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ABSTRACT 
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Investigation into the Effects of Neuropeptides on Epileptiform Activity in the 

Hippocampus in vitro 

by Christopher Harper 

Temporal Lobe Epilepsy (TLE) is one form of epilepsy where drug 
resistance presents a significant clinical problem. Due to this new drug 
treatments and targets could prove worthwhile. Neuropeptides have 
received increasing interest as endogenous anti-convulsants; because of 
this their receptors could be valuable targets for future drug intervention. 
One such compound is Nociceptin (Noc), which.isthe endogenous ligandJor 
the OP4 receptor. The hippocampus is a useful model for the investigation 
of TLE as this is one of the regions frequently involved in the propagation of 
epileptiform activity associated with this condition. 

I used Electrophysiological recording techniques to investigate the effects of 
Noc in various models of epileptiform activity, in acute hippocampal slices 
taken from adult rats. I subsequently looked at the effects of Noc in slices 
taken from an epileptic (EL) mouse model and in organotypic hippocampal 
slice cultures (OHSC's). In some models I compared these effects to the 
action of Neuropeptide Y (NPY) as this is a well studied anti-convulsant 
neuropeptide. 

I found that Noc caused a blockade of the bursting activity seen in the 10\1~ 
Bicuculline (Bic) and 0 Mg++ models of epileptiform activity. I also found that 
Noc did not cause a change in the bursting activity seen in the High K+ 
(8.5mM) or 1 OOIJM 4-Aminopyridine (4-AP) models. 
When I looked at the Noc effects on the Bic and 0 Mg++ models in EL mice I 
found that Noc showed a greater.reduction in .bursting activity when applie~ 
to slices taken from 'sensitised' mice as compared to 'non-sensitised'. 
I found that Noc showed no effects on synaptic transmission or paired-pulse 
inhibition in OHSC's. The same result was seen with NPY. I showed through 
Western Blotting that the OP4, Y1, Y2 and Y5 receptors are present in 
OHSC's. I then showed that Noc caused a reduction in bursting activity in 
the Bic model iii OHSC's and that no effect was seen when the experiment" 
was repeated with NPY. I also experienced problems with the 4-AP model in 
OHSC's and subsequently showed that 4-AP causes neuronal death in the 
CA 1 sub-field of OHSC's. Finally I showed that NPY caused a reduction in 
synaptic transmission and paired-pulse inhibition when administered to 
acutehippocampal.slices. 

This data shows that targets of the OP4 receptor pathway could prove ~ 
useful experimental tool, and potential future anticonvulsant treatment. 
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Chapter 1 

Introduction 



1.1 EPILEPSY 

Epilepsy is defined by two or more unprovoked seizures, and is among 

one of the most prevalent neurological disorders seen in clinical medicine. Thtt 

seizures result from dysfunction in the grey matter of the brain, and are not a 

disease in themselves. Seizures are caused by a number of factors (see Table 

1.1), although the causes of most seizures are unknown. Seizures manifest as 

electrical discharges from one or more areas of the brain that result in anythint;J 

from the briefest of lapses of attention to severe and prolonged convulsions. 

Congenital 

Perinatal 

Metabolic 

InfecJWns. 

Neoplastic 

Vascular 

Trauma 

Toxins 

Maldevelopment 
Iriborn metabolic errors 

Immediate: hypoxemia, haemorrhage, trauma 
Latent: temporal lobe sclerosis 

Hypocalcemia 
Hyponatraemia 
Hypoglycemia 

Simple febrile convulsion~ 
Encephalitis 
Meningitis 

Primary 
Metastatic 

Arteriovenous malformation 
Postinfarctiol1· 
Posthaemorrhage 

Penetrating wounds 
Closed head injuries 

Drug abuse 
Withdrawal from alcohol and sedative drugs 

Table 1.1 - Causes of Seizures. There are other unknown causes of seizures, but these are the 

main causes that have been identified. Taken from Neurobiology of Disease. 

Epilepsy is one of the oldest conditions known to man, and a detailed account of 

various seizure types is found in records as old as 4000 years. Most of the early 

descriptions of epilepsy attribute it to the result of supernatural forces, although 

Hippocrates (around 500 Be) believed it was a disorder of the brain. However it 
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was not until the 18th and 19th Centuries that epilepsy was widely accepted as a 

brain disorder. 

In 1873 Hughlings Jackson proposed that seizures were the result of electro

chemical discharges within the brain. Since then a large amount of work has 

been carried out to further the understanding of how and why epilepsy occurs. 

The incidence of Epilepsy worldwide has been estimated to affect approximatelv 

8.2 people per 1000 of the general population (WHO, 2003). This is the number 

of people who have active epilepsy at anyone time, although twice this number 

may have had epilepsy at some point in their lives. 

1. Partial (focal, local) seizures 

A. Simple partial seizures (consciousness is not impaired) 

B. Complex partial seizures (with impairment of consciousness) 

C. Partial seizures evolving to secondarily generalised seizure, 

2. Generalised seizures (convulsive or non-convulsive) 

A. Absence seizures 

B. Myoclonic seizures 

C. Clonic seizures 

D. Tonic seizures 

E. Tonic-clonic seizures 

F. Atonic seizures 

3. Unclassified epileptic seizures 

These includes seizures that cannot be classified because of inadequate or incomplete data and some that defy classificat~n 
in any of the above categories. This includes some neonatal seizures ego rhythmic eye movements, chewing and swimming 
movements. 

Table 1.2 - List of Seizure Types. This is a generalized list and most types can be expanded 

further; usually with reference to the parts of the brain affected; (Taken from -lheBritish Epile~y 

Association website, and based on information from (Dreifuss, 1989» 
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The brain is responsible for a wide range of functions, and seizures usually 

present themselves as changes in the brain's normal activity. Therefore there 

could be a change in the level of consciousness of the patient, a change in their 

mood, or muscle spasms arising from a seizure, depending on where in the brain 

the epilepsy originates or occurs. There are two main categories of epilepsy 

(although there are over 30 different types of recognized seizure, See Table 12~; 

Partial, where the seizure has focus in a particular area of the brain; and 

Generalized, where the seizure has no identifiable focal point. The Generalized 

type is evident from the general form of symptoms that occur. Epilepsies are also 

described as Simple or Complex, this refers to whether or not there is a change 

in the level of consciousness during the seizure. Seizures are described as 

Simple if the individual experiencing the seizure is conscious and aware of its 

occurrence. Complex conversely refers to a seizure whereby the individual loses 

consciousness and is not aware of its occurrence. 

Within these four main groups: Simple Partial, Simple Generalized, Complex 

Partial and Complex Generalized; there are many different types and they are 

often named after how the symptoms present and also the location, if any, where 

the seizure arises. 

The widely accepted cause of seizures is due to an imbalance between the 

inhibitory and excitatory systems (Moshe, 2000), within the Central Nervous 

System (CNS). Under physiological conditions a balance is maintained which 

allows the brain to function normally, but in the 'disease state' it is believed that 

the balance moves in favour of the excitatory system; and this in turn leads to an 

increase in excitation. 

Of all the people that are affected with epilepsy the majority are able to have their 

symptoms treated with currently available Anti Epileptic Drugs (AEDs), although 

in about 20-30% of cases the epilepsy does not respond to drug treatment. In 

these cases, and as a last resort, surgical intervention may be necessary to 

improve the quality of life for the patient. At present most available treatments for 

epilepsy treat the symptoms of the disease but do not treat the underlying 

disease state. 
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Temporal Lobe Epilepsy is one of the more 'drug resistant' forms of epilepsy, this 

type of epilepsy having seizures that arise in the hippocampus and surrounding 

limbic area of the CNS. 

As there are a large number of people who are unresponsive to currently 

available pharmacological treatments there is a necessity for new drug 

treatments that exploit alternative modes of action to that of the current 

treatments. The majority of the currently available treatments cause their effects 

by influencing neuronal transmission, i.e. suppressing the electrical activity of the 

brain either by inhibiting neuronal excitability or by enhancing the inhibitory 

circuitry. These effects are mainly on the GABA-ergic system or on the ionic:( 

channels of the neurons. 

For the reasons stated above new treatments are required to attend the 

epilepsies that are currently unresponsive. As the majority of treatments use 

either GABA-mimetics or ionic channel blockers, there is good reason to believ, 

that in order to treat the drug resistant forms of epilepsy new mechanisms need 

to be uncovered. 

1.2 HIPPOCAMPUS 

The Hippocampus is a specialized region of the limbic system. The 

hippocampal formation has been shown to be essential for the formation of 10n9r 

term memories (Milner, 1972). The Hippocampus consists of two identical 

elongated C-shaped structures, one on either side of the brain located in the 

temporal lobe (See Figure 1.1). As the hippocampus is the region of the brain 

where Temporal Lobe Epilepsy (TLE) arises (see (Engel, Jr., 2001 b) for review) ~t 

is an important tissue for the study of new mechanisms, and treatments, for this 

disease. 
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Figure 1.1 Picture of Rat-brain' from (Amaral ·and Witter, 1'989) . 

1.2.1 Anatomy and Physiology of the Hippocampus 

The Pyramidal cells of the hippocampus provide the major excitatory 

pathways of the hippocampus, and the interneurons (discussed further in section 

1.2.3) provide the inhibitory connections that prevent the circuitry becoming 

hyper-excitable. The hippocampus receives signals via the entorhinal cortex, anq:j 

then processes them via the unidirectional pathway illustrated in Figure 1.2. 

The Hippocampus is composed of four cortical regions as illustrated in figure 1.2. 

These are the dentate gyrus, the hippocampus proper (which is sub-divided into 

the CA3, CA2 and CA 1), the subicular complex (which is sub-divided into the 

subiculum, presubiculum and parasubiculum) and the entorhinal cortex (this is 

generally divided into medial and lateral subdivisions, particularly in the rat). 

The fields of the hippocampus are linked by unique and largely unidirectional 

connections. The entorhinal cortex provides the major input for the dentate gyn.~ 

via the perforant pathway. The granule cells of the dentate gyrus send 
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projections to the CA3 via their mossy fibers. Pyramidal cells of the CA2 sub-field 

send out collateralized axons that terminate within CA3 as associational 

connections, and also provide the major input to the CA 1 sub-field via the 

Schaffer collaterals. 

CA1 

CA3 

~"""'---DG 

E 
C 

Figure 1.2 Diagram of Unidirectional Pathway from (Amaral and Witter, 1989). EC, Entorhinal 

Cortex; DG, Dentate Gyrus; S, Subiculum. 

In the early 1970's the results of a number of physiological and anatomical 

studies were combined to provide a coherent hypothesis of the three-dimension~1 

organization of the major hippocampal connections. This is referred to as the 

'lamellar hypothesis' of hippocampal organization (Anderson et aI., 1971). This 

hypothesis was arrived at because the four pathways of the hippocampus were 

shown to be successively activated when a stimUlus is applied to the entorhinat 

area, i.e. the perforant path, the mossy fibres, the Schaffer collaterals, and finally 

the alvear fibres of CA 1. The four pathways were also shown to all be orientated 

in the same direction, that is nearly transverse to the longitudinal axis. Therefore 

in a small slice, or lamella, of tissue a localized activation of the entorhinal corte~ 

will lead to the four pathways being activated in succession. It was also 

described that due to the hippocampal cortex being organized into parallel 

lamellae, small slices of the hippocampus may operate as independent functional 

units, although excitatory and inhibitory transverse connections may modify the 
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behaviour of the neighbouring lamellae. This hypothesis is not the whole picture 

as it has been shown that information processing takes place in both the 

transverse and the longitudinal axes (Amaral and Witter, 1989). 

Subsequently the information regarding this hypothesis have been revisited and 

it has been shown that although the Schaffer collaterals do not run simply from a 

CA3 cell to a CA 1 cell in the same transverse plane, it has been shown that the 

majority of the signal strength acts within the transverse plane, and cells to the 

flanks of the plane are excited at a weaker level (Andersen et aI., 2000). They 

also showed that Schaffer collateral branching is heaviest running along an 

oblique vector in relation to the longitudinal axis. 

The organization described above is very useful when it comes to experimental 

models as it allows acute hippocampal slices to be taken and used for 

experiments with all the major connections of the hippocampus intact within a 

single slice. Although this does eliminate the longitudinal connections, this doe, 

still provide a very useful in vitro model of the hippocampus. 

1.2.2 Major transmitter systems of the Hippocampus 

Within the CNS there are a large number of neurotransmitters that playa 

role in regulating signalling behaviour either directly or by modulating the actions 

of other neurotransmitters. These neurotransmitters are split into two main types, 

broadly called either excitatory or inhibitory neurotransmitters. Some 

neurotransmitters can have both excitatory or inhibitory properties, this can 

depend on the receptor activated and also the region of the brain where the 

neurotransmitter is acting. Some of the major neurotransmitters of the brain are 

listed in table 1.3. 

Along with the neurotransmitters listed in table 1.3 there are a large number of 

peptides that act as neurotransmitters, these are discussed further in section 1.4. 

Although there are a large number of neurotransmitters in the CNS only a few 

have a ubiquitous role to play throughout the CNS, two of which are 
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Glutamate and GABA, described in more detail below; the others playa more 

limited role in certain brain regions and in different neuronal cell types. 

Amino Acids Biogenic Amines Monoamines Purines 

Aspartate Acetylcholine Dopamine Adenosine 

Glutamate Epinephrine ATP 

GABA· NOrepinephrine 

Glycine Serotonin 

Melatonin 

Histamine 

Table 1.3 List of the major small molecule neurotransmitters in the Central Nervous System. 

1.2.2.1 Glutamate 

Glutamate is the major excitatory neurotransmitter in the eNS (Fonnum, 

1984) where it is expressed in about two thirds of synapses. It is a single amin? 

acid transmitter and is found in many neuronal calls including pyramidal cells 

(Francis et aI., 1993). Glutamate tends to act by depolarising the postsynaptic 

membrane by causing an excitatory postsynaptic potential (EPSP). This means 

that the membrane potential of the postsynaptic terminal is elevated towards 

threshold and therefore there is an increased probability that an action potential 

will result in the postsynaptic neuron. 

The receptors for Glutamate are divided into two main groups: the 

ionotropic (ion channel receptors which when activated allow the influx of ion~ 

into the neuron), and the metatropic (G-protein coupled receptors that cause 

cellular changes in the neuron) receptors (see (Dingledine et aI., 1999) for 

review). The ionotropic receptors are of primary interest in synaptic transmission 

as these are fast acting and cause propagation of the action potential. There a~ 

three classes and they are named for the agonists that most effectively activate 

them. These are N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-
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isoxazole propionic acid (AMPA) and kainic acid (KA). The AMPA and KA 

receptors display similarities, while the NMDA receptors are distinct. 

, ~+ 

• Gtutamate. 

Cell Membrane 

'. K+ 

Figure 1,3 Schematic representation of the AMPA and KA receptors. 

AMPA and KA receptors (figure 1.3) activate cation channels that allow Na+ and 

K+ ions,to flow aerossthe membrane: NMDA receptors (figure·1.4),activate, 

cation channels that in addition to Na + and K+ ions also allow Ca ++ ions to pass 

through. Mg++ ions cause a voltage dependent block on the NMDA receptor at 

resting membrane potentials (Nowak et aI., 1984;Mayer et aI., 1984). This means 

that arresting potentials the NMDA receptor cannot be activated'following the 

binding of glutamate. At this point the glutamate effect is mediated by AMPA and 

KA receptors. When the membrane depolarises by a sufficient amount, around 

20mV, the Mg++ block is removed and the NMDA receptors become activated. 

When this happens then calcium ions, passing through the NMDA receptor 

channel, enter the cell in addition to the sodium ions passing through the AMPA 
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and KA channels. This causes a greater depolarisation in the membrane than is 

C .,++ ' .. Na+ 
a . • 

Glutamate . 

GlYCine . 

achieved with sodium ions alone. 

Figure 1.4 Schematic representation of an NMDA receptor and the major chemicals that affect its 

function 

Along with the differences already mentioned the NMDA receptor is modulated 

by a number of different chemicals. Along with Mg++ that has already been 

mentioned Zn++, polyamines and PCP's have been shown to interact with the 

receptor. Glycine has been shown to have a binding site on the receptor distinct 

from glutamate. It is thought that Glycine may in fact act as a coagonist with 

glutamate (Benveniste and Mayer, 1991;Clements and Westbrook, 1991), the 

precise role of this has not been determined but may act to fine tune the activity 

of NMDA receptors. 

All three classes of receptor are made up of either 4 or 5 sub-units. These span 

the membrane and cluster together to form a pore that allows the ions to pass 

across the membrane. 
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The NMOA receptor is formed from an assembly of a mixture of four NR1 and 

NR2A-O subunits along with a NR3A subunit. Expression of both NR1 and 

NR2A-O subunits are required to form functional receptors as the glutamate 

binding site is formed at the junction between an NR1 and NR2 subunit. 

AMPA receptors are formed from an assembly of the four possible subunits 

GluR1-GluR4. They can form either homomeric or heteromeric channels from 

different subunits. 

The KA receptors are made from the five receptor subunits GluR5-7 and KA1/2, 

and like the AMPA receptors can form both homomeric or heteromeric channel 

assemblies. 

There are at least eight metabotropic glutamate receptors that are split into 3 

classes. Group I consists of mGluR1 and mGluR5, Group II consists of mGluR2 

and mGluR3, and Group III consists of mGluR4, mGluR6, mGluR7 and mGluR8. 

