramidal and dentate granule cells 

revealed that both cell types receive excitatory and inhibitory inputs during all LFPs, 

notwithstanding the extent of propagation of the LFPs. However, while, pyramidal cells fire 

action potentials with all LFPs and receive similar excitatory and inhibitory inputs during both  
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Fig.  18 Voltage-clamp recordings of pyramidal and granule cells during LFPR-CA3 and LFPP-DG. 

Voltage-clamp recordings at -70 mV (A) and 0 mV (B) from a pyramidal and granule neuron 

(black, middle). LFP recording from 1 pMEA lead from CA3 (top, gray) and DG (bottom, gray) 

displaying time of LFPR-CA3 (inverted triangles) and LFPP-CA3/DG (diamonds). 
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LFPR-CA3 and LFPP-CA3/DG, granule cells receive lower amplitude currents during LFPR-CA3. 

Although, when LFPs propagate into DG, enormous post-synaptic currents are recorded from 

granule cells. Action potential firing in granule cells is known to be relatively sparse due to 

extreme dendritic voltage attenuation thus even though LFPR-CA3 results in depolarizing currents 

in granule cells, these neurons will only respond sparsely.A large current is required to 

depolarize many of these cells and cause them to fire action potentials simultaneously, which is 

what occurs during LFPP-CA3/DG. 

 A probable mechanism underlying these phenomena is that during LFPR-CA3, granule 

cells receive inputs only from pyramidal cells. However, during LFPP-CA3/DG, it is likely that an 

interneuron population such as parvalbumin-positive fast-spikers, somatostatin expressing, 

oriens-lacunosum moleculare, and basket cell, which have been shown to fire at higher 

frequencies both in in vitro models of epilepsy as well as under more physiologically relevant 

conditions (Spampanato et al. 2007; Ziburkus et al. 2006; Freund and Buzsaki 1996), is 

recruited and results in a large depolarizing GABA current in granule cells. Thus, synchronizing 

DG granule cells and generating LFPP-CA3/DG.  

 Depolarizing GABA in the 4-AP in vitro model of epilepsy is supported by the finding that 

a component of LFPP-CA3/DG is only blocked by application of GABAA receptor antagonists. The 

interneurons underlying the LFP are expected to release GABA that, by activating GABAA 

receptors, leads to transient increases in extracellular [K+], which is likely to support further 

neuronal synchronization and the spread of epileptiform activity in this model (Avoli et al. 1996a; 

Kaila et al. 1994; Kaila et al. 1997; see for review Avoli and de Curtis 2011).  Further work is 

necessary to precisely identify this interneuron subgroup. 
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Chapter 5: Discussion 
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Discussion 

5.1. Summary of findings 

The findings presented in this dissertation expand on the current understanding of 

neurotransmission, single unit activity, and neural circuit function in a firmly established in vitro 

model of epilepsy. First, through the use of a pMEA I investigated the spatio-temporal dynamics 

of LFPs and the pharmacology underlying them. I expanded on our knowledge of how individual 

neurons respond to and seemingly drive population activity. And finally, through the combination 

of pMEA with juxtacellular and patch-clamp electrophysiology and calcium imaging, I uncovered 

that CA3-restricted LFPs influence neurons in DG and that a large GABAergic transmission 

mediated current underlies the CA3-DG propagating LFP.  

5.2. LFP dynamics and synaptic transmission 

Furthermore, I increased our understanding of the function of the GABAA-receptor 

mediated LFP, a phenomena also recorded in epileptic tissue from human patients (Isokaway-

Akesson et al. 1989; Babb et al. 1989; Avoli and Olivier 1989; Avoli et al. 1995; Cohen et al. 