Group I receptors are coupled to Phospholipase C (PLC) and Ca++ signalling, 

whereas Group II and III are negatively coupled to adenyl cyclase. 

1.2.2.2 GABA (y-aminobutyric acid) 

GABA is the major inhibitory neurotransmitter of the CNS. It is found in 

GABA-ergic neurons and regulates the activity of the brain and assists in the 

prevention of hyper-excitability. There are 3 receptors for GABA: GABAA, GABAs 

and GABAc. GABAs is a G-protein coupled receptor, the remaining two receptor, 

being ionotropic in nature. GABAc appears to be mainly located in the visual 

pathways. GABAA is therefore the main inhibitory receptor, of fast action and 

extensive distribution, within the CNS. These receptors are therefore of primary 

interest to inhibitory networks within synaptic transmission. The GABAA 

receptors, when activated, allow the passage of cr ions across the cell 

membrane. The receptor is made of 5 membrane-spanning sub-units, similar to 

the ionotropic glutamate receptors, and the channel is similar in appearance to 

that of the AMPA and KA receptors (see figure 1.3), the major difference being, 

that rather than allowing Na+ and K+ ions to pass it allows cr ions to pass along 
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its concentration gradient. Under normal circumstances this results in chloride 

ions entering the neuron and causing a hyperpolarisation of the postsynaptic 

membrane thereby reducing the probability of an action potential propagating in 

the postsynaptic neuron. This process is known as an inhibitory postsynaptic 

potential (IPSP). 

The GABAA receptor is formed from the assembly of 5 subunits from amongst 

the plethora of cloned subunits available. In excess of seven classes of subunit 

have been identified which each contain multiple isoforms. The most commonly 

expressed channel in vivo is made up of two a, two 13 and one y subunit. The 

channel then contains three binding sites. A GABA binding site and a 

Benzodiazepine site located on the outside of the channel, and a Barbiturate site 

that is located within the channel. 

The GABAB receptor is a metabotropic receptor that is a member of the mGlu 

superfamily. Activation of GABAB receptors causes a decrease in adenyl cyclas, 

activity, and a decrease in Ca++ and increase in K+ conductance within neuronal' 

membranes. 

1.2.3 Interneurons and Inhibition 

Interneurons are found throughout the CNS including the hippocampus. 

Most of these interneurons are inhibitory in nature and the majority use GABA as 

their inhibitory neurotransmitter. There are currently at least 12 types of 

interneuron within the hippocampus that primarily innervate pyramidal neuron~ 

and an additional 4 types that innervate other interneurons. The primary role of 

interneurons in the hippocampus is to dampen down the excitatory activity and 

keep the whole system in check (see (Somogyi and Klausberger, 2005) and 

(Freund and Buzsaki, 1996) for reviews on interneurons). 

Interneurons act to prevent hyper-excitability within the neuronal circuitry by 

innervating excitatory pyramidal cells reducing their probability of reaching 

threshold potential due to the induction of IPSP's in the postsynaptic neuron. 
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There is both feed-forward and feedback inhibition in the hippocampus which is 

illustrated in figure 1.5. These interneurons also allow an inhibitory surround t~ 

be formed in the brain of those experiencing a partial seizure. As the name 

suggest the interneurons cause an epileptic focus to become isolated within an 

area as the inhibitory circuitry prevents the excitation spreading to neighbouring 

neuronal tissue. After a time this inhibitory activity can weaken and it is at this 

point that the seizure can spread to other tissue within the brain and result in a 

generalized seizure. 

Feedforward 
.J\;rlnhibition . . 

----==--~:::----. --------'« 

~·A 

Feedback 
~nhibibon 

)>----------, 

! £ PyramidaICell . 

~ = Inhibitory' Interneuron 

..J\r = Axon Potential 

Figure 1.5 Schematic representation of the Inhibitory circuitry in the hippocampus. LM T 

Lacunosum moleculare. 

Along with containing GABA as a neurotransmitter, interneurons can contain a 

range of co-transmitters such as parvalbumin, cholecystokinin, vasoactive 

intestinal peptide, somatostatin and neuropeptide Y to name but a few. Different 

classes of interneurons contain varying ranges of co-transmitters. When the 
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terminal of the interneuron is activated to release its vesicular contents into the 

synaptic cleft the neurotransmitters are released and act on numerous post- an~ 

presynaptic receptors. NPY has been identified in at least two sub-types of 

interneurons; Schaffer Collateral associated cells and Bistratified Cells. In these 

neurons NPY is co-localised with somatostatin and other peptide transmitters. 

Neuropeptide transmitters are often stored in large dense core vesicles within tn, 

synaptic terminal. These vesicles are not released under normal neuronal firing 

but are released when the terminal experiences high frequency bursting, such as 

that seen during epileptiform activity. 

1.2.4 Hippocampus as an Epilepsy Model 

As the hippocampus is the site from which TLE (Engel, Jr., 2001a) 

originates it is useful as a tool in which to generate epileptiform activity, and can 

be used to investigate new methods of actions for the treatment of this type of 

epilepsy. The hippocampus is also useful in that it is a distinct system that can be 

easily dissected from the brain and used in an in vitro setting, thus allowing the 

tissue to be used to study the effects of a wide range of compounds. 

1.3 EPILEPSY MODELS 

In order to better understand the processes that lead to epilepsy and to 

individual seizures, it has been necessary to develop models for epilepsy that 

allow the condition to be investigated outside of the human patient. For this both 

in vitro and in vivo animal models have been developed, and their variety allows 

various epileptic phenomenon to be investigated. Broadly speaking models are 

split into three categories. These are acute, chronic and genetic. 

The Acute models are generally achieved by the addition of pharmacological 

agents to the neurons or the removal of specific ions. The Acute models can in 

the majority of cases be used both in vitro and in vivo, and usually cease when 

the system is returned to normal conditions. 
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The Chronic models are mainly in vivo models, although in vitro experiments may 

be carried out on tissue obtained from these models, and are typically caused by 

injected toxins, local lesions, repeated stimulation, or the implantation of heavy 

metal salts. 

The Genetic models involve the identifying of epilepsy prone animals; or the 

manipulation of the genetic code of the animal to produce a genetically distinct 

animal. This may involve removing or inserting a gene, or up-regulating one that 

is already present. 

1 .3.1 Description of Models 

1.3.1.1 Acute Models 

All the Acute models of epilepsy are in fact models of bursting, and as 

such are not as close to the disease states as the chronic models. However they 

do provide a valuable way of investigating the effects of drugs on the increased 

activity that occurs during a seizure, and can be used in the evaluation of anti

convulsants. 

1 .3.1.1.1 Penicillin 

Penicillin is traditionally accepted as an antibiotic, but it is also effective as 

a blocker of the GABAA receptor. This leads to a decrease in synaptic inhibition, 

which results in spontaneous epileptiform bursting. Penicillin can be applied 

topically to regions of the brain, and to brain slice preparations, in which case it 

produces acute recurring interictal spikes within a few minutes. 

Penicillin has also been widely studied following systemic administration. When 

injected systemically or applied to the brain in vivo at low doses, penicillin 

generates a model of epilepsy in cats that is similar to primary generalized 

epilepsy (Gloor and Fariello, 1988). The penicillin model has been known for a 

16 



number of years and has played an important role in the discoveries that have 

been made into the neuronal basis of epilepsy. 

1.3.1.1.2 Bicuculline and Picrotoxin 

Similar to the inhibitory effect of Penicillin, both Bicuculline and Picrotoxin 

are antagonists for the GABAA receptor, and cause a reduction in the level of 

synaptic inhibition. This leads to an increase in synaptic excitation and 

generation of spontaneous epileptic activity. Bicuculline blocks the GABAA 

receptor binding point, whereas Picrotoxin blocks the cr channel of the GABAA 

receptor. These models and also the penicillin model further support the 

hypothesis that epilepsy results from disinhibition within the neuronal cells 

affected. 

1 .3.1.1.3 4-Aminopyridine 

The 4-Aminopyridine (4-AP) model of epileptiform activity is one that does 

not rely on GABA-mediated inhibition to bring about its effects (Chesnut and 

Swann, 1988). 4-AP appears to cause spontaneous epileptiform activity due to 

its action as a blocker of K+ currents. These effects can lower the threshold and 

reduce the latency of action potential generation (Rudy, 1988). This model is 

discussed further in chapter 2. 

1.3.1.1.4 Pentylenetetrazol 

Pentylenetetrazol can be administered topically or systemically, and 

appears to cause its convulsive action by interfering with GABA-mediated 

inhibition. This may occur through an interaction with the GABA receptor complex 

(Olsen, 1981), although the mechanism is not fully understood. 

1.3.1.1.5 Non Synaptic model 
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The Non-Synaptic model exploits the action of Gap junctions within the 

tissue. Its effects are caused by the removal of Calcium ions from the aCSF 

inhibiting synaptic transmission. The concentration of Potassium ions is 

increased causing the tissue to generate epileptiform activity. Since there is no 

possibility of synaptic transmission the only manner by which the activity can 

propagate throughout the tissue is via the gap junctions which link the neuronal 

cells together. 

1.3.1.1.6 Zero Magnesium 

The Zero Magnesium model works by removing the Mg++ ions from the 

artificial cerebrospinal fluid (aCSF). This removes the Magnesium block from th, 

N-methyl D-aspartate (NMDA) receptor, and leads to an increase in the action of 

glutamate. This in turn causes spontaneous epileptiform activity to propagate 

throughout the tissue. This model is discussed further in chapter 2. 

1.3.1.2 Chronic Models 

The Chronic models of epilepsy rely on the generation of an underlying 

disease state, but how close this is to the processes involved in the human 

patient are not fully understood. The models do however have a closer 

resemblance to the disease that exists in the human patient, and so they are 

useful for evaluating the efficacy of new treatments and modes of action. 

1.3.1.2.1 Kainic Acid 

Kainic acid (Kainate, KA) is an endogenous agonist for the Kainate 

receptor, which is one of the ionotrophic glutamate receptors. When KA is 

administered to the hippocampus in vivo it causes lesions to develop in the CA3 

region. This results in cell loss within the CA3 region and mossy fibre sprouting 
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(Cronin and Dudek, 1988). KA at low doses selectively targets the hippocampus, 

even when administered systemically. Therefore it is useful as a model of 

Temporal Lobe Epilepsy. It has been shown that the KA model causes plasticity 

of the NMDA and AMPA receptors following intracerebroventricular injection 

(Bernard and Wheal, 1995). 

1.3.1.2.2 Tetanus Toxin 

Administration of Tetanus Toxin intracerebrally, causes reduction of the 

IPSPs (Inhibitory Post Synaptic Potentials), due to impaired release of GABA 

(Jefferys et aI., 1991). This reduction continues after the toxin is no longer 

present within the tissue, and so the toxin disrupts inhibitory transmission. It does 

not however destroy inhibitory neurons (Najlerahim et aL, 1992). 

1.3.1.2.3 Metal Salts 

This group of models relies on the implantation of metals into the brain. 

These lead to recurrent seizures that arise spontaneously one or two months 

after the administration of the metal salts. Although the mechanism of action is 

not completely known these metals seem to develop a focus which has been 

shown to display a loss of GABA-ergic neurons (Ribak et aL, 1986;Ribak et aI., 

1989) and axon terminals (Ribak et aI., 1979;Ribak et aL, 1982). This would lea9 

to a reduction in the inhibitory input and then lead to an increase in excitatory 

activity. The most commonly used metal is alumina but cobalt, zinc and iron can 

also be used. 

1.3.1.2.4 Kindling 

Kindling is achieved by the repeated stimulation of an area of the brain by 

either an electrical or a chemical stimulus (Goddard et aI., 1969). The stimulus 

could be from an electrode implanted within the brain or an agent such as 

pentylenetetrazol. Repeated application of the stimulus, at least once a day, 
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leads to an afterdischarge that over time increases in magnitude. The feature of 

this model is that progressively the response to the stimuli increases, both 

electrically and behaviourally. This eventually leads to a situation where an 

initially non-convulsive response can trigger a generalized motor seizure. 

1 .3.1.3 Genetic Models 

There are many genetic animal models that have been developed. These 

have been generated either by selective breeding or the molecular manipulatiolll 

of genes to provide animals with a desired phenotype. Two of the many models 

are mentioned below. 

1.3.1.3.1 EL mice 

This model is a result of a naturally occurring mutant that spontaneously 

generates seizure activity when the mouse reaches maturity and following a 

conditioning programme. This model was first described in 1959 (Imaizumi et aI., 

1959). Conditioning requires the mouse to be 'tossed' into the air on repeated 

occasions. Following several weeks an epileptic condition occurs. It is believed 

that this model contains a vestibular alteration that predisposes the mice to 

seizure activity. 

1.3.1.3.2 GABAs Receptor Knockout mice 

This knockout model is the result of molecular manipulation of the genetic 

code of the mice. It has been found that the removal of the gene for the GABAs 

receptor results in an epileptic phenotype. This leads to a decrease in inhibitory 

activity within the brain, and causes seizure activity to manifest. Unfortunately th, 

knockout mice also have a reduced life expectancy, and therefore have to be 

utilised while young. 
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As epilepsy, in humans, has not been attributed to a single identifiable cause 

then it is difficult to say which of the models most closely resembles the clinica~ 

state. Most of the models that have been identified to cause an epileptic state in 

animals show characteristics that do not completely resemble the disease in 

humans. As a result of this it is useful, and in fact necessary, to utilise a number 

of different models in order to maximise the information that is garnered from any 

hypothesises regarding the pathophysiological state and potential anticonvulsant 

treatments. 

1.4 NEUROPEPTIDES 

A number of Neuropeptides have been identified within the CNS, table 1.4 

contains a partial list of these. These have been shown to playa role in various 

neuronal functions, such as feeding, anxiety, etc. (Hughes and Woodruff, 1992) 

for review. In recent years it has been reported that some neuropeptides may 

playa role in the modulation of synaptic activity and could act as endogenous 

anti-epileptic agents (Tallent et aL, 2001 d;Tallent and Siggins, 1999;Vezzani ~t 

aL, 1999;Smialowska et aL, 2003;Patrylo et aL, 1999;Klemp and Woldbye, 

2001 a;Rubaj et aL, 2002c;Gutierrez et aL, 2001). If this is the case then the 

receptors for these substances may prove a novel and potentially very exciting 

target for new AEDs. 

Numerous studies have shown that in models of epilepsy, an increase in several 

neuropeptides and their receptors is observed following seizures (Vezzani et aL, 

1996;Takahashi et aL, 2000;Takahashi et aL, 1997;Sundstrom et aL, 2001 ;Sperk 

et aL, 1996). Several studies since this time report that the exogenous 

application of these neuropeptides can cause a reduction in the level of synaptic 

activity and a decrease in the severity of seizures that are witnessed (Woldbye et 

aL, 1997;Tallent et aL, 2001c;Rubaj et aL, 2002b;Gutierrez et aL, 2001 ;Woldbye 

et aL, 2002;Klemp and Woldbye, 2001 b;Klapstein and Colmers, 1997). 

Although many neuropeptides within the CNS have attracted interest two have 

attracted attention as potential anti-convulsant agents. These are Neuropeptide Y 
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and Nociceptin. Both are G protein coupled receptors, and are found in high 

concentrations within areas of the brain that are involved with the propagation 

and transmission of epileptic activity. Neuropeptide Y has been, by far, the most 

extensively studied neuropeptide with regard to possible anti-convulsant actions. 

Bombesin 
Gastrin releasing peptide 

Gastrins 
Gastrin 
Cholecystokinin 

Neurohypophyseals 

Vasopressin 
Oxytocin 
Neurophysin I 
Neurophysin II 

Neuropeptide Y 

Neuropeptide Y 
Pancreatic polypeptide 
Peptide YY 

Somatostatins 

Somatostatin 

Opioids 
Corticotropin (adrenocorticotropic hormone, ACTH} 
Beta-lipotropin 
Dynorphin 
Endorphin 
Enkephalin 
Leumorphin 

Secretins 

Secretin 
Motilin 
Glucagon 
Vasoactive intestinal peptide (VIP) 
Growth hormone releasingJactar((3RF) 

Tachykinins 

Neurokinin A 
Neurokinin B 
Neuropeptide A 
Neurapeptide gamma. 
Substance P 

Table 1.4 List of some of the neuropeptides identified within the CNS. 

1.4.1 Neuropeptide Y 

Neuropeptide Y (NPY) is a 36 amino acid peptide that was first identified 

in the enteric nervous system. NPY is the most abundant neuropeptide within tfif 

brain, and has been shown to affect a number of physiological and pathological 

processes with the eNS. These include actions on food intake, learning and 

memory, and cardio-respiratory effects. 

1.4.1.1 Distribution of Peptide 
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NPY is the most abundant neuropeptide in the CNS. It can be found in a 

number of areas of the brain. 

Under normal physiological conditions the hippocampus contains a 

comparatively large amount of NPY compared to other neuropeptides (Iritani et 

aI., 2000). NPY is found both in cells and in fibres. Cells where NPY is present 

include the hilus of the dentate gyrus (DG), stratum oriens (Star) of CA2 and 

CA3 and near or in the stratum pyramidale (StPyr) of CA 1. NPY positive fibres 

are seen in the molecular layer of the DG, and also running along the stratum 

radiatum (StRad) and stratum lacunosum (StLac) molecular layers. These later 

fibres appear to be projecting to the subiculum and entorhinal cortex. 