2002). The central finding of this dissertation is that despite a long-list of publications utilizing 

the 4-AP in vitro model of epilepsy stating otherwise (Fig 1, Avoli et al. 1995, 1996d, 2002; Avoli 

and deCurtis 2011), I uncovered that GABAergic transmission LFPs were associated with a 

glutamatergic-transmission dependent, short-duration, CA3-restricted LFP that preceded 90% of 

the large GABAA receptor-activity dependent LFPs by 200 ms or less (Fig 3, 9, 10, 12, 

Supplementary Movies 1 and 3). Although many previous studies were conducted on rat tissue, 

several also utilized mouse hippocampal slices (Barbarosie et al. 1997, 2002). Through the use 

of a 60-electrode pMEA in both coronal and horizontal hippocampal slices I was able to record 
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extracellular signals with much higher spatial resolution than in previous studies that recorded 

LFPs with at most 4 leads (Avoli et al. 2002).  

Upon application of a cocktail of glutamate receptor antagonists the frequency of CA3-

restricted LFPs was significantly reduced. Long-duration DG-occurring LFPs prevailed in the 

absence of excitatory transmission; strikingly the main effect of the GluR antagonists was a 

significant change in site of initiation from CA3 to DG (Fig 4, 9, 10, Supplementary Movies 1 and 

2). The preceding CA3 event was no longer present. These remaining LFPs were GABAergic 

transmission-dependent as GABAA receptor antagonists blocked their activity (Fig 10).    

On the other hand, GABAA receptor blockade resulted in the failure of propagation of 

LFPs from CA3 to DG and in an increased frequency of CA3-restricted LFPs (Fig 5, 

Supplementary Movies 3 and 4). This supports the hypothesis that the source of fast interictal-

like discharges and high frequency oscillation are CA3 pyramidal cells (Avoli et al., 2002; 

Dzhala et al., 2003; Ellender et al., 2010). Together, these findings suggests that 

synchronization takes place on two different timescales in hippocampus: i) the “fast” or “LFPCA3-

R” interictal-like events that originate in CA3 , and ii) the slower interictal-like LFPs, which are 

prevalent in DG and are silenced by GABAA receptor antagonists, although they have a CA3-

component that is blocked by glutamatergic transmission antagonists. CA3-restricted LFPs 

occur more frequently and some of these events propagate to DG. However, when GluR 

antagonists are applied, CA3 no longer initiates the events, and instead, DG synchronizes first 

and in turn these long duration LFPs propagate to CA3. The mechanism by which this occurs is 

unknown although we hypothesize that spontaneously-active GABAergic interneurons may 

generate the DG LFP through depolarizing GABA.  Thus, both CA3 and DG are capable of 

generating LFPs. Although, when synaptic transmission is present, CA3 leads LFP initiation.   

It should be noted that non-pathological LFPs such as sharp-waves initiate in CA3 due 

to the high density of recurrent collaterals in that area (Ylinen et al, 1995). In epileptiform 

conditions the structure is also likely to generate spontaneous activity due to this high level of 
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connectivity (Zhang et al. 2012) and, indeed, it has been reported that this is the case in the 4-

AP epilepsy model (Hill et al. 2010, Gonzalez-Sulser et al. 2011). Signals from CA3 are able to 

propagate back to the molecular layer and excite granule cells in DG via the 

commissural/associational projections to the inner 3rd of the dentate molecular layer that arise 

exclusively from large neurons in the dentate hilus (Witter and Amaral, 2004; Praxinos, 2004). 

Moreover, although the CA3 area does not have robust excitatory influence on DG granule 

cells, in the presence of  4-AP and possibly in pathological conditions, the balance between 

mossy cell and GABAergic interneurons is altered allowing CA3 outputs to influence DG activity 

(Scharfman, 2007b). 

The expression of the tonic current in hippocampal neurons (Scimemi et al., 2005; 

Semyanov et al., 2003; Mann and Mody, 2009; Wyeth et al., 2010) prompted us to compare the 

action of two compounds that differentially affect GABAergic mechanisms: THIP, a preferential 

agonist for extrasynaptic GABAA receptors, and PB that enhances the synaptic action of GABA 

(Fig 7, 8, Choi et al., 2008; Ellender et al., 2010; Feng and Macdonald 2010; Wang et al., 2010). 