1.4.1.2 Distribution of Receptors 

There are 4 receptors identified for NPY (Y1, Y2, Y4 and Y5). There is 

also a y6 receptor, but this has not been identified in humans or rats. Recen~ 

evidence has also indicated the presence of a y7 receptor, although this has only 

been identified in lower organisms. All the NPY receptors are 7 transmembrane 

spanning G-protein coupled receptors (see figure 1.6). 

The distribution of the four main receptors has been carried out to show the 

location in rat hippocampus. The Y1 receptor is present in moderate levels in the 

molecular layer of the DG, and in low, or moderate to high, levels in the Star, 

StRad and StPyr depending on whether the measurements are carried out 

dorsally or ventrally respectively. The Y2 receptor is shown to be present in hig~ 

levels in the Star and StPyr, and in lower levels in the StPyr. Y2 receptors have 

also been identified in very low levels in the molecular layer of the DG, but in very 

high levels in the Fimbria and Stria terminalis. The Y4 receptor is almost 

undetectable in the hippocampus. The Y5 receptors have been located in verv 

low or moderate levels in the Star, StRad and StPyr depending on whether it is 

measured dorsally or ventrally respectively. Low levels of the Y5 receptor have 

also been identified in the molecular layer of the DG, although at much lower 

levels than the Y1 receptor. 
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Figure 1.6 Diagram of a typical seven trans-membrane spanning G-protein coupled 

receptor. Examples of which are NPY and OP4. 

NPY expression in Epilepsy 

The previous paragraphs show the location of NPY and its receptors in 

non-epileptic animals. However in epilepsy models and in human epilepsy 

patients an alteration in the location and abundance of both NPY and its 

receptors is observed. 

It has been demonstrated that NPY protein expression in rats is increased in 

mossy fibres in KA and PTZ models (Marksteiner et aI., 1990). The same study 
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also showed that after KA treatment NPY expression is increased in the hilus and 

the Stratum Lucidum of CA3, and later within the Dentate Gyrus cells. This stud~ 

showed no change in either the protein expression or mRNA of Somatostatin in 

granule cells or mossy fibres. This is in contrast to normal conditions where NPY 

is only constitutively expressed in GABAergic interneurons (Kohler et aL, 1986) 

and is not found in excitatory neurons. 

For some time it was unclear whether NPY was in fact a promoter or an inhibitor 

of epileptiform activity, but recently it has been widely accepted that in the 

pathological epileptic state NPY acts as an anti-epileptic agent. Some of the 

confusion that arose was because the Y1 receptor promotes epileptiform activ~ 

(Gariboldi et aL, 1998), although this receptor has been shown to down-regulate 

in the tissue from epileptic animals (Red robe et aL, 1999) and human epilepsy 

patients (Furtinger et aL, 2001). 

1.4.2 Opioids and Nociceptin 

Opioids have, for some time, been implicated in causing an elevation or 

reduction of excitatory effects on the CNS. Both pro- and anticonvulsant 

properties have been observed (Frenk, 1983). Whereas the classical opioid 

receptors 0, K and I-l (now called OP1, OP2 and OP3 respectively (Dhawan et aL, 

1996» have caused some confusion over the role of opioids, in that they seem to 

both elevate and reduce convulsant activity, the recent discovery of a fourth 

member of the opioid family, OP4, seems to show a role in anticonvulsant 

behaviour (Tallent et aL, 2001 b). OP4 (sometimes called ORL-1 and Orphanin 

FQ) was cloned in the early 1990's (Mollereau et aL, 1994;Bunzow et aL, 

1994;Fukuda et aL, 1994;Nishi et aL, 1994;Wang et aL, 1994) and for some tim, 

the endogenous ligand for it was unidentified. 

Nociceptin is a 17 amino acid peptide of the opiate family. It has been identified 

as the endogenous ligand for the Orphan Opioid receptor-like receptor 

(ORL 1/0P4) (Meunier et aL, 1995;Reinscheid et aL, 1995). This neuropeptid, 

has been shown to have varying effects on nociception (Calo et aL, 1998) (Rossi 
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et aL, 1998). It also has numerous other effects including anxiolytic-like activity 

(Jenck et aL, 1997), reduction in heart rate and blood pressure (Kapusta et at, 

1997), stimulating food intake (Pomonis et aL, 1996) and impairing spatial 

learning (Sandin et aL, 1997). 

1.4.2.1 Distribution of Peptide 

Nociceptin (also called Orphanin FQ) is distributed throughout the CNS of 

both rats and humans. Light to moderate staining of the peptide is seen 

throughout the CNS of rats (Neal, Jr. et aL, 2001 ;Neal, Jr. et aL, 1999b) and high 

levels are seen in some areas including the hippocampus, with the strongest 

expression seen in CA 1, CA3 and the granule cell layer. Expression of the 

peptide is found in mouse hippocampus where the characteristic localisation and 

morphological characteristics suggest that it is most likely that it is contained in 

interneurons (Ikeda et aL, 1998). 

1.4.2.2 Distribution of Receptors 

The receptor for nociceptin is found throughout the brain of the wild-type 

mouse (Clarke et aL, 2001). Similarly to the distribution of the peptide, the OP1 

receptor is found throughout the CNS of humans and rats (Anton et aL, 

1996;Peluso et aL, 1998). Strong expression of receptor mRNA is seen in the 

hippocampus and others structures (Neal, Jr. et aL, 2001a). The OP4 receptor 

shows strong expression throughout all the hippocampal sublayers (Anton et a~, 

1996). 

Figure 1.6 shows a graphical representation of what the OP4 receptor 

looks like. At present there are limited ligands that bind to the OP4 receptor and 

unlike all the other opioid receptor it does largely not interact with the opioid 

receptor antagonist Naloxone. 

1.4.2.3 Nociceptin expression in Epilepsy 
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Whereas Neuropeptide Y has been investigated by many laboratories to 

discover its role in epileptiform activity at present Nociceptin is a fairly new dru~ 

in this field and so very few studies have been carried out. Most of these studies 

have been undertaken in the last couple of years and show that Nociceptin has 

an anticonvulsive effect in several models of epilepsy including Zero Magnesium, 

High Potassium (Tallent et aL, 2001), Pentylenetetrazole, Bicuculline (Rubaj et 

aL, 2002), Kindling (Gutierrez et aL, 2001) and Penicillin (Feng et aL, 2004). 

Whereas some early studies indicated that Nociceptin may cause both pro and 

anti convulsant actions, these studies now firmly establish that Nociceptin is a 

peptide with anticonvulsive actions within the eNS. 

1.5 Purpose of Project 

The aims of my work were to investigate the effects of neuropeptides in various 

in vitro models of convulsant activity. In order to achieve this I used acute 

hippocampal slices and organotypic hippocampal slice cultures. These were then 

exposed to convulsant models and the effects of Nociceptin and also, to a limited 

extent, Neuropeptide Y were investigated by applying these neuropeptides to the 

perfusion medium. 

I choose to look at Nociceptin because, when I started my studies, it had only 

recently been identified as a possible anticonvulsant and because of this the 

precise mechanism of action wasn't, and still isn't, yet known. It would therefore 

be useful to identify a possible mechanism as this could be a useful receptor 

target for future drug treatments. 

I used NPY as a reference neuropeptide at certain stages of my work to compare 

my observations with Nociceptin back to the large quantity of published data in 

reference to the effects of NPY on convulsant models. 
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Chapter 2 

Effects of Nociceptin on Epileptiform Activity in 
Acute Slices 



2.1 Introduction. 

Recent studies have indicated that Nociceptin may act as an 

endogenous anticonvulsant (Feng et aI., 2004;Gutierrez et aI., 2001 ;Ruba~ 

et aI., 2002;Tallent et aI., 2001). Nociceptin was identified in 1995 (Meunier 

et aI., 1995; Reinscheid et aI., 1995) to be the endogenous ligand for the 

previously discovered orphan opioid receptor known as either ORL-1 or 

OFQR (Bunzow et aI., 1994;Mollereau et aI., 1994;Fukuda et aI., 1994;Nis~i 

et aI., 1994;Wang et aI., 1994), but now known as the OP4 receptor 

(Dhawan et aI., 1996). 

The OP4 receptor has been identified in numerous structures within the 

mouse, rat and human brain (Florin et aI., 1997;Neal, Jr. et aI., 

1999b;Peluso et aI., 1998;Anton et aI., 1996;lkeda et aI., 1998). 

Most of the investigations carried out with Nociceptin have focussed on its 

actions in relation to nociceptive pathways (Meunier, 2003;Harrison and 

Grandy, 2000). I was interested in finding out its role in mediating anti

convulsant activity. 

Although the actions of Nociceptin in convulsant models in slices has been 

investigated (Tallent et aI., 2001) so far there have not been a large number 

of studies looking at the mechanism by which Nociceptin exerts its anti

convulsant action and so this requires further investigation. 

I utilised a number of epileptiform models to investigate the effects of 

Nociceptin on acute hippocampal slices. 

2.2 Materials and Methods 

2.2.1 Acute Hippocampal Slice Preparation. 

Hippocampal slices were prepared from 6-8 week old male rat~ 

(Biomedical Research Facility, Southampton UK: and LAS, 

GlaxoSmithKline, Harlow, UK). Following cervical dislocation and 

decapitation, in accordance with the Animal Scientific Procedures Act 1996, 

the brain was quickly removed and immersed in cold (4°C) cutting solution, 

containing in mM: 189 Sucrose, 10 Glucose, 26 NaHC03 , 2.5 KCI, 5 MgCb, 
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0.1 CaCh and 1.2 NaH2P04 , gassed with 95% O2 and 5% CO2. The mean 

osmolarity of the cutting solution was 275 mosmoles/litre and pH 7.2. 

Following removal of the brain, it was mounted on a Vibratome 

VT1000S (Leica, UK), and immersed in cutting solution and horizontal 

slices, 400llm thick, were prepared. Slices were kept at room temperature 

in a holding chamber (Figure 2.1) in artificial cerebrospinal fluid (ACSF) 

containing in mM: 124 NaCI, 3 KCI, 1 NaH2P04 , 1 MgS04 , 25 NaHC03 10 

Glucose, 2 CaCI2 , pH 7.2, gassed with 95% O2 and 5% CO2. The mean 

osmolarity of the ACSF was 310 mosmoles/litre. Slices were allowed to 

recover for an hour before transferral to the recording chamber. 
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Figure 2.1 Diagram of Holding Chamber containing aCSF, to a depth of around 5mm, 

gassed with 95% O2 and 5% CO2. The holding chamber is viewed from above and th~ 

brain slices stay in the chamber in order to receive O2 and nutrients from the aCSF. 

2.2.2 Electrophysiological Recording System. 

2.2.2.1 Interface Chamber. 

Electrophysiological recordings were carried out in an interface 

chamber (Figure 2.2). Slices were transferred from the holding chamber to 

the recording chamber and allowed to equilibrate for a period of 30 minute~ 

prior to recording. The slice was maintained on a thin nylon mesh at the 

interface between the aCSF and warmed (31±0.5°C), humidified gas (95% 
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O2 and 5% CO2). The lower surface of the slice was perfused with warmed 

(31±0.5°C) aCSF at a flow rate of 2ml min-1
. Warmed and humidified gas 

was passed over the top of the slice. 

L....----t] 
.
Inflow 

Figure 2.2 Diagram of the Interface Chamber. A: Acute Hippocampal Slice, B: Nylon Mesh, 

C: Air stone to bubble water with 95% O2 and 5% CO2. 

2.2.2.2 Extracellular recordings. 

Extracellular field potentials were recorded in CA 1 stratum 

pyrimidale, using glass microelectrodes made from borosilicate glass 

(1.5mm outside diameter) with an inner filament (Clark Electromedical 

Instruments, UK). Electrodes were pulled with a PP-830 microelectrode 

puller (Narishige, Japan) and had a tip resistance of 5-10 MQ when filled 

with 2M sodium chloride. The microelectrode was connected to the 

recording circuit by means of a chlorided silver wire with a Ag/AgCI 

reference electrode placed in the bath. Manipulation of the microelectrode 

was achieved by using a Leitz micromanipulator that allowed the 

microelectrode to be lowered gently onto the slice. 

Data was collected using an Axopatch 2208 linked by a Digidata 1322A tq 

a computer running pClamp 8 (all hardware and software, except computer, 

from Axon Instruments, Inc. U.S.A.). The data was recorded at a sampling 

frequency of 10KHz. The software used was Clampex 8.0, run in gap-free 

mode to continually record the spontaneous activity from the slices. 
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2.2.3 Epilepsy Model Protocols. 

The viability of the slices was confirmed by stimulating in the dentatEf 

gyrus, if a population spike was observed in the CA3 stratum pyrimidale 

then the slices were used for the experiments. The slices were perfused 

with the modified aCSF in order to induce spontaneous epileptiform activity. 

The models used were 10IJM Bicuculline (Bicuculline Methiodide, Sigma), 

100IJM 4-Aminopyridine (Sigma), OMg++ and High K+(8.5mM). 

Pre-synaptic 

Ca++ JV ---+ -------.,.. 

Inhibitory 
Interneuro 

Post-synaptic 

Fig 2.3 Diagram illustrating the sites of action of the various models used to induce 

spontaneous epileptiform bursting. (K, Pbtassium Channet; Bic; Bicucullftte)' · 

Figure 2.1 illustrates the mechanism of action by which the various models 

achieve their convulsant activity. 

Following induction of epileptiform activity the neuropeptide under 

investigation was washed on for periods of 30 minutes in increasin~ 

concentrations (see Figure 2.4). After all the drug concentrations had been 

washed on to the slice then normal aCSF was re-perfused and a wash-off 

value was recorded. 
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Figure 2.4 Diagram illustrating the time course used for the epilepsy model experiments. 

Increasing concentrations of Nociceptin were washed onto the slice depending on the 

number of differing concentrations under investigation. 

2.2.4 Data Analysis. 

Data was analysed using Clampfit 8.0 (Axon Instruments). 

During analysis of the data, the level of spontaneous activity was measured 

during a ten minute time interval prior to the change of concentration. A 

frequency of bursting per minute was then calculated for each treatment 

carried out. 

In the tables that are presented for each model, there is a mean and 

Standard Deviation (SO) presented for each treatment performed in each 

individual experiment. An average value for all the experiments was then 

calculated and this is presented in the figures. 

There are two types of graph presented for each model. The first contains 

data that has been normalised, i.e. each treatment has been calculated a, 

a percentage of the control group. This allows a comparison between 

experiments where the baseline burst frequencies may differ. The second 

graph represents the mean of the raw values (in Hertz) obtained for that 

group of experiments. 

The data was then subjected to one-way analysis of variance, to show any 

statistical significance. If the data showed a statistical significance then a 

Dunnett's post-hoc test was carried out to find out which of the treatment 

groups showed any significant difference from the control group. 
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2.3 Bicuculline Model 

Figure 2.5 shows sample traces of the experiments carried out using the 

10IJM Bicuculline convulsant model. This is a typical experiment and th~ 

first trace shows the recordings obtained before 10IJM Bicuculline is added 

to the perfusion medium. The trace on the left shows a time period of 10 

mins and the right hand trace shows a period of about two seconds. The 

other traces show the effect of adding 10IJM Bicuculline to the perfusio~ 

medium and then supplementing this with 100nM, 300nM and 1IJM 

Nociceptin and then removing the Nociceptin altogether to leave 10IJM 

Bicuculline in the perfusion medium. The left and right hand traces for all 

the different drug solutions have the same time periods as that of the pr~ 

Bicuculline traces. The traces show that when 10IJM Bicuculline is washed 

onto the slices then the neuronal tissue begins to display spontaneous 

bursting behaviour. This behaviour builds up over a 10-15 minute period 

(data not shown) and then begins to settle into a regular pattern. 

When Nociceptin is added to the perfusion medium a reduction in bursting 

frequency is evident. 

The right hand traces show that the Nociceptin does not change individual 

bursting events. This is demonstrated by the events maintaining the sam~ 

shape as the concentration of Nociceptin is increased. 

When Nociceptin is washed off the slice by removing it from the perfusion 

medium, and bathing the slice in aCSF + 10IJM Bicuculline alone, the 

amount of bursting looks to increase again, although is does not appear t<? 

be as frequent as in the 10IJM Bicuculline baseline. 

Figure 2.6 shows the mean effect of increasing doses of Nociceptin on 

10IJM Bicuculline induced bursting activity. The data in this graph is 

normalised to the baseline, which is the frequencies for each of the dru~ 

treatments are calculated as a percentage compared to their individual 

baseline value and then these results are compared to corresponding 

treatments in the other experiments. Therefore the Baseline value is fixed at 

100% and has no error value. All the treatments are then compared to this 

and have error bars displaying the standard deviation of the data sets. 

The data can be seen to show that increasing concentrations of Nociceptin 
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Fig 2.5 (previous page) Traces showing the effect of Nociceptin treatments on 10IJM 

Bicuculline generated spontaneous epifeptiform activity in Acute Hippocampal Slices. T-~e 

traces on the right side represent expanded views of the traces that are shown on the left 

side of the page. The scale bar shows 2 values for the x-axis; the upper one refers to the 
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left trace, and the lower to the right trace. 

Fig 2.6 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated with 10IJM Bicuculline. All the experimental baselines are set to 100% 

and all other treatments are expressed as compared to baseline. **=p<0.01 (n=5) . 

result in a decrease in the mean frequency of bursting. This effect of 

Nociceptin also increases as the concentration of Nociceptin increases and 

so can be said to be acting in a concentration dependent manner. The 

100nM concentration of Nociceptin causes a reduction in bursting 

behaviour to a mean value of 82%, of that of the baseline, 300nm causes 

reduction to 59% of baseline and 11-1M results in a decrease to 46% of 

baseline. 

When the concentration of Nociceptin added to the perfusion medium is at 

11-1M then the data shows a statistically significant effect p<O.01, a reduction 
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to 46% of the amount of bursting seen in the baseline experiments. The 

final column in this figure shoes that when Nociceptin is removed from th~ 

slice then bursting activity begins to return. Although this activity does not 

return to the same value at that seen before Nociceptin is added, bursting 

at 74% of that seen in the baseline experiments is recorded, it is at a higher 

frequency than that seen when the slice is bathed in 1 ~M Nociceptin, and 

so indicates that the Nociceptin effect can, to some degree, be washed off. 

Figure 2.7 shows the same data as that shown in figure 2.6 but the data is 

presented as the mean of the raw values recorded for the experiment with 

no normalisation to baseline. 
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Fig 2.7 (previous page) Graph showing the effect of varying doses of Nociceptin on Acute 

Hippocampal Slices pre-treated with 10IJM Bicuculline. All frequencies are calculated using 

the raw data values originally recorded, and there is no normalising to baseline. **=p<O.01 

(n=5). 

Table 2.1 shows the individual data sets for the experiment carried out. This 

data shows that over the course of the experiment carried out, except for 
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experiment B, the bursting activity decreases as the concentration of 

Nociceptin increases and that the activity then increases when Nociceptin i~ 

removed from the perfusion medium. Experiment B shows a slight increase 

in activity following addition of 100nM Nociceptin, but after this the recorded 

pattern is similar to that seen in all the other experiments. 

Exp.ID A B C D E 

Baseline 0.0633 0.1083 0.0717 0.0633 0.1283 
(±0.0153) (±0.0059) (±0.0158) (±0.0217) (±0.0112) 

100nM Noc 0.0550 0.1217 0.0550 0.0517 0.0683 
(±0.0112) (±0.0075) (±0.0081) (±0.O091) (±0.0123) 

300nM Noc 0.0467 0.0750 0.0650 0.0383 
0.0000 

(±0.0105) 0.0000 (±0.0123) (±0.0046) 

1IJM Noc 
0.0417 0.0600 0.0583 0.0183 

0.0000 
(±0.0088) (±0.0037) (±0.0088) (±0.0037) 

Baseline 0.0450 0.0667 0.0700 0.0317 0.1133 

(Washoff) (±0.0112) (±0.0059) (±0.O105) (±O.0070) (±0.0383) 

Table 2.1 Effect of Drug treatments on 10IJM Bicuculline generated spontaneous 
epileptiform activity in Acute Hippocampal Slices. Values are Means (of frequency in 

Hertz). 

2.4 4-Aminopyridine Model 

I also looked at the effect of Nociceptin on the bursting behaviour elicited by 

100j..lM 4-AP. Figure 2.8 shows the effect of adding 4-AP to the perfusion 

medium and the subsequent effect of adding, and then removing, 

Nociceptin to the slice. The data presented here is similar to that seen in 

figure 2.5 for the 10j..lM Bicuculline experiment. The traces represent a 

typical experiment that I carried out. 

It can be seen that when 1 OOj..lM 4-AP is added to the slice then bursting 

activity occurs. The bursting activity seen with this model is of a higher 

frequency than that seen in the Bicuculline model described previously, the 

baseline frequency in this experiment is around O.5Hz. When increasing 

concentrations of Nociceptin, 100nM, 300nM and 1j..1M are added to the 

perfusion medium then no apparent reduction in bursting activity appears 

evident. The activity appears to remain unchanged when the Nociceptin is 
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Fig 2.8 (previous page) Traces showing the effect of Nociceptin treatments on 100IJM 4-

Aminopyridine generated spontaneous epileptiform activity in Acute Hippocampal Slices, 

The traces on the right side represent expanded views of the traces that are shown on the 

left side of the page. The scale bar shows 2 values for the x-axis; the upper one refers to 

the left trace, and the lower to the right trace. 

removed from the slice. This is shown by the final trace, Nociceptin wash, 

off. The expanded view of the individual bursts show that throughout the 

experiment these do not change in amplitude or: envelope. 

If we then look at the cumulative data for a series of experiments examin \~ 

the effect of varying concentrations of Nociceptin on the 4-AP model of 

bursting. 

Figure 2.9 shows this data, and is laid out in the same way as described 

earlier (for figure 2.6). The figure shows that when Nocieptin is added to th~ 

perfusion medium then no significant changes in bursting activity are 

observed. 
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Fig 2.9 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated "With 1 OOJJM 4":AP: All the experimentar oaseliries are send '1 OO%"and-~1I 

other treatments are expressed as compared to baseline. (n=6). 
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Figure 2.10 shows the same data as that displayed in figure 3.9, but gives 

the mean frequencies recorded and does not set a 100% baseline to which 

all other drug treatments can be compared. 

The graph supports the observation reached from the previous graph that 

Nociceptin does not show an effect on the bursting behaviour generated by 

the 1 OOIJM 4-AP model of epileptiform activity. 
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Fig 2.10 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated with 10IJM Bicuculline. All frequencies are calculated using the raw data 

values originally recorded, and there is no normalising to baseline. (n=6) . 

Table 2.2 then shows the individual frequencies for all the experiments 

performed and used to calculate the graphs shown in Figures 2.9 and 2.10. 

This data corroborates the previously seen results that Nociceptin does not 

affect the bursting behaviour generated by 100IJM 4-AP. It also shows that 

no one experiment was distinctly different from the mean result shown in 

the previous figures. 
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Exp; ID A B C D E- F 

Baseline 0.1685 1.3033 0.6217 0.7517 0.3167 0.3783 
(±0.0100) (±0.0757) (±0.0354) (±0.1304) (±0.0778) (±0.0112) 

100nM 0.1667 1.3400 0.5850 1.0000 0.4417 0.3900 
Noc (±0.0111 ) (±0.0654) (±0.0426) (±0.0556) (±0.1137) (±0.0306) 

300nM 0.1483 1.0733 0.5117 0.8717 0.3433 0.3567 

Noc (±0.0095) (±0.2841) (±0.0343) (±0.0393) (±0.1601) (±0.0117) 

1uM Noc 0.1200 1.2000 0.2017 0.7083 0.3867 0.3550 
(±0.0105) (±0.0583) (±0.0500) (±0.0579) (±0.1561) (±0.0209) 

Baseline 0.1800 1.1283 0.3217 0.6983 0.3467 0.3767 
(Wash-Off) (±0.0105) (±0.0445) (±0.0502) (±0.0532) (±0.1503) (±0.0141) 

Table 2.2 Effect of Drug treatments on 100IJM 4-AP generated spontaneous epileptiform 
activity in Acute Hippocampal Slices. Values are Means (of frequency in Hertz) ±SD. 

2.5 Zero Mg++ Model 

I next wanted to look at the Nociceptin in the 0 Mg++ model of bursting 

activity. Looking at Figure 2.11, which shows the effect of one concentration 

of Nociceptin in the 0 Mg++ model, it can be seen that 500nM Nociceptin 

causes a reduction in the bursting activity. The information provided in this 

figure is laid out as in figure 2.5. The observed reduction in bursting activity 

appears to be reversed by the removal of Nociceptin form the perfusion 

medium. 

The expanded traces, on the right hand side of the figure, show that when 

Nociceptin is administered to the slice then the envelope of the bursting 

event changes. It appears that the event breaks down into a few spikes 

within the bursting as opposed to the mass of spikes seen in the Baseline 

and Wash-off traces. The amplitude of the event also seems to increase 

slightly. Therefore as well as reducing the frequency of the bursting events, 

nociceptin also reduces the number of bursts within each individual event. 

Figure 2.12 shows the mean data obtained for the series experiments 

performed on the OMg++ model. This data shows that when 500nM is added 

to the perfusion medium then a reduction in bursting activity is seen. The 

mean value is 70% that of the baseline. This effect is not however 

significant by the statistical tests described in the Materials and Methods. 
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Fig L. tt (previous page) Traces showing the effect-of Nnciceptin treatment on OMg ++ 

generated spontaneous epileptiform activity in Acute Hippocampal Slices. The traces 01'\ 

the right side represent expanded views of the traces that are shown on the left side of the 

page. The scale bar shows 2 values for the x-axis; the upper one refers to the left trace, 

and the lower to the righltrace. 

Although there· rs · not a statistically·significantredoctionfottowing·Nocrceptip 

administration there does appear to be an apparent decrease in bursting 

frequency following addition of 500nM Nociceptin. 
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Fig 2.12 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated with OMg++: AU the·experimental · baselines · are ·set ·to · 100% ·and · all · o~r 

treatments are expressed as compared to baseline. (n=6). 

The Wash-off data set shows that the bursting frequency increases towards 

that ·of baseline·following the-removal of Nociceptin·from ·the-perfusion·· 

medium. 

Figure 2.13 confirms that the mean value of the bursting in the presence of 

500nM Nociceptin is lower that that of Baseline and Wash-Off. It does not 
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however prove conclusive, as the error bars (standard deviations) are too 

large to draw any definitive results. 
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Fig 2.13 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated 'with OMg ++. All 'frequencies are calculated 'usih'g the raw data vatu~ 

originally recorded, and there is no normalising to baseline. (n=6) . 

Table 2.3 shows the individual data obtained for the six experiments carried 

out in the OMg++ model. It shows that in general the 500nM Nociceptin 

caused a reduction in bursting activity, and that this effect was reversed 

when Nociceptin was washed off the slice. Five out of six of the 

experiments performed showed a decrease in bursting frequency following 

the addition of the nociceptin. The only experiment where the wash off 

frequency was lower than that seen when Nociceptin was present, was 

experiment C. These two observations are not outside what would be 

considered acceptable from expected variation. 
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Exp.ID A B C D E F -
Baseline 0.0683 0.1517 0.1650 0.0933 0.1517 0.2017 

(±0.0095) (±0.0166) (±0.0254) (±0.0117) (±0.0183) (±0.0053) 

500nM 0.0217 0.1450 0.0981 0.1033 0.1000 0.1117 
Noc (±0.0137) (±0.0177) (±0.0386) (±0.0070) (±0.0572) (±0.0137) 

Baseline 0.0617 0.1517 0.0867 0.1100 0.1233 0.2517 

. (Wash-Off) (±0.0209) (±0.0095) (±0.0131) (±0.0086) (±0.0141) (±0.0123) 

Table 2.3 Effect of Drug treatments on OMg++ generated spontaneous epileptiform activity 

in Acute Hippocampal Slices. Values are Means (of frequency in Hertz). 

2.6 High K+ Model 

The final model that I utilised to investigate the effects of nociceptin on 

bursting activity in acute hippocampal slices was the High K+ Model. 

Figure 2.14 shows a typical experiment where the effects of Nociceptin 

were investigated on the High K+ model. The traces are arranged in a 

similar arrangement to that described for figure 2.5. It is seen that when 

High K+ perfusion medium is washed on to the slice, then bursting activity is 

observed. 

When 500nM and 1IJM Nociceptin is added to the medium then there is no 

apparent decrease in the bursting activity of the slice. The frequency of 

bursting appears to remain constant when the slice is exposed to different 

drug treatments, and the wash off frequency is similar to that seen during 

baseline and Nociceptin treatments. The expanded view traces, on the 

right, show that throughout the experiment the size and shape of the 

bursting events remain consistent. 

The graph in figure 2.15 shows the mean values for the various drug 

treatments performed on the High K+ model for the six different experiments 

carried out. 

The data shows that there is no significant change in the bursting activity 

when Nociceptin is added to the perfusion medium. The changes seen for 

the Nociceptin treatments are 95% that of baseline for 500nM Nociceptin 

and 96% for 1IJM Nociceptin. 
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Fig 2.14 (Previous page) Traces showing the effect of Nociceptin treatments on High K+ 

generated spontaneous epileptiform activity in Acute Hippocampal Slices. The traces on 

the right side represent expanded views of the traces that are shown on the left side of the 

page. The scale bar shows 2 values for the x-axis; the upper one refers to the left trace, 

and the lower to the right trace. 
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Fig 2.15 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated with 8.5mM K+. All the experimental baselines are set to 100% and all 

other treatments are expressed as compared to baseline. (n=6) . 

Figure 2.16 confirms the findings found in figure 2.15 that 500nM and 1IJM 

Nociceptin do not show any effect on the activity generated by the High K+ 

model of spontaneous bursting. 
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Fig 2.16 Graph showing the effect of varying doses of Nociceptin on Acute Hippocampal 

Slices pre-treated with· a:5rhM 1('.- Alilrequencies are carculatEld using tfie raw data varue's 

originally recorded, and there is no normalising to baseline. (n=6) . 

Table 2.4 shows the individual results for the six experiments that were 

carried out It can be seen thaf, with·the possibfe exception ofexperiitie~ 

A and B, that all the frequencies stay the same, or increase, throughout the 

time course of the experiment. 

Exp.ID A B C D E F - -., 

Baseline 
0.2317 0.8550 0.6400 0.4100 0.5833 0.8133 

(±0.0328) (±0.1034) (±0.0473) (±0.2457) (±0.0603) (±0.0258) 

500nM Noc 
0.1933 0.6133 0.6200 0.4600 0.4900 0.9783 

(±0.0211) (±0.3942) (±0.0463) (±0.2391) (±0.0086) (±0.0209) 

1IJM Noc 
0.1683 0.4817 0.6167 0.5500 0.5783 0.9700 

(±0.0166) (±0.4236) (±0.0283) (±0.1887) (±0.0249) (±0.0172) 

Baseline 0.2183 0.4933 0.6567 0.5317 0.4917 0.9767 

(Wash-Off) (±0.0146) (±0.3490) (±0.0141) (±0.2061) (±0.0297) (±0.0417) 

Table 2.4 Effect of Drug treatments on 8.5mM K+ generated spontaneous epileptiform 

activity in Acute Hippocampal Slices. n=10 points for each treatment. Values are Means (of 

frequency inHertz) ±StandardDeviation: ' 
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2.7 Discussion 

It is apparent from the experiments presented in this chapter that 

Nociceptin has an effect on spontaneous bursting activity seen in acute 

hippocampal slices. This effect varies depending on the experimental model 

under investigation, with effects seen in the OMg++ and Bicuculline models 

but not in the High K+ and 4-AP models, this allows conclusions to be 

drawn as to how Nociceptin may cause its anti-convulsant actions. 

As I have shown in the four models, that were investigated, spontaneous 

epileptiform activity resulted in the acute hippocampal slices exposed to 

these treatments. Each of these causes bursting brought about by differin~ 

mechanisms. In the Bicuculline model there is a reduction in the inhibitory 

drive that is caused by the removal of the tonic GABA inhibition onto the 

glutamatergic neurons (Traub and Jefferys, 1994). This results in an 

increase in glutamate levels within the synaptic cleft and this in turn cause~ 

greater activation of the post-synaptic ionotropic glutamate receptors 

(NMDA, AMPA and Kainate). This causes an increase in the excitability of 

the post-synaptic neuron and means that there is an increased probability 

of the neuron firing and thus causing spontaneous bursting activity, as see~ 

in figure 2.5. 

In the zero magnesium model, bursting activity results from the lack of 

magnesium ions in the extracellular space that results in the removal of a 

voltage dependent magnesium block from the NMDA receptor. 

Under normal physiological conditions the magnesium block prevents ions 

from passing through the NMDA receptor while the membrane potential is 

at resting level, around -70mV. When glutamate is released into the 

synapse it then activates AMPA and Kainate receptors that allow sodium 

and potassium ions to pass through the receptor associated ion channels. 

When the neuron is near to its resting potential then the electrochemical 

gradient is such that the drive is towards sodium entering the cell, as 

opposed to potassium leaving the cell. The influx of sodium results in , 

depolarisation of the membrane. When this depolarisation begins it causes 

the magnesium ions to dissociate from the NMDA channel and so allows 

the passage of sodium, potassium and calcium ions to occur. This change 

happens at around -50mV and added to the continued passage of ions 
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through the AMPA and Kainate channels, results in an increase in the rate 

of depolarisation. When the membrane potential depolarises sufficiently tq 
reach the threshold potential then the voltage dependent sodium channels 

open and this leads to the neuron firing an action potential. 

The removal of the magnesium block in this model means that the NMDA 

receptor will allow the passage of ions in response to glutamate stimulation 

at more negative membrane potentials and this results in an increase in the 

amount of sodium and calcium ions that can pass into the cell for a given 

amount of glutamate and so will result in an increased probability of the 

neuron reaching its threshold potential and thus resulting in an increase in 

excitability of the tissue, which is seen in figure 2.11. 

The 4-Aminopyridine model results from a blockade of K+ channels by 4-AP 

(Traub et aI., 1995). This means that potassium ions are unable to leave the 

neurons during repolarisation. This leads to a depolarisation of the neuron 

that means that the neuron is nearer to threshold and so more likely to 

result in an action potential for a given signal received at the post-synaptic 

terminal on the neuron. This results in spontaneous bursting activity as 

seen in figure 2.8 

The high potassium model results from a similar mechanism to that which 

causes the epileptiform activity in the 4-Aminopyridine model. In the high 

potassium model the elevation of the extracellular potassium concentration 

from 3mM to 8.5mM results in a change in the resting potential of the 

neuron, due to a change in the ionic balance of the potassium. This again 

results in the resting potential of the membrane being nearer to that of the 

threshold potential than would be observed when the normal aCSF 

concentration of potassium is used, this causes spontaneous epileptifor~ 

activity as seen in figure 2.14. 