PB increased the frequency of interictal-like events in CA3 suggesting that GABAergic 

transmission in CA3 is excitatory in juvenile animals as has been seen in other hippocampal 

preparations (Ellender et al. 2010). THIP, in contrast, inhibited LFPs both in CA3 and DG 

highlighting the role of tonic current in neuronal excitability and leading to a decreased level of 

synchronization in CA3. PB and THIP had no significant effects on GABAergic transmission-

dependent LFPs, suggesting a profoundly different type of network regulation by GABA in the 

CA3-DG backprojection in the 4-AP in vitro model of epilepsy. 

Ictal-like LFPs were limited to cortical recordings in the coronal slice as their frequency 

of occurrence was very low in the horizontal preparation (no shown). Application of 

glutamatergic transmission antagonists completely blocked ictal-like events while GABAergic 

transmission antagonists decreased the duration and increased the frequency of occurrence of 
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ictal-like LFPs (Fig 4, 5). These results suggest that GABAergic transmission is required for 

synchronizing longer-duration ictal-like LFPs.   

5.3. Single-unit activity and LFPs in the 4-AP in vitro model of epilepsy  

In chapter 3, I correlated LFPs with the activity of single units recorded from electrodes 

that were located in the hippocampal regions CA3, hilus and DG that are known to be critical for 

seizure initiation (Gloor 1997).  I presented evidence for classes of neurons with high excitability 

that are likely to be pivotal in the generation of 4-AP-induced GABAergic transmission-

dependent LFPs. Accordingly, all LPFs were blocked using GABAA and glutamate receptor 

antagonists and, under these conditions, I was able to record frequent activity from many 

neurons, suggesting that non-synaptic mechanisms controlling the intrinsic firing rate of single 

units do operate in the presence of 4-AP. 

I found three populations of neurons that respond distinctly to the glutamatergic and 

GABAergic components of the long duration GABAergic transmission dependent LFP: P-CA3, 

P-CA3/DG, and P-DG units. P-CA3 units respond primarily to the short-duration CA3-driven 

component of the long-duration LFP and were mainly located in CA3. P-DG units, which were 

principally located in DG, had robust responses to the secondary long-duration CA3-driven 

component. These results align well with my findings that glutamatergic-dependent field 

potentials originate in CA3, whereas GABAergic LFPs propagate to DG or initiate in that 

structure in the absence of glutamatergic transmission (Fig. 10 and Gonzalez-Sulser et al. 

2011). Furthermore, in Chapter 4, I showed through juxtacellular recordings that CA3 pyramidal 

cells tend to fire action potentials during all LFPs, whereas granule cells fire action potentials 

mainly during the DG-propagating LFP. Interestingly, P-CA3/DG units had very high peak 

frequencies that did not differ between the initial and secondary component of the long-duration 

LFP. In addition, these units had longer PSTH durations and had a higher level of sustained 
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action potential firing after they were activated by the initial CA3-driven component of the long-

duration LFP and, it is likely that their sustained activity was involved in the propagation of the 

LFP from CA3 to DG.  Moreover, activation of P-CA3/DG units precedes the LFP start time of 

LFPs that remained after glutamatergic transmission blockade on comparison to the other two 

unit groups, highlighting their importance in generating LFPs after glutamatergic blockade. This, 

in turn, suggests their involvement in the propagation of activity into DG after it initiates in CA3 

during the GABAergic transmission-dependent LFP. These units were mainly located in CA3 

and had the highest percent representation in hilus, ideal locations from which to signal DG and 

cause the sporadic activation of that structure after the start of the LFP in CA3.  

I also analyzed my pool of single units based on their activity in the presence of 

glutamatergic and GABAergic antagonists. Class B units, which were highly active, had shorter 

action potential duration than less active class A cells. In addition class B units had longer 

PSTHs than class A units, a higher basal and peak firing frequency and, earlier onset of PSTHs. 

The action potential duration suggests that some class B units are likely to be GABAergic 

interneurons (Ranck et al. 1973; Ylinen et al. 1995; Takahashi et al. 2007). Certain interneuron 

subclasses (including parvalbumin-positive fast-spikers, somatostatin expressing, oriens-

lacunosum moleculare, and basket cells) have been shown to fire at higher frequencies both in 

in vitro models of epilepsy as well as under more physiologically relevant conditions 

(Spampanato et al. 2007; Ziburkus et al. 2006; Freund and Buzsaki 1996). P-CA3/DG units, 

which had sustained activity throughout the GABAergic transmission LFP, were in their majority 

class B units, with short spike duration, suggesting that they are GABAergic interneurons with 

higher excitability. Furthermore, just like units in the P-CA3/DG group, class B cells preceded 

significantly the LFP in CPP/NBQX, supporting their role in the initiation of these LFPs.   

Interestingly, the CA3 restricted LFP, has also been recorded, at relatively small 

amplitudes in dentate gyrus, where it has been assumed to be volume conductance, a spurious 

signal (Avoli et al. 2002). However, in chapter 3, I found that half of all P-DG neurons, which are 
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primarily located in DG, fired action potentials during the CA3-restricted LFP. This was 

confirmed through juxtacellular recordings and calcium imaging. While CA3 pyramidal neurons 

fire action potentials consistently with both CA3-restricted and DG-propagating LFPs, half of 

dentate granule cells display activity with the CA3-restricted LFP while they all responded to the 

DG-propagating LFP.  

 Whole-cell recordings of CA3 pyramidal and dentate granule cells revealed that, 

notwithstanding the extent of propagation of the LFPs, both cell types receive excitatory and 

inhibitory inputs during all LFPs. However, while, pyramidal cells fired action potentials with all 

LFPs and received similar amplitude and duration excitatory and inhibitory currents during both 

CA3-restricted and CA3-DG propagating LFPs, granule cells receive lower amplitude currents 

during the CA3-restricted LFP. Although, when LFPs propagate into DG, very large post-

synaptic currents are recorded from granule cells. Action potential firing in granule cells is 

known to be relatively sparse and marked by an absence of repetitive firing (Jung and 

McNaughton 1993) due to extreme dendritic voltage attenuation (Krueppel et al. 2011). Thus, 

even though LFPR-CA3 results in depolarizing currents in granule cells, these neurons responded 

only occasionally. Large currents are required to depolarize granule cells and cause them to fire 

action potentials simultaneously, which is what occurs during the long duration GABAergic 

transmission LFP. 

A probable mechanism underlying these phenomena is that during the CA3-restricted 

LFP, granule cells receive inputs only from pyramidal cells. However, during the CA3-DG 

propagating LFP, it is likely that an interneuron population is recruited, that upon firing, results in 

a large depolarizing GABA current in granule cells, which become synchronized and generate 

the long-duration GABAergic transmission LFP. These findings lend support to the hypothesis 

that certain LFPs in the 4-AP in vitro epilepsy model reflect the synchronous activation of a 

subpopulation of GABAergic interneurons that are made hyper-excitable by 4-AP; these cells 

are expected to release GABA that, by activating GABAA receptors, leads to transient increases 
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in extracellular [K+], which is likely to support further neuronal synchronization and the spread of 

epileptiform activity in this model (Avoli et al. 1996a; Kaila et al. 1994; Kaila et al. 1997; see for 

review Avoli and de Curtis 2011). This finding is mainly supported by the fact that P-CA3/DG 

and class B cells, which fire action potentials with interneuron properties such as short 

durations, both are active continuously throughout the long-duration CA3-DG propagating LFP. 

Furthermore, both these classes precede the LFP that remains in the presence of antagonists of 

glutamatergic transmission, suggesting that spontaneously firing interneurons can induce 

population synchrony.  

5.4. Implications of the GABAergic transmission LFPs in epilepsy 

 Despite the commonly held view that epilepsy is caused by an increase in excitation and 

a decrease in inhibition, I was able to record GABAergic transmission dependent LFPs in the in 

vitro model of epilepsy. LFPs mediated by GABAA receptor activation have also been 

documented in human epileptic tissue (Isokaway-Akesson et al. 1989; Babb et al. 1989; Avoli 

and Olivier 1989; Avoli et al. 1995; Cohen et al. 2002). As reviewed in Avoli and De Curtis 2011, 

there is extensive evidence for GABAergic transmission-mediated epileptiform activity. It is no 

longer possible to view GABAergic transmission as a bystander or as simply being reduced 

during epilepsy. GABAergic transmission seems to play an important role in influencing how 

epileptic activity is generated in the brain.  