The modes of action described above explain how the models used bring 

about an increase in neuronal excitability that presents as an increase in 

burst frequency. How do the results seen in this chapter for Nociceptin fit 

with these? 

It has been shown that in three of the models investigated; Bicuculline, 

OMg++ and 4-AP; a NMDA receptor antagonist (APV) blocked the 

frequency of bursting seen in these models (Gulyas-Kovacs et aI., 2002~. 
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This would seem to suggest that the NMDA receptor would not be the direct 

target of Nociceptin because two of these models were blocked by 

Nociceptin and the other one was not. 

Nociceptin is the endogenous ligand for the OP4 receptor. This receptor 

has been shown to be present in the CA 1-CA4 fields of Ammon's Horn and 

in the dentate gyrus of the hippocampus within rodents (Anton et aL, 

1996;Florin et aL, 1997;Foddi and Mennini, 1997;Neal, Jr. et aL, 1999a) and 

OP4 receptor transcripts have also been found in the hippocampus of 

human brain tissue (Peluso et aL, 1998). 

The physiological presence of OP4 has been demonstrated in rat 

cerebrocortical slices where Nociceptin inhibits the potassium-evoked 

release of glutamate (Nicol et aL, 1996). 

The transduction mechanism by which the OP4 receptor brings about its 

actions has been investigated. It has been found that OP4 is linked to th, 

G/Go class of G-proteins. Nociceptin causes an inhibition in forskolin

stimulated cAMP production (Okawa et aL, 1998) and it has also been 

shown that Nociceptin is able to inhibit the elevation in cAMP levels caused 

by other receptor driven systems (e.g. D1 dopamine receptor) (Chan et at., 

1998). 

Nociceptin has been demonstrated to increase potassium conductance in 

rat brain (Connor et aL, 1996a;Vaughan and Christie, 1996;Vaughan et aL, 

1997) and to stimulate a Pertussis Toxin sensitive inhibition of Ca2
+ channql 

currents in an OP4 expressing neuroblastoma cell line (Connor et aL, 

1996b) and in the hippocampus (Knoflach et aL, 1996). 

There is some evidence that opioid receptor activation can lead to 

regulation of a membrane potassium current (Ih), via changes in the level ~f 

cAMP (Ingram and Williams, 1994;Ludwig et aL, 1998). The potassium 

channel is involved in the repolarisation of the membrane following an 

action potential and so could playa role in any anti-convulsant activity of 

Nociceptin, cAMP has been shown to enhance the potassium conductanc, 

of this channel (Ingram and Williams, 1996). 

The channels that cause the Ih potassium current have been identified as a 

family of ion channel subunits that have been identified as the 

hyperpolarisation-activated cyclic-nucleotide gated (HCN) channel~ 
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(Santoro et aL, 2000). The HCN channels allow K+ ions to depolarise 

hippocampal neurons when hyperpolarisation occurs (Simeone et aL, 2005) 

with a half-activation voltage of -81.3mV. 

There is also some evidence that OP4 receptor activation may cause 

stimulation of Phospholipase C via Gq (Lou et aL, 1997). 

Drugs that effect cAMP levels have been shown to affect the duration of 

after discharges in rat hippocampal slices exposed to tetanic stimulation. 

Forskolin, which increases cAMP levels, causes an increase in the number 

of after discharges observed (Higashima et aL, 2002). 

GLUTAMATE · 

NO 
C 

Fig 2.17 Diagram of the possible coupling of the OP4 receptor to the Ih potassium 

channels. All three types of lonotropic glutamate receptors are represented on the 

postsynaptic membrane. 

As I have mentioned above, activation of OP4 receptors can lead to a 

decrease in cAMP levels. This in turn leads to a decrease in the 

conductance of the IH potassium current, which would slow down the rate of 
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membrane repolarisation following an action potential (see figure 2.17 for 

illustration). 

This could cause the effects seen in the Bicuculline and Zero Mg++ model 

where 1IJM Nociceptin caused a reduction in the frequency of bursting. As 

the High K+ and 4-Aminopyridine models rely on changes in potassium ion 

concentrations to bring about their epileptiform activity then this may explaip 

why Nociceptin does not have any effect in these systems. As these two 

models rely on causing an increase in the resting potential of the neuron, 

then it follows that the K+ IH current will have less of a role to playas there is 

less chance that the membrane will reach the potential required to bring 

about activation of the HeN channels and therefore bring the Ih current into 

play, this is illustrated in figure 2.18. 
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Fig 2.18 Diagram depicting the membrane potential changes during an action potential. 

The black line indicates the observed changes during a normal action potential that applies 

to the Bicuculline and OMg++ models. The green line represents a possible trace seen 

fremthe High ·K+and4-AP models; Vr = resting· membrane potential ·in ·normaf neurooal 

tissue. 
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Chapter 3 

Nociceptin in Genetic Mouse Models 



3.1 Introduction. 

As described in the introduction there are numerous genetic models 

where the animals show epileptic type behaviours. This can be the result of 

either transgenic manipulation or by selectively breeding animals to 

emphasise particular traits. 

One such example of this selective breeding is the EL mouse. The EI 

mouse is a model of hereditary sensory precipitated temporal lobe epilepsy 

(see (King, Jr. and LaMotte, 1989) for review) which is bred from a ddY 

mouse strain. The EI mouse was first described in 1959 (Imaizumi et aI., 

1959) following discovery in 1954. Since this time many studies have been 

carried out on this model to investigate the cause and function of the 

epileptiform activity exhibited by these animals. 

EL mice display spontaneous epileptiform activity following a conditioning 

period. This conditioning period requires that the animals receive weekly 

vestibular stimulation (for example 30 vertical, 10-15cm, 'tosses'). These 

mice have been selectively inbred, from a ddY 'mother strain', to maximise 

the tonic-clonic seizures induced by vestibular stimulation. When the 

animals undergo the conditioning treatment they display characteristic 

prodromal, ictal and postictal phases. The prodromal phase consists of 

squeaking and transient immobility, which is followed by 'running fits'. The 

ictal phase presents as convulsions, which start with the hind limbs before 

quickly progressing to generalized tonic-clonic; salivation, defacation, 

urination and ventroflexion. The final postictal phase comprises lethargy 

and adoption of the 'kangaroo posture' (sitting on hind legs with paws 

drawn up to torso). The average duration of the seizure in one group of 

animals was 16±3s (Naruse et aI., 1960) and the animals displayed a 

refractory period following seizures where no further seizures could be 

induced. Although this refractory period varied between animals, it was 

always a minimum of 30 minutes. Along with the 'sensitised' animals that 

were given the pre-conditioning treatment there was a group of age

matched 'non-sensitised' animals. 
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As the conditioning treatment, carried out on the sensitised animals, causes 

a seizure then the animals used in this series of experiments will have 

experienced a prolonged period of seizures by the time that their 

hippocampi are used for the electrophysiology experiments. This will mean 

that the animals will have undergone a treatment that may be similar in 

effect to prolonged kindling. 

Although the stimulation of normal tissue, as has been shown in the 

previous chapter, to create a convulsant state is a very useful model of 

epileptiform activity and can help to investigate the mechanism of action, I 

was interested in seeing if there would be any difference in the action of 

Nociceptin, as an anticonvulsant, if it is administered to tissue from a 

mutant mouse with a lower seizure threshold. 

In order to achieve this I used slices from EL mice and exposed them 

to the different convulsants' to induce epileptiform activity. 

3.2 Materials and Methods 

The experiments presented in this chapter were carried out in a 

similar way to those performed in chapter 2, the only major difference is that 

the tissue is prepared from EL mice that were between 18-22 weeks old, 

and had undergone conditioning for about 15-20 weeks. During the 

conditioning period the animals were thrown up and down vertically (10-

15cm) 30 times on one day each week. 

Age matched controls (non-sensitised) were also used and the~r 

tissue was prepared in a similar manner. 

I choose to use a concentration of 1IJM Nociceptin in this series of 

experiments as the experiments carried out in the previous chapter showed 

that this is the concentration that causes the most reliable and significant 

effect. I also choose to use the 10IJM Bicuculline and OMg++ aCSF 

convulsant models as in the previous chapter Nociceptin had reduced the 

bursting activity in these two models. 

As in the previous chapter each treatment was carried out for Cjl 

period of 30 minutes. This meant that once spontaneous activity was seen 

in the slice then the bursting would be recorded for 30 minutes, following 
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this 11-1M Nociceptin was added to the perfusion medium for a further 30 

minutes, and once this period was up then the Nociceptin was remove9 

from the medium and the slice recorded for a final 30 minutes. 

3.2.1 Data Analysis 

Data analysis is similar to that carried out in chapter 2. Thct 

difference being that the bursting frequency is measured for a period of 5 

minutes between 25-30 following the introduction of a treatment. A 

frequency for this time period is then calculated and the values are then 

either worked out, as a percentage of the baseline and averaged or th~ 

means are worked out directly from the raw frequencies. 

3.3 Nociceptin Results 

3.3.1 Bicuculline Model (Non-Sensitised Animals) 

The next experiments were performed on tissue taken from the 'non

sensitised' age matched controls. These animals had not undergone the 

conditioning period and so were not prone to spontaneous seizures. 

Figure 3.1 shows the traces for a typical experiment from this group. 

The baseline before Bicuculline addition to the slice shows that there is no 

spontaneous activity in the slice at the start of the experiment. 

When 10l-lM Bicuculline is added to the slice then bursting behaviour results 

and settles into a regular pattern. When 11-1M Nociceptin is added to the 

perfusion medium no noticeable change in the burst frequency is observe~ 

and no changes are seen when the Nociceptin is subsequently removed 

from the slice. The right hand traces show that throughout the experiment 

there are no changes in the burst events that take place. 
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Fig 3.1 (previous page) Traces showing the effect of 1IJM Nociceptin treatment on 10IJM 

Bitucullirie generated spontaneous epireptiform activity in Acute Hippocampal 'Slices froq1 

'non-sensitised' EL mice. The traces on the right side represent expanded views of the 

traces that are shown on the left side of the page. The scale bar shows 2 values for the x

axis; the upper one refers to the left trace, and the lower to the right trace. 

Figure 3.2 shows the mean data for this group of experiments, and confirms 

the results seen in the individual traces. That is that there is no significant 

effect of the Nociceptin on the bursting behaviour. There does appear to be 

a slight reduction in the activity following addition of1i-iM Nociceptih, 770/0 

as compared to baseline, but this effect is not statistically significant. When 

the Nociceptin is washed off the mean burst frequency increases very 

slightly to 83% of that seen in the baseline responses. 
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Fig 3.2 Graph showing the effect of 1IJM Nociceptin on EL mice (non-sensitised) acute 

Hippocampal Slices pre-treated 'with '1 OPM Bicuculline. Alrthe experiiilentar b'aselines ~e 

set to 100% and all other treatments are expressed as compared to baseline. (n=8). 
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Fig 3.3 Graph showing the effect of 1IJM Nociceptin on EL mice (non-sensitised) Acute 

Hippocampal Slices pre-treated with 10IJM Bicuculline. All values are those originally 

recorded, and there is no normalising to baseline. (n=8). 

Figure 3.3 confirms the results previously shown in figure 3.2, that no effect 

of Nociceptin is seen on the Bicuculline model in 'non-sensitised' EL mice. 

Table 3.1 shows the frequencies recorded from the individual experiments 

in this group. Although a couple of the experiments show a large reductiotrl 

in bursting following the addition of Nociceptin, the majority show little if any 

change, and some even show an increase in frequency. The baseline 

frequency induced in this series of experiments was O.172±O.165Hz. 

Exp.ID 02708 02709 02710 02711a 02712 02621 02730a 02620 

Baseline 0.103 0.067 0.183 0.160 0.147 0.063 0.567 0.087 
100% 100% 100% 100% 100% 100% 100% 100% 

1IJM Noc 0.027 0.037 0.077 0.130 0.140 0.070 0.580 0.090 
25.806% 55% 41 .818% 81.250% 95.455% 110.526% 102.353% 103.846% 

Wash-Off 0.040 0.060 0.103 0.127 0.137 0.070 0.500 0.090 
38.710% 90% 56.364% 79.167% 93.182% 110.526% 88.235% 103.846% 

Table 3.1 Effect of 1IJM Nociceptin treatment on 10IJM Bicuculline generated spontaneous 

epileptiform activity in Acute Hi"ppocampal Slices from 'h·on-sensitised'El ·mite. First-

values are Means (of frequency in Hertz) ; second value is the percentage as compared t(!) 

the baseline value. 
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3.3.2 0 Mg++ Model (Non-Sensitised Animals) 

Pre OMg++ 

OMg++ Baseline 

1 J.1M Nociceptin 

Nociceptin Wash-Off 
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Fig 3.4 (previous page) Traces showing the effect of 1IJM Nociceptin treatment on 0 Mg++ 

generated spontaneous epileptiform activity in Acute Hippocampal Slices from 'non

sensitised' EL mice. The traces on the right side represent expanded views of the traces 

that are shown on the left side of the page. The scale bar shows 2 values for the x-axis; the 

upper one refers to the left trace, and the lower to the right trace. 

Figure 3.4 shows the typical traces seen in the series of experiments 

carried out in the zero magnesium model in 'non-sensitised' EL mice. The 

traces show that at the start of the experiment no spontaneous bursting is 

evident in the slice. Following the removal of magnesium from the perfusfbr 

medium the slice begins to display marked bursting activity. This activity is 

reduced by the addition of 1 ~M Nociceptin to the slice, although the 

bursting is still very high. When the Nociceptin is removed from the slice 

then the frequency of bursting appears to increase. The right hand trace~ 

show that the bursting events recorded during the experiment appear to 

stay the same throughout the duration of the experiment. 
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Fig 3.5 Graph showing the effect of 1IJM Nociceptin on EL mice (non-sensitised) acute 

Hippocampal Slices pre-treated with OMg++ aCSF. All the experimental baselines are set to 

100% and all other treatments are expressed as compared to baseline. *=p<0.05 (n=5). 

Figure 3.5 shows the mean data for this series of experiments. The graph 

shows that when 1 ~M Nociceptin is added to the perfusion medium then the 

frequency of bursting reduces, 66% that of baseline, and this reduction is 
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significant at p<O.05. When the Nociceptin is removed from the slice the 

bursting increases slightly, 71 % that of baseline, and the mean data is noVf 

not significant as compared to the baseline response. 
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Fig 3.6 Graph showing the effect of 1IJM Nociceptin on EL mice (non-sensitised) Acute 

Hippocampal Slices pre-treated with OMg++ aCSF. All values are those orig inally recorded, 

and there is no normalising to baseline. (n=5). 

Figure 3.6 confirms the data presented in figure 3.15 although the 

responses are not significant. The baseline frequency induced in this series 

of experiments was O.283±O.123Hz. 

Exp. ID 02709 02711b 02726 02729 02731 

Basel ine 0.357 0.197 0.203 0.193 0.467 
100% 100% 100% 100% 100% 

1IJM Noc 0.230 0.067 0.087 0.190 0.433 
64.486% 33.898% 42.623% 98.276% 92.857% 

Wash-Off 0.273 0.087 0.107 0.190 0.393 
76.636% 44.068% 52.459% 98.276% 84.286% 

Table 3.2 Effect of 1IJM Nociceptin treatment on 0 Mg++ generated spontaneous 

epi leptiform activity in Acute Hippocampal Slices from 'non-sensitised' EL mice. First 

values are Means (of frequency in Hertz); second value is the percentage as compared to 

the baseline value. 
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Table 3.2 shows the individual results for all the experiments in this group 

and makes it clear that 1 ~M Nociceptin caused a reduction in bursting, to ~ 

greater or lesser extent, in all the slices. The frequency of bursting then 

increased or stayed the same, following removal of the Nociceptin, in all but 

one of the experiments. 

3.3.3 Bicuculline Model (Sensitised Animals) 

The first set of experiments performed on the EL mice was done ill 

slices prepared from 'sensitised' animals. 

Figure 3.7 shows the effect of the Bicuculline and Nociceptin on a 

typical slice from this series of experiments. Firstly the slice shows no 

spontaneous activity when no treatments are carried out. When 1 0~f\(1 

Bicuculline is added to the perfusion medium then spontaneous activity is 

observed and this activity reduces when 1 ~M Nociceptin is added to the 

perfusion medium along with the Bicuculline. Following removal of the 

Nociceptin from the slice then the activity increases, although it does not 

appear to be as great as that observed in the Bicuculline baseline trace. 

The right hand traces show that throughout the experimental period the size 

and shape of the bursting activity remains constant. 

Figure 3.8 and 3.9 show the mean data for all nine experiments that were 

carried out. Fig 3.8 shows the normalised data where each data set is 

calculated as a percentage of its baseline value before a mean value for all 

the experiments is calculated. This graph shows that 1 ~M Nociceptin 

causes a reduction in the frequency of bursting to 50% of that seen in th, 

baseline response. This effect is significant at a value of p<0.01. When the 

Nociceptin is washed off the slice the bursting comes back slightly, 60% as 

compared to baseline, but this effect is still significantly lower than seen in 

the baseline treatment. 
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Pre Biciculline 

Biciculline Baseline 

1 J.1M Nociceptin 

Nociceptin Wash-Off 

2mins 
1 sec 

Fig 3.7 Traces showing the effect of 1IJM Nociceptin treatment on 10IJM Bicuculline 

generated spontaneous epileptiform activity in Acufe FlippocampalSlices from 'sensit~' 

EL mice. The traces on the right side represent expanded views of the traces that are 

shown on the left side of the page. The scale bar shows 2 values for the x-axis; the upper 

one refers to the left trace, and the lower to the right trace. 

66 



100 * 
-c 
en 
+1 
~ 0 - 50 
C'" 
Q) 
t. 
u.. 

Fig 3.8 Graph showing the effect of 1IJM Nociceptin on EL mice ('sensitised ') Acute 

Hippocampal Slices pre-treated with 1 OJ..iM Bicucullihe. All the experimentar baselines ~e 

set to 100% and all other treatments are expressed as compared to baseline. *=p<0.05 

**=p<0.01 (n=9). 
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Fig 3.9 Graph showing the effect of 1IJM Nociceptin on EL mice ('sensitised') Acute 

Hippocampal Slices pre-treated with 10IJM Bicuculline. All values are those originally 

recorded , and there is no normalising to baseline. (n=9). 
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Figure 3.9 shows the raw frequencies recorded for this series of 

experiments. The data shows that the bursting frequency reduces when 

Nociceptin is washed on, but this effect is not significant under these 

circumstances, and the mean frequency increases when Nociceptin is 

washed off. 

Table 3.3 shows the individual values recorded for all these experiments. It 

shows that the bursting activity decreases when 1IJM Nociceptin is added 19 
the slice. It also shows that in most of the experiments the bursting activity 

increases when the Nociceptin is removed from the perfusion medium. The 

baseline frequency induced in this series of experiments was 

O.135±O.118Hz. 

Exp.ID 02723 02724 02725 02618 02703 02704 02705 02701 02702 

Baseline 0.073 0.443 0.113 0.083 0.073 0.133 0.070 0.117 0.107 
100% 100% 100% 100% 100% 100% 100% 100% 100% 

1\JM Noc 0:003' 0:103 0:093 0.063 0:067 0.000 0:003 0.110 OJ)83 
4.545% 23.308% 82.353% 76.000% 90.909% 0.000% 4.762% 94.286% 78.125% 

Wash-Off 0.010 0.120 0.103 0.083 0.063 0.057 0.003 0.113 0.083 
13.636% 27.068% 91.176% 100% 86.364% 42.500% 4.762% 97.143% 78.125% 

Table 3.3 Effect of 1\JM Nociceptin treatment on 10\JM Bicuculline generated spontaneous 

epileptiform activity in Acute Hippocampal Slices from 'sensitised' EL mice. First values aJ:e 

Means (of frequency in Hertz); second value is the percentage as compared to the 

baseline value. 
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3.3.4 0 Mg++ Model (Sensitised Animals) 

Pre OMg++ 

OMg++ Baseline 

j 

1 J.lM Nociceptin 

Nociceptin Wash-Off 
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Fig 3.10 (previous page) Traces showing the effect of 1IJM Nociceptin treatment on 0 Mg ++ 

generated spontaneous epileptiform activity in Acute Hippocampal Slices from ' sensitise~' 

EL mice. The traces on the right side represent expanded views of the traces that are 

shown on the left side of the page. The scale bar shows 2 values for the x-axis; the upper 

one refers to the left trace, and the lower to the right trace. 

Figure 3.10 shows the traces taken from a typical experiment is this group. 

The tissue from the 'sensitised' EL mice shows no activity in the first trace, 

but when the magnesium is removed from the perfusion medium bursting 

activity results. 

When 1 ~M Nociceptin is added to the slice then the frequency of bursting 

reduces and this effect is reversed when the Nociceptin is washed off. 

The right hand traces show that over the course of the experiment the 

number of after discharges associated with the burst events increase~. 
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Fig 3.11 Graph showing the effect of 1IJM Nociceptin on EL mice ('sensitised') Acute 

Hippocampal Sfites pre-treated with OMg++ aCSF.· AITthe experimentalbaseliries are set-tp 

100% and all other treatments are expressed as compared to baseline. *=p<0.05 

**=p<0.01 (n=7). 
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Figure 3.11 confirms the results seen in the individual experiment displayed 

in fig 3.10. When 1IJM Nociceptin is washed on to the slices then a mean 

reduction in activity is seen, 63% as compared to baseline, and this effect is 

significant at p<O.01. In a similar result to that seen in the Bicuculline model 

the effect is not totally washed off when the Nociceptin is removed from the 

slice, 68% as compared to baseline. 

0.75 

-C 
til 0.50 tl 
:J: -
C'" 
(1) 

0.25 ~ 

u. 

0.00 

Fig 3.12 Graph showing the effect of 1IJM Nociceptin on EL mice ('sensitised') Acute 

Hippocampal Slices pre-treated with OMgH aCSF: AU-valUes are tlibse originally reco~, 

and there is no normalising to baseline. (n=7) . 

Figure 3.12 shows the same data displayed in fig 3.11 but does not 

normalise the data to the baseline. This shows that 1lJM'Nbciceptin caus'er 

a reduction in the bursting activity and that this effect is not washed off 

when the Nociceptin is removed from the slice. 

Table 3.4 shows the individual data for all seven experiments carried out on 

the 0 Mg++ model in 'sensitised' EL mice. 

This shows that the 1IJM Nociceptin causes a reduction in bursting activity 

in all the experiments carried out. However, the removal of the Nociceptin 

did not result in an increase in burst frequency and in fact half the 

experiments showed a further reduction in frequency following Nociceptl~ 
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removal. The baseline frequency induced in this series of experiments was 

0.429±O.228Hz. 

Exp.ID 02722 02723 02724 02725 02704 02614 02617 

Baseline 0.097 0.563 0.753 0.287 0.377 0.623 0.300 
100% 100% 100% 100% 100% 100% 100% 

1iJM Noc 0.043 0.303 0.430 0.270 0.060 0.513 0.270 
44.828% 53.846% 57.080% 94.186% 15.929% 82.353% 90% 

Wash-Off 0.060 0.283 0.327 0.313 0.223 0.460 0.243 
62.069% 50.296% 43.363% 109.302% 59.292% 73.797% 81.111% 

Table 3.4 Effect of 1IJM Nociceptin treatment on a Mg++ generated spontaneous 

epileptiform activity in Acute Hippocampal Slices from 'sensitised' EL mice. First values are 

Means (of frequency in Hertz); second value is the percentage as compared to the 

baseline value. 

3.4 Discussion. 

I have seen in this chapter that when the convulsant model, either

bicuculline or zero Mg++, is performed then convulsant activity results in 

both the slices from sensitised and non-sensitised mice. The frequency of 

the bursting activity seen is close to the same whether sensitised or non

sensitised tissue is used. This shows that even though the non-sensitised' 

animals do not undergo the conditioning treatment, they still show a similar 

frequency of bursting to that seen in the sensitised mice. 

It has been shown that in EL mice there is a disinhibition in the dentate 

gyrus (Dno et aI., 1997) and paired pulse facilitation in the CA3 area (Fuetijl 

et aI., 1998) of hippocampal slices, as compared to ddY wild-type mice. 

The results presented in this chapter demonstrate that Nociceptin has 

effects on the zero magnesium and Bicuculline models of epileptiform 

activity when carried out in hippocampal slices taken from EL mice. 

When the Nociceptin is administered to slices exposed to the 

Bicuculline bursting model there was a difference between the slices taken 

from 'sensitised' (fig 3.8) and 'non-sensitised' (fig 3.2) EL mice. In the slices 

prepared from 'sensitised' animals the Nociceptin was able to reduce the 

bursting by a significant amount when it was administered at a 
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concentration of 1 J..IM, whereas in the slices from 'non-sensitised' mice 

although there was a reduction in the bursting activity it was not by a 

significant amount. 

In the Zero Magnesium model, slices from both the 'sensitised' (fig 3.11) 

and the 'non-sensitised' (fig 3.5) mice showed a reduction in bursting 

activity following administration of 1 J..IM Nociceptin. However, the effect on 

the slices from 'sensitised' animals was more pronounced and this effect 

was significant to a greater level than for the slices from 'non-sensitised' 

animals. 

These results seem to indicate that the slices from 'sensitised' EL mice 

were more susceptible to the anti-convulsant action of Nociceptin than the 

'non-sensitised' EL mice. 

The results also show that the baseline frequency of bursting induced by 

both the Bicuculline and the Zero Mg++ model did not differ markedly 

between the slices from 'sensitised' and 'non-sensitised' animals. 

It is interesting to note that although these animals are more prone to 

seizures throughout their lives the baseline frequency induced by the 

epilepsy models does no markedly differ between the 'sensitised' and 'n0rlr 

sensitised' animals and despite this the Nociceptin still exhibits a tendency 

towards causing a greater reduction in bursting behaviour within the 

'sensitised' animals. 

One possibility for this effect could be that due to the seizures that th, 

'sensitised' mice have been exposed to over a number of months, 

Nociceptin may playa role as an endogenous anti-convulsant to mediate 

this condition. 

If this is so then the ORL-1 receptors may be up-regulated and so the tissu~ 

will have an increased susceptibility to the addition of exogenous 

Nociceptin. 

The slices taken from 'sensitised' animals will have been subjected to 

repeated seizures throughout their lives in a similar way to animals expose~ 

to the kindling model of epileptiform activity and the EL mice model may 

have similarities to the kindling model. 
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Chapter 4 

Nociceptin and Neuropeptide Y in Organotypic 
Hippocampal Slice Cultures 



4.1 Introduction. 

Slice cultures of brain slices provide a useful method for the in vitro 

investigation of physiological, pathological and pharmacological situation~. 

Since their initial introduction over 20 years ago (Gahwiler, 1981) they have 

gone on to become invaluable tools for the study of brain function. In the 

intervening years, modifications to the culturing techniques have been 

carried out that allow more reliable and robust cultures to be producect 

(Gahwiler et aL, 1997;Gahwiler, 1988). 

Cultures of hippocampal slices have been around for a large part of this 

time and provide a useful model for the investigation of conditions relevant 

to this structure. During the culture period hippocampal slices have been 

proven to show normal neuronal organisation (Beach et aL, 1982;Gahwiler, 

1984b;Gahwiler, 1984a;Frotscher and Gahwiler, 1988;Caeser and Aertsen, 

1991 ;Stoppini et aL, 1991 ;Bahr et aL, 1994;Kunkel et aL, 1994) and also 

demonstrate the formation of synaptic connections (Gahwiler, 1984a;BucFlf 

et aL, 1993;Muller et aL, 1993;Robain et aL, 1994;Debanne et aL, 

1995;Frotscher et aL, 1995). It has also been shown that in long term 

hippocampal slices, up to 4 weeks in culture, NMDA and AMPA receptors 

and also several synapse-related proteins are maintained at levels 

comparable to that seen in equivalent adult rats (Bahr et aL, 1995). 

Cultures prepared according to the interface method (Stoppini et aL, 

1991;Bahr, 1995) have also been shown to express normal synaptic 

waveforms and develop long term potentiation in an apparently identic,1 

manner to that seen in acute slice or in vivo preparations (Bahr et aL, 

1994;Muller et aL, 1993;Vanderklish et aL, 1995;Vanderklish et aL, 

1992;Stoppini et aL, 1991). 

The use of organotypic cultures to investigate various underlying brain 

functions, and potential treatments, is becoming increasing popular due to 

their ease of use and the ability to carry out non-invasive manipulation of 

the environment over a prolonged period of time (Sundstrom et aL, 

2005;Noraberg et aL, 2005). This would not be possible with acute slices a, 

you would need to manipulate the tissue in the in vivo situation in order to 

produce slices with different pre-conditioning treatments. This approach, 
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potentially, allows for a reduction in the amount of animals used and a 

refinement in the amount of in vivo work that needs to be performed. This r, 
in line with the general approach of the three R's (reduce, refine, replace). 

Hippocampal cultures have been used to a limited degree to examine 

electrochemical processes involved in epileptic behaviour (Chen et aI., 

2004;Lahtinen et aI., 2001 ;Pomper et aI., 2001 ;Bausch and McNamarC\., 

2000;Egert et aI., 1998;Stoppini et aI., 1997;McBain et aI., 1989;Routbort et 

aI., 1999), but they have only been used on a small number of occasions to 

elicit bursting behaviour caused by in vitro epilepsy models (Kovacs et aI., 

1999;Gutierrez et aI., 1999; Duport et aI., 1997; Bingmann et aI., 

1988;Fowler and Crain, 1984). I have been unable to find any published 

articles where organotypic hippocampal slices have been used to 

investigate the effects of exogenously applied neuropeptides on epilepsy 

models. 

The data presented in chapter 2 demonstrates that Nociceptin causes an 

anti-convulsant effect in acute slices. I wanted to investigate these effects 

further in organotypic cultures to see if this would provide a suitable model 

where it would be possible to carry out various pre-conditioning treatment, 

to further investigate the mechanisms of action of neuropeptides in 

convulsant activity. 

I used Neuropeptide Y in this series of experiments as a large amount of 

work has been carried out looking at the effects of this neuropeptide, on 

convulsant models, in acute slices (Klapstein and Colmers, 1997;el Bahh et 

aI., 2002;Smialowska et aI., 1996); and felt that it would provide a useful 

comparison between the organotypic and acute slice models. 

4.2 Materials and Methods 

4.2.1 Organotypic Hippocampal Slice Cultures 

Experiments presented in this chapter were carried out o{l 

Organotypic Hippocampal Slice Cultures (OHSC's) prepared according to 

(Stoppini et aI., 1991) and (Pringle et aI., 1997). These were prepared from 
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8-10 day-old wistar rat pups that were euthanisHd by decapitation in 

accordance with the Animal Scientific Procedures Act (1996). The brains 

were then removed and the two hippocampi were dissected out and placed 

on a Mcilwain tissue chopper and cut into 400l-lm sections. The sections 

were then put into Gey's balanced salt solution (Gibco Life Technologies, 

UK) supplemented with 4.5 mg/ml glucose, ready for plating. Slices wert? 

seperated out and placed onto Millicell CM Tissue culture inserts (four per 

well) and maintained at 37°C and 5% C02 for at least 14 days. Each well 

was placed in a 6 well plate which each had 1 ml of culture medum in. The 

medium consisted of 50% minimum essential medium with added Earle~ 

salts (MEM, ICN Biochemicals,UK), 25% heat -inactivated horse serum 

and 25% Hank's balanced salt solution (HBSS) supplemented with 1 mM 

glutamine and 4.5 mg/ml glucose. The medium was changed every 3-4 

days. 

4.2.2 Multi-Electrode Array (MEA). 

Electrophysiology experiments within this chapter were carried out 

on a multi electrode array. This consisted of 64 electrodes etched onto the 

base of a well, in an 8x8 arrangement. This allows the multiple recording~ 

to be observed and recorded simultaneously. It also allows the stimulation 

of the tissue without having to move electrodes around the slice, therefore 

reducing any trauma that the slice may suffer. 

-The.Multi-channe'l system used-was -supplied -by; MEO sy.stems 

(www.med64.com).TheElectrophysiologyrig.(seeFig4.1)consistedof.Gl 

microscope with the MEAmounted on-its stage. This is-then attached to -a 

64-channellntegrated Amplifier that is in turn -attached to -a computer. The 

MEA is perfused with Normal aCSF, or aCSF and Drug, by means of a 

perfusion pwnp. The perfusion medium passes through an inline heater that 

maintains the bath temperature at around 36-37°C. 
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Perfusion Pump. 

Stock Solution 

.. Temperature . 
COhtroller 

64-channel 
. ·Integrated 
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. Microscope 
holdiog MEA 

Computer + 
·· Display 

Fig 4.1· Photographs of MEA rig set-up. Top photograph shows the microscope thatholtls 

the well containing the 64 electodes, and the attached perfusion system. Bottom 

photograph show the Integrated Amplifier and attached Computer, also shows t~ 

temperature controller used to regulate the bath temperature. 

Experiments where performed by mounting an OHSC onto the MEA and 

then performing stimulus response or spontaneous bursting experiments. 

The Stimulus response experiments where performed by applying a 100mA 

stimulus to an electrode in the Schaffer Collateral area of the slice and then 

recording the resultant stimulus from the CA 1 area. Figure 4.2 shows the 

arrangement of the 64 electrodes in relation to the culture. 
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Fig 42 Photograph of the MEA with an OHSC placed on to the· electrodes. 

4.2.3 MEA Analysis 

The experiments carried out on the MEA were analysed using th~ 

Performer software and measuring the amplitude (for population spikes) or 

frequency of the elicited responses. Further details of this analysis is 

contained in the relevant results chapters. The data was then subject to the 

same statistical tests used in chapters 2 and 3. That is One-Way ANOVA 

followed by Dunnett's post-hoc test. 

4.2.4 Western Blotting 

In order to investigate the presence of receptor protein in the slices it 

was decided to carry out Western Blotting. Firstly the protein was isolated 

from a number of sample slices and then gels were run to look for the 

presence of receptor protein. 

4.2.4.1 Protein purification 

Hippocampal slices from 8 day-old rat pups, 60 day old rats, and 

Organotypic Hippocampal Slice Cultures incubated for 2 weeks, were each 

dissolved in lysis buffer. Approximately 9 slices/cultures were dissolved in 

8001-11 of lysis buffer with protease inhibitors (see Appendix 1 for details), 

and were put in a glass mortar/pestle to aid breakdown of cell membranes. 

Following this process the samples were left for 30 minutes to lyse and then 
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they were centrifuged to remove any solid debris. The supernatant was 

frozen and kept for protein assay. 

In order to determine the level of protein in the samples a Bio-rad 

Protein Assay was used. This involved diluting the samples along a 

concentration gradient in order to determine the protein concentrations in 

the samples. Following this the samples were diluted with lysis buffer to 

give a concentration of 1 mg of protein for each 1 ml. These samples were 

then frozen and stored pending the running of the gel. 