 GABAergic transmission has been shown to play an important role in network synchrony 

during different types of population dynamics such as sharp wave ripples and gamma 

oscillations. Interneurons play crucial roles in generating the high frequencies that come about 

at the peaks of these LFPs (Ylinen et al. 1995). Thus, it is possible to extrapolate to the 

pathophysiological situation, during which interneurons are also like to play seminal roles in 

generating epileptiform activity.  
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The data presented here fall in line with the hypothesis that a population of interneurons 

is likely to drive the generation of GABAergic LFPs. As enumerated in the introduction, several 

mechanisms could potentially lead to depolarizing GABAergic transmission including 

accumulation of intracellular Cl-, decreased activity of the potassium-chloride transporter, KCC2, 

activation of the sodium-potassium-chloride co-transporter, NKCC1, HCO3
- with positive 

reversal potentials may play an increased role, postsynaptic GABAA receptor activation can lead 

to increases in extracellular potassium concentration, and HCO3
- dependent depolarization may 

lead to the activation of voltage-gated Ca2+ channels. Although this dissertation does not 

address directly which mechanism underlies these findings, it is likely that one or a combination 

of these mechanisms does and could be a potential future line of research.  

The implications of this work for the disease of epilepsy are that if treatments are meant 

to be effective with minimal side-effects, it is necessary to study the mechanisms leading to 

chronic seizures in much more detail. Treatments must be tailored to specific cases and non-

specific pharmacology in which neuronal activity as a whole is decreased is not sufficient. 

Current treatments include drugs that potentiate GABAA receptors, and thus it is plausible that a 

reason for their occasional lack of efficacy may be that they cause GABAergic transmission 

mediate epileptic activity in certain patients. Whether these could in fact, increase the frequency 

of seizure occurrence or exacerbate their effects is unknown but a possibility in some cases. 

Attempts at increasing or decreasing the contributions of particular subpopulations of neurons 

may be necessary. However, the need to further explore the contribution of GABAergic 

transmission to epileptiform activity at the basic science level, from which comparisons could be 

drawn with resected human tissue, is still urgent. 
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5.5. Future Directions 

 The results of this work suggest that a specific neuronal population is involved in 

generating the GABAergic transmission dependent LFP. I identified two overlapping 

populations, which displayed interneuron-like short action potential durations, that due to their 

consistent firing throughout the long-duration GABAergic field potential seemed likely 

candidates to drive the activity. There are ongoing efforts to find these cells in Dr. Vicini’s 

laboratory by recording from fluorescent protein labeled sub-populations of GABAergic 

interneurons such as parvalbumin, cholecystokinin, and somatostatin (Tricoire et al. 2011). 

Specifically, it will be necessary to record from also hilar parvalbumin-positive basket cells such 

as and the excitatory mossy cells as they also may be responsible for propagation of LFPs from 

CA3 to DG.   

 Once a subpopulation is identified that is likely generating LFPs it is possible that the 

patterns of GABAergic transmission LFPs may be altered by patch-clamping these cells and 

depolarizing or hyperpolarizing them, as was the case with perisomatic-targeting interneurons, 

which changed the frequency of sharp wave ripples upon modulation of their membrane 

potentials (Ellender et al. 2010).  

 Further work could accomplish the similar goal of identifying these neurons through 

calcium imaging in which population signals could be monitored and it could be determined if 

certain neurons drive the activity, as was discovered during giant depolarizing potentials in the 

developing hippocampus (Bonifazi et al 2009). Neurons were identified through a functional 

connectivity analysis of the calcium transients of the individual neurons during LFPs. It is 

conceivable that a similar mechanism is at play during long-duration GABAergic transmission 

dependent LFPs. After identification of the critical neurons, these could be patch-clamped and 

anatomically described.  
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 These findings need to be replicated in other paradigms of epilepsy such as the 

pilocarpine, low Mg2+, and high potassium models in order to further establish their validity. 

Projects assessing the existing of GABAergic transmission dependent LFPs in vivo should also 

be taken into account.  
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