4.2.4.2 SOS-PAGE Gel and Western Blotting 

An SOS-PAGE gel was run with the three protein samples under 

investigation, and a rainbow ladder to determine the molecular weight of the 

resulting bands. 

The gels were run using the A no apparatus. The gels were made 

by layering a 4% acrylamide stacking gel on top of a 12.5% acrylamide 

separating gel, between two glass plates that were in a sandwich 

configuration. The glass sandwich is initially held together with clamps and 

a rubber gasket runs around three sides of the plates. 15ml of 12.5% 

acrylamide solution (see Appendix 1) was added to a beaker and to thi~ 

was added 1 OOJ..lI of a 10% ammonium persulphate solution and 10J..lI of 

TEMEO. This solution was then mixed thoroughly and poured into the glass 

sandwich prepared earlier. Isobutanol was poured on top and the gel was 

allowed to set at room temperature, approximately 30mins. When the gel 

had set the isobutanol was removed and the gel surface washed with water. 

Next 10ml of 4% acrylamide solution was made up in the same way as the 

12.5% solution i.e. 10J..lI ofTEMEO and 100J..lI of 10% ammonium 

persulphate was added to the solution. This was then mixed and a small 

amount of it is used to wash the surface of the separating gel, 2-3ml was 

then poured on top of the 12.5% gel to fill it. A comb that forms 12 wells 

was then placed into the top of the gel. Once the gel had set (approximately 

1 Omins) the comb, clamps and gasket was removed and the gel was then 

loaded into the electrophoresis tank. The lower and upper reservoirs of the 

tank are then filled with 1x electrode buffer (diluted with water, see 

appendix 1). 
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The samples were then loaded into the wells and the gel connected up to 

the power pack. The power pack was then set to maximum voltage and 

20mA constant current and switched on at maximum power for 90 mins. 

After electrophoresis the apparatus was disassembled and the gel put into 

blotting buffer (see appendix 1) to await western blotting. 

The proteins were transferred to nitrocellulose membrane blottin~ 

paper using a BioRad semi-dry blotter. Once the proteins had been 

transferred to the blotting paper then immunoassays could be performed to 

determine the presence of any receptor. 

The blots where left overnight in 10 antibody to either the OP4, Y1, 

Y2 or Y5 receptors in a TBS blocking solution containing Tween-20. 

Following this the relevant secondary was then added and left for 2 hours to 

allow binding to occur. The blots were then exposed on photographic film to 

visualise the protein bands. 

4.2.5 Toxicity of aCSF solutions on cultures 

I carried out some further experiments in order to investigate whether 

the aCSF and drug solutions used for the Electrophysiology experiments 

were causing CA 1 neurotoxicity, within the cultures. I exposed 2 week old 

cultures to either 10IJM Bicuculline aCSF, 100IJM 4-AP aCSF or normal 

aCSF. 2 wells (8 cultures) were incubated for 2 hours with each of the three 

different solutions. 1 ml of the solution under investigation, along with 51J1 ofi 

the fluorescent exclusion dye propidium iodide (PI) (Vitale et aI., 1993), was 

added to each well. The cultures were then photographed under 

transmission microscopy to have a record of the CA 1 layer. The cultures 

were then returned to the incubator for a 2 hour incubation period. After tw9 

hours the aCSF solution was removed from each well and replaced with a 

serum free medium (SFM, 75% MEM, 25% HBSS supplemented with 1 mM 

glutamine and 4.5 mg/ml glucose) containing 5IJg/ml PI. The cultures were 

then returned to the incubator overnight. At t=24 hours the cultures were 

removed from the incubator and PI fluorescence images of all the cultures 

were made. 
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In order to calculate the amount of CA1 damage in the cultures the images 

were analysed using OpenLab 2.1 (Improvision, UK). This allowed the are~ 

of the CA 1 layer to be calculated from the transmission images taken at t=O. 

This could then be overlaid on the PI fluorescence images taken at t=24 

hours and from this a percentage damage figure could be calculated. The 

amount of damage, across all the cultures for a particular treatment, was 

then averaged and t-test statistics were then carried out to see if there was 

any change in damage with the varying treatment groups. 

4.3 NOGiGe~tir:l effeGts-on Sy.naptic Transmission 

Population 
Spike 

O.5mV L 
~ ............... ~ ............. - 4.m 

s 

Fig 4.3 IIlustrafion of how the population spike was calculated-in the MEA setu~ . 

4.3.1 Single Pulse 

The first experiments I carried out were to look at the effect of 1IJM 

Nociceptin on the synaptic transmission of an evoked population spike. The 

experiment was run so that a stimulus was given every 30 seconds and th~ 

resultant spike was recorded. The amplitude of the population spike was 

then measured during the analysis. After 30 minutes baseline, Nociceptin 

was added to the perfusion medium and left on for a further 30 minutes 

before being removed from the system. Figure 4.4 shows the effect of the 

Nociceptin on these population spikes. The data is analysed by comparing 

the last population spike, in the 30 minute treatment window, with relation to 

that observed at the same time during the baseline treatment (as a 
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percentage) and then average the values gained from all 5 experiments 

carried out. 

150 
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o 

Fig 4.4 Graph showing the effect of 1IJM Nociceptin on the Baseline Physiology of OHSC's. 

All the experimentarbaseliiles are set to 100% and all other treatments are expressed"~ 

compared to baseline. (n=5). 
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o 

Fig 4.5 Graph showing the effect of 1IJM Nociceptin on the Baseline Physiology of OHSC's. 

All values are those originally recorded , and there is no normalising to baseline. (n=5) . 
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Figure 4.4 shows no effect when 1IJM Nociceptin is washed onto the slice, 

and the wash-off causes little change in the amplitude of the observed 

population spike. 

Figure 4.5 shows the same data as that seen in fig 4.4 but gives the original 

values recorded for the amplitude of the population spike. This shows that 

in the baseline an average response of 1. 725mV is observed and this 

response varies little with the different treatments carried out. An average of 

1.705mV for the Nociceptin group and 1.458mV for the wash off group was 

observed. 

Exp-. I-O A ~ 9. 12 £ 

Baseline 2.165 2.084 0.994 2.191 1.193 
100% 100% 100% 100% 100% 

1IJM Noc 2.257 1.755 0.941 2.210 1.360 
104.257% 84.189% 94.659% 100.890% 114.019% 

Wash-Off 2.188 1.163 0.836 1.764 1.342 
1 01-.074910- 55,8-1.4% 84.058% 80.523% 1-12.539% 

Table 4.1 Effect of 1IJM Nociceptin treatment on the Population Spike Amplitude in 

OHSC's~ ~i'st- v:albJes- are Means-(Qffret:juency in Kertz}; second·varue IS the percentage-,s 

A.3.2 .. Paired Pulse 

compared to the baseline value. . 

2nd Population 
Spike 

.o.smv ·· L 
4ms 

Figure 4.6 Illustration of how the two population spikes were measured in the paired pulse 

experiments. The second· PS·is calculated as a percenfage onhe first PS· .. 
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The next experiment I looked at was the effect of 1IJM Nocicpetin on paired 

pulse experiments. These experiments were carried out in a similar way t9 

those of the single pulse experiments except that instead of a single pulse 

two pulses, of the same amplitude, at an inter pulse interval of 20msecs 

was applied. 20msecs interval was used to ascertain the level of inhibitory 

action present within the slice, and any effects that the Nociceptin may havf 

on this. The interval of 20msecs was chosen as it is one which is fairly 

robust at achieving paired pulse inhibition. 

The data was then calculated as the amplitude of the second population 

spike as a percentage of the amplitude of the first population spike. 

Therefore a value of less than 100% would indicate that paired pulse 

inhibition is occurring. 

150 

o 

Fig 4.7 Graph showing the effect of 1 \.1M Nociceptin on the Paired Pulse Baseline 

Physiology of OHSC's. The data is the percentage of the second population spike divided 

by that of the first . (n=5). 

Figure 4.7 shows the result of 1IJM Nociceptin on the paired pulse. Thi~ 

shows that there is no effect of the Nociceptin over the course of the 

experiment. 
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. Exp . .ID.. A ... ~ . . ~ Q £. ... 

Baseline 64.586% 101 .792% 35.212% 98.432% 85.568% 

1\JM Noc 73.094% 111 .140% 36.954% 104.991 % 90.756% 

Wash-Off·· 63:946%' , rn.523"I0·· . . 70:783% n 9:361 % 83:549%' 

Table 4.2 Effect of 1 \JM Nociceptin treatment on the population spike amplitude of paired 

pulse experiments in OHSC's, Values are in percent. 

4.4 Neuropeptide Y effects on Synaptic Transmission 

4.4.1 Single Pulse 

I next looked at the effect of 1jJM Neuropeptide Y in the single pulse 

experiments. The experiments and data analysis were carried out in the 

same manner as for the Nociceptin experiments. 

Figures 4.8 and 4.9 show that NPY caused no significant changes in the 

population spikes observed throughout the experiment. 
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Fig 4.8 Graph showing the effect of 1 \JM Neuropeptide Y on the Baseline Physiology of 

OHSC's. AlI'the experimental baselines are set to HJU% andafl'other treatments a~ 

expressed as compared to baseline. (n=5). 
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Fig 4.9 Graph showing the effect of 1IJM Neuropeptide Y on the Baseline Physiology of 

OHSC's. All values are those originally recorded, and there is no normalising to baseline. 

(n=5). 

Table 4.3 shows the individual results for this experiment. There is a 

decrease in some of the data points when NPY is administered to the slice 

but the wash-off shows that the population spike continues to decrease 

even after the removal of the NPY. 

Exp.ID A §. c Q g 

Baseline 2.045 0.695 1.241 2.526 0.855 
100% 100% 100% 100% 100% 

.. 
1IJM NPY 1.960 0.486 1.331 2.618 0.723 

95.822% 69.954% 107.290% 103.678% 84.581 % 

Wash-Off 1.504 0.558 1.353 2.377 0.654 
73.531% 80.312% 109.015% 94.104% 76.512% 

Table 4:3' Effectof1pM" Neuropeptide Y treatment on the Population Spike Amptitucte·if\, 

OHSC's. First values are Means (of frequency in Hertz); second value is the percentage ar 

compared to the baseline value. 
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4.4.2 Paired Pulse 

The paired pulse experiments for 1IJM Neuropeptide Y were carrie~ 

out in the same way as those for Nociceptin. 

Figure 4.10 shows that no changes were seen, in the paired pulse 

response, following the addition of 1IJM NPY to the perfusion system. 
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Fig 4.10 Graph showing the effect of 1 iJM Neuropeptide Y on the Paired Pulse Baseline 

Pliysiolbgy ofOflSC's: The data is the percentage anne secondpopuration spiKe diV~d 

by that of the first (n=5). 

Exp.ID A !! c Q g 
.. .. 

Baseline 85.923% 81 .536% 55.466% 19.175% 84.169% 

1iJM NPY 106.768% 49.559% 77.163% 21 .761% 153.315% 

Wash-Off 117.514% 51 .900% 76.740% 20.135% 41 .079% .. 

Table 4.4 Effect of 1 iJM Neuropeptide Y treatment on the population spike amplitude of 

paired pulse experiments in OHSC's. Values are in percent. 

The data presented above is at odds with that seen in the acute slices 

where both NPY and also Nociceptin have been shown to cause a 
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reduction in synaptic transmission (Colmers et aI. , 1985;lkeda et aI. , 1997). 

Following these results I wanted to check whether or not the Nociceptin anr 

NPY receptors were present in the cultures. I therefore carried out a 

western blot experiment to look for the OP4, Y1, Y2 and Y5 receptors. 

4.5 Western Blots 

The results of the western blot experiments are presented in figure 

4.11 . The blots show that the receptors appear to be present in all the 

tissue-examined. OP4, 'it, Y2 and to a lesser extent Y5 show bands in the 

40KDa range which is where I would expect the receptors to be found. 

8-DO OHSC 60-DO 8-DO OHSC 8-DO OHSC 60-DO 8-DO OI'lSC 60-DO 

OP4 . 'Yi Y2 Y5 

Fig 4.11 Western Blots of OP4, Y1, Y2 and Y5 receptors in 8-Day Old Rats (8-00), 

Organotypic Hippocampal Slice Cultures (OHSC's) and 60-Day Old Rats (60-00). Arrows 

indicate the receptor in question. 

This confirms that the receptors are present in the cultures and therefore 

Nociceptin and Neuropeptide Y would be expected to perform in a similar 

way to that seen in acute slices. 

4.6 Bicuculline Model 

I first wanted to investigate the robustness of the Bicuculline induced 

bursting. In order to achieve this I carried out a change of medium, but the 

medium was swapped for an identical mixture of aCSF. This would allow 

me to find out whether there is a stable baseline throughout the experiment 

or if the convulsant activity varies during the duration of the investigation. 
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4.6.1 Control 

The data presented in this series of experiments is the averag~ 

frequency during a 5 minute period at the end of the treatment. Following a 

30 minute baseline the medium is changed for an identical stock solution of 

aCSF for a further 30 minutes, and then the original aCSF is replaced for 

another 30minutes. The frequency during the five minute windows is 

worked out as a percentage of baseline and then averaged for all the 

experiments carried out. 
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Fig 4.12 Graph showing the effect of Control medium change on OHSC's pre-treated with 

10IJM Bicuculline. All the experimental baselines are set to 100% and all other treatments 

are expressed as compared to baseline. (n=4) . 

Figure 4.12 shows that throughout the experiment there is no decrease in 

the frequency observed. This confirms that the baseline remains stable for 

the duration of the period under investigation. 

90 



-c en 
tl 
::I: -
C'" 
~ . 

~ 

11. 

0.10 

0.05 

0.00 
~ 

~o 
o~ · 

CJ 

Fig 4.13 Graph showing the effect of Control medium change on OHSC's pre-treated with 

10tJM Bicuculline. All values are those originally recorded, and there is no normalising to 

baseline. (n=4) . 

Figure 4.13 shows the same data as that presented in figure 4.12 but is not 

normalised to baseline, and so contains the original values recorded. 

The preceding two graphs show that when subject to control conditions the 

frequency stays fairly consistent throughout the time period under 

observation, in this case approximately 90 minutes. This means that I can 

say that any responses seen with the drug will be effects and should not be 

down to any background variation. 

Exp.ID A !! ~ Q 

Baseline 0.040 0.047 0.047 0.100 
100% 100% 100% 100% 

.. 

Control 0.067 0.060 0.053 0.093 
166.667% 128.571% 114.286% 93.333% 

Wash-Off 0.047 0.040 0.033 0.093 
116.667% 85.714% 71.429% 93.333% 

Table 4.5 Effect of Control treatment on 10tJM Bicuculline generated spontaneous 

epileptiform activity in OHSC's. First values are Means (of frequency in Hertz); second 

value is the percentage as compared to the baseline value. 
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4.6.2 Nociceptin 

I now looked at the effect of 1IJM Nociceptin on the Bicuculline 

model. Figure 4.14 shows the effect of Nociceptin in the Bicuculline model. 

Although there is no significant effect of the Nociceptin by the statistical 

tests mentioned previously, it seems apparent that Nociceptin is causing a 

decrease in the bursting frequency. I ran the data for the Baseline and 1IJM 

Nociceptin treatments through a further non-parametric test, in this case th~ 

t-test, and it showed a significant effect between the two groups. This would 

seem to show that there is a significant effect of the Nociceptin on this 

model in the culture system. 
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Fig 4.14 Graph showing the effect of 1IJM Nociceptin on OHSC's pre-treated with 10IJM 

Bicuclilline. AII 'the experiinental 'baselines are set to 'fOUUTo ancl alf other treatments are 

expressed as compared to baseline, (n=6). *=p<0.05 

Figure 4.15 shows the same data as previously shown in figure 4.14 but is 

not normalised-to baseline. The data presented'here is therefore the 

original values recorded for the frequency of the tissue in these 

experiments. 
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Fig 4.15 Graph showing the effect of 1IJM Nocicpetin on OHSC's pre-treated with 1DIJM 

Bicuculline. All values are those originally recorded , and there is no normalising to 

baseline. (n=6). 

, 
Exp.ID A B C Q g E 

Baseline 0.047 0.027 0.033 0.047 0.040 0.027 
100% 100% 100% 100% 100% 100% 

111M 'Nae ... 0.033 · 0:007· 0:020 · 0.02-7 O:02G- O,02Q. 
71.429% 25% 60% 57.143% 50% 75% 

I 

Wash-Off 0.040 0.027 0.080 0.027 0.033 0.033 
85.714% 100% 240% 57.143% 83.333% 125% 

Table 4 .6 Effect of 1IJM Nociceptin treatment on 1DIJM Bicuculline generated spontaneous 

epileptiform activity iii ORSC's: First"values are Means (offrequency in Hertz); seco~ 

value is the percentage as compared to the baseline value. 

4.6.3 Neuropeptide Y Results 

I then went on to investigate the effects of 1IJM Neuropeptide Y on 

the Bicuculline model. The data presented in Figure 4.16 was analysed in 

the same way as that presented in figure 4.14. Similarly to the data seen for 

the Nociceptin experiments, it appears that the Neuropeptide Y may cause 

a reduction in the bursting activity seen in the Bicuculline model, but that 

this effect is not significant by the statistical tests outlined in the materials 
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and methods section. I again decided to do a t-test on the data sets for the 

Baseline and NPY to see if there was any statistical effect. This showed 

that these two treatments are significantly different when this statistical test 

is used. 
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Fig 4.16 Graph showing the effect of 1IJM Neuropeptide Y on OHSC's pre-treated with 

1 O~M -Bicuculliiie. Alrtne experiinentar b-aseliiies are set to rOO%" and' arr other treatme~15 

are expressed as compared to baseline_ (n=6), 

Figure 4.17 shows the same data seen in figure 4.16 but does not 

normalise the data to baseline and"therefore shows the original values ~f 

the data recorded for this experiment. 
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Fig 4.17 Graph showing the effect of 1IJM Neuropeptide Y on OHSC's pre-treated with 

10IJM Bicuculline. All values are those originally recorded , and there is no normalising to 

baseline. (n=6) . 

Exp.ID A !! ~ Q E E 

Baseline 0.033 0.033 0.033 0.033 0.033 0.007 
100% 100% 100% 100% 100% 100% 

. 1pM'NPY- .' 0:027 ·· 0:03-3 · 0.007 ·· . .. (}:O27·· .. 0.020· · (}:OO7. . 
80% 100% 20% 80% 60% 100% 

I 

Wash-Off 0.027 0.027 0.007 0.033 0.027 0.020 
80% 80% 20% 100% 80% 300% 

Table 4.7 Effect of 1IJM Neuropeptide Y treatment on 10IJM Bicucull ine generated 

spontaneous epileptiform activity ih OHSC's. First values are M"eans (of frequency..i,n 

Hertz); second value is the percentage as compared to the baseline value. 

4.7 4-AP Model 

4.7.1 Control 

I carried out a control experiment to see the effects of time on the 

frequency recorded from the 4-Aminopyridine model of convulsant activity. 

Figure 4.18 shows that the level of bursting activity decreases throughout 

the experiment. The slices in this series of experiments were very difficult to 
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keep alive and only a few of those carried out actually survived for the full 

90 minutes of the experiment. Although the data is not shown I carried out ~ 

large number of experiments where after 4-AP administration the culture 

initial caused bursting activity, but then the bursting activity dropped off after 

about 15-20 minutes even though there was no change in the experimental 

parameters. 
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Fig 4.18 Graph showing the effect of Control medium change on OHSC's pre-treated with 

100iJM· 4-Ainmopyrfdihe. All "the experimental baselines are set to 1"00% and· air other 

treatments are expressed as compared to baseline. (n=4). 

Figure 4.19 shows the same data presented in figure 4.18 but does not 

normatise-the- data-to-the· basetrne -value: . 
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Fig 4.19 Graph showing the effect of Control medium change on OHSC's pre-treated with 

100IJM 4-Aminopyridine. All values are those originally recorded , and there is no 

normalising to baseline. (n=4). 

Exp.ID A ~ ~ Q 

Baseline 0.787 0.847 0.933 0.980 
100% 100% 100% 100% 

.. 
Control o:aaT .. 1.oao - .. 

f. OOT · 
., 

0'.317' 
112.712% 127.559% 107.857% 33.333% 

Wash--()ff 0.57-3 0.847 0.660 0.113 
72.881 % 100% 70.714% 11.565% 

Table-4:8 Effectot-80ntrol-treatmenl on·1 eOIJM 4~Aminopyridtne 'generated- sponta~s 

epileptiform activity in OHSC's. First values are Means (of frequency in Hertz); second 

value is the percentage as compared to the baseline value. 

4.7.2 Nociceptin 

Figure 4.20 shows the data obtained for 11-1M Nociceptin treatment of 

1 OOI-iM 4-aminopyridine induced bursting experiments. It was only possible 

to carry out 3 experiments for this treatment, as it was very difficult to get 

the experiment to last for the full 90 minutes. The culture tended to die 

much before this point. 
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Fig 4.20 Graph showing the effect of 1IJM Nociceptin on OHSC's pre-treated with 1 OOIJM 4-

Aminopyridine. All the experimental baselines are set to 100% and all other treatments are 

expressed as compared to baseline. (n=3). 

Figure 4.21 shows the same data as that presented in figure 4.20 but does 

not normalise to baseline. 
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Fig 4.21 Graph showing the effect of 1IJM Nociceptin on OHSC's pre-treated with 1 OOIJM 4-

Aminopyridine. All values are those originally recorded, and there is no normalising to 

baseline. (n=3). 
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Table 4.9 shows the individual data points for this group of experiments. It 

shows that individually the frequencies decrease slightly when Noc is 

washed on, but the frequency also continues to decrease following removal 

of Noc. 

Exp_lD A ~ C 

Baseline 1.753 1.280 1.260 
100% 100% 100% 

1~M Noc 1.713 1.167 1.067 
97.719% 91.146% 84.656% 

Wash-Off· 1..753. 0.8a7 Q.633.. 
100% 69.271% 50.265% 

Table 4.9 Effect of 1~M Nociceptin treatment on 100~M 4-Aminopyridine generated 

spontaneous epileptiform activity in OHSC's. First values are Means (of frequency in 

Hertz); second value is the percentage as compared to the baseline value. 

4.7.3 Neurotoxicity in Cultures 

Following on from the studies previously carried out with 4-AP I 

decided to look at the neurotoxicity of 4-AP and Bicuculline in the cultures 

over a two hour incubation period. 
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Figure 4.22 Graph illustrated the percentage of CA 1 cell damage seen following 2 hour 

incubation with either Control, 1 OO~M 4-AP or 1 O~M Bic aCSF. * *=p<0.01 vs control. 
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Figure 4.22 shows that following 2 hours treatment, with the concentration 

of drug administered in the convulsant models, that the Control and 

Bicuculline treated cultures show a small amount of CA 1 damage. However 

during this same time scale the 4-AP treatment results in a significantly 

larger amount of CA 1 damage. This would seem to indicate that 100IJM 4-

AP was causing neurotoxicity in the cultures at a higher rate than that seer 

with 10IJM Bicuculline or Control. 

Figure 4.23 illustrates this damage for typical cultures for each treament. 

Control- 4-Aminopyridine- Bicuculline· 

Figure 4.23 Pictures of the results seen following treatment with Control (A+B), 1 OOIJM 4, 

AP (C+D) or 10IJM Bicuculline (E+F) aCSF. A, C and E show transmission images taken at 

t=O. B, D and F show images taken at t=24 hours when PI binds to the DNA of dead cells 

and fluoresces. n= 8 cultures (Control & Bic), 7 (4-AP) 

The 4-AP picture (0) in figure 4.23 shows a noticeably larger amount of PI 

staining in the culture as a whole, and in particular in the CA 1 area, than is 

seen with control (B) or Bicuculline (F) treatment. One of the 4-AP treated 

cultures was discarded because it was noticed that there was no CA1 lay~r 

present. 
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4.8 Discussion 

Whereas both Neuropeptide Y and Nociceptin have been shown t\? 

inhibit synaptic transmission in acute slices (Colmers et aL, 1987;Greber et 

aL, 1994;Patrylo et aL, 1999;Yu et aL, 1997), this was not the case, seen 

here, in the organotypic hippocampal slice cultures. Although there are 

limited publications on the effect on synaptic transmission of Nociceptin anf 

NPY in cultures, there is evidence that Nociceptin does not have an effect 

on the calcium efflux or glutamate-evoked currents in primary cultures of rat 

cortical neurons (Bianchi et aL, 2004). This would back up the results I saw 

where NPY and Nociceptin did not have any effect on the synaptic 

transmission within the cultures. I have shown that the OP4, Y1, Y2, and Y5 

receptors are present in the cultures, as they also are in the 8 day old and 

60 day old rats. Therefore it raises the question that if the receptors are 

present then why is there no effect of the neuropeptides on synaptic 

transmission. A possible reason is that the receptors are not located on the 

pre-synaptic terminal, which is where they would be required in order to see 

an effect on the glutamatergic transmission. Another possibility is that the 

receptors are not properly coupled to their second messenger systems an~ 

so cannot exert an effect. I was unfortunately not able to carry out 

localisation experiments, to show where in the slices the receptors were, 

due to a lack of time and the incompatibility of the antibodies for performing 

immunoh istochem istry. 

The Nociceptin showed an inhibitory effect on the frequency of Bicuculline 

induced bursting activity, even though it did not inhibit synaptic 

transmission. 

It would therefore appear that the anti-convulsant activity of Nociceptin il\'l 

cultures acts independently of the ability to reduce synaptic transmission. 

Going back to the discussion in chapter 2, where I suggested that 

Nociceptin might be exerting its anti-convulsant action via a modulatory 

effect on the Ih potassium current. This would follow in this case as it ha, 

been shown that the current is present in dissociated rat hippocampal 

neurons (Simeone et aL, 2005). It would seem sensible to conclude that 

although OP4 receptors may not be functional on the pre-synaptic terminal 

they are present on the post-synaptic membrane where they are coupled ~ 
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the G/Go second messenger G-protein pathway and bring about a 

reduction in bursting activity by reducing the rate of membrane 

repolarisation, thereby 

prolonging the period between which busts could occur. 

As NPY did not cause a reduction in bursting activity it may be the case that 

the anticonvulsant activities of NPY may be tied in to its ability to reduce 

synaptic transmission. Since the reduction of synaptic transmission by NPY 

in the cultures is not possible, then this would account for the inability to see 

an anti-convulsant effect in these experiments. Although the NPY did not 

cause any effects I do not believe this is due to any lack of potency of thf 

peptide as the same batch was used by another member of the same 

division where it caused the expected effects (Howell et aI., 2005). 

The 4-AP model failed to produce a reliable baseline for experiments. It 

appeared that the 4-AP was causing the cultures to die during the 

experiment. From the toxicity studies it would appear that 4-AP is causing 

the CA 1 area of the culture to die. Although I am not aware of any evidence 

that directly supports this there is contributing evidence (Kovacs et aI., 

1999a) that the OMg++ epileptiform model can result in cell death in 

OHSC's. 
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Chapter 5 

Neuropeptide Y in Acute Slices 



5.1 Introduction. 

Neuropeptide Y has been shown to regulate excitatory synaptic 

transmission and hyperexcitability in the hippocampus (Baraban et aI., 

1997). Studies have shown that NPY inhibits glutamate release in rat 

hippocampal slices (Colmers et aI., 1988;Klapstein and Colmers, 1993). 

This effect is most likely due to presynaptic actions on Y 2 receptors and 

appears to be selective, as NPY does not show an effect on inhibition in th~ 

hippocampus (Klapstein and Colmers, 1993). 

NPY is a 36 amino acid peptide, which is one of the most abundant 

neuropeptides in the mammalian CNS. It has been linked to a large variety 

of physiological processes including feeding, memory, anxiety, circadian 

rhythms and blood pressure. NPY expressed in the CNS is most often co

localised within neurons along with classical neurotransmitters (most often 

noradrenaline (NA». However it is not present in all NA containing vesicles 

within the presynaptic terminal. It is usually found in the vesicles that are 

released during high frequency stimulation of the nerve terminal. 

NPY is constitutively expressed, in the hippocampus, in GABA 

interneurons. 

NPY receptors, Y1, Y2, Y4, Ys & y6 have been described (Wan and 

Benjamin 1995). All these receptors are G-protein coupled receptors. Y1, 

Y2 and Y5 receptor protein is found in the Stratum oriens, radiatum and 

pyramidale (Red robe et aI., 1999). Receptor protein is also found in the 

molecular layer, the highest concentrations of which are Y1, then Y5 

followed by Y2; no Y4 receptor protein was found. A presynaptic Y2 

receptor has been identified in the CA 1 region (Weiser et aI., 2000). 

It has been shown previously (Whittaker et aI., 1999) that in vivo NPY can 

attenuate the generation of long term potentiation. Lots of studies have 

investigated which receptor subtype, or combination of subtypes, may be 

responsible for its anti-convulsant activity. Recently it has been suggested 

that Y2 alone is the most likely candidate (el Bahh et aI., 2005). 

It is interesting to note that the overwhelming amount of published dati\! 

shows that NPY inhibits synaptic transmission and convulsant activity in 

acute hippocampal slices. As this was not what I saw in the organotypic 
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cultures I will show in this chapter the results when I investigated the effects 

of NPY on synaptic transmission and a convulsant model in acute 

hippocampal slices. 

5.2 Materials and methods. 

The preparation of acute hippocampal slices and the electrophysiology 

experiments presented in this chapter were largely carried out in the same 

way to those presented in chapter 2, and therefore most of the information 

regarding the methods can be found in that chapter. 

In order to investigate the effects, of the neuropeptide, on the baseline 

physiology of the slices, responses were evoked. This was achieved by 

using a bipolar wire-wound stimulating electrode placed in the Schaffer 

collateral/commissural pathway, and recordings were taken from the CA 1 

area of the hippocampus (see Figure 5.1). Data was collected using a 

Labmaster TL-1 interface (Scientific Solutions, U.S.A.) linked to a computer 

running the L TP program (Anderson and Collingridge, 2001). Stimuli were 

generated by a constant voltage isolated stimulator (DS2A, Digitimer, UK). 

Stimuli were delivered at intervals of 30 seconds to prevent the 

development of long-term potentiation or depression (Stevens and Sullivan, 

1998). 

Stimulating . 
. Electrode 

Recording 
Electrode 

·Figure 5.1 Diagram of Electrode Placement, SC Schaffercollaterat/commissuralpathway, 

DG Dentate Gyrus, CA 1 Cornu ammon is area 1, CA3 Cornu ammonis area 3. 
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Figure 5.2 Diagram of Typical Population Spike. Shows the stimulus artefact, EPSP an~ 

Population Spike. I 

The population spike arises as a result of the stimulation of a group of 

neuronal cells, which results in axonal firing (see figure 5.2). The EPSP i ~ 

the sum of the effects of the dendrites, and the Population Spike is the sum 

of the axonal discharges. The population spike is measured as indicated in 

figure 5.2. 

When two stimuli (paired pulse) are given in quick succession then 

feedback inhibition can result. This leads to a reduction in the size of thf 

second population spike when compared with the first. This effect is 

mediated by GABAergic interneurons in the hippocampus. This effect is 

described as paired pulse inhibition and is seen when the Inter Pulse 

interval of the stimuli is around 15-20ms. 

Three different types of stimulation protocol were used: -

a) Stimulation/Response (S/R) Curves - The stimulation voltage was 

increased in increments of 2V, starting at OV. The stimulation waf 

stopped when the maximal response had been reached, and this 

level designated VMAX. This was repeated for Baseline, Treatment, 

and Baseline (Wash-Off). 
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b) Paired pulse at fixed voltage - 2 pulses were given every 30 

seconds with the stimulator voltage set to cause maximal response, 

as obtained from SIR curve. The second pulse was given at varying 

Inter-Pulse Intervals (IPls) after the first pulse. The IPl's used were 

10, 15, 20, 25, 50, 100, 500, 1000 and 2000 ms. 

c) Paired pulses at fixed interval - 2 pulses were given at 20 ms IPI. In 

these experiments two stimulating boxes were used, and linked to 

the same stimulating electrode. The second pulse voltage was fixed 

at half the value that caused the maximal response. The first pulse 

was increased from OV to maximal response voltage in increments of 

2V. 

The stimulation protocols a-c where used in the same experiments. 

Following the SIR curve protocol, the paired pulse at fixed voltage protocol 

was repeated three times before the paired pulses at fixed interval protocol 

was applied. Once all these protocols had been completed in the presence 

of normal aCSF the recording system was perfused with qCSF containing 

varying concentrations of NPY. The protocols a-c were then repeated after 

a wash-on period of 30 minutes. The peptide was then washed out of the 

slice, and the protocols were repeated again after another period of 30 

minutes. 

The data was analysed to find a value for each population spike (as in 

Figure 5.2) in mY. This data was then used to produce the graphs that 

follow. The experiments were then statistically analysed by carrying out 

analysis of variance, as compared to control, on the results. If a group of 

results showed significance then a Dunnett's post-hoc test was performed 

on the data. 
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5.3 Results 

5.3.1 NPY effects on SIR curves 

The following graphs show the effects of increasing concentrations of NPY 

on the synaptic transmission of the hippocampal slice. 
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Figure 5.3 A-D Mean SIR curves showing the effect of A Control (n=3), B 100nM NPY 

(n=5), C'300nM NPV(n=6) and D11lM NPY (n=3) on baselirie physiology. The error bal;s 

are for Standard Deviation and *=p<O.05 & **= p<O.01. 

The previous data shows that NPY has a dose dependent effect on the 

synaptic transmission of Acute Hippocampal Slices. In Fig 5.3C it can bf 

seen that 300nM NPY causes a decrease in the response elicited by the 
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slice to a given level of stimulation. This concentration of NPY causes a 

30% decrease in the level of response, as compared to that shown in th~ 

absence of the drug, and is significant at a level of p<0.01. This reduction in 

synaptic transmission was then reversed when the NPY was removed from 

the slice. 

The inhibitory effect of NPY is also seen at a higher concentration of NP,( 

(11JM Fig 5.30), where it caused nearly a 60% decrease in response, 

however at this concentration the effect of the drug was not washed off 

within the time frame that was investigated. 

The graphs in Fig.5.3 also show that with control treatment and with 1 OOn~ 

NPY there is little or no effect of the medium changes. And although 100nM 

NPY did cause a slight decrease in the level of synaptic transmission; this 

effect was not, on the whole, significant. 

This data shows that NPY causes a dose dependent inhibition of synaptic 

activity within the hippocampus, and that at low concentrations (300nM) this 

effect is reversible. 

5.3.2 Effects of NPY on Paired Pulse at Fixed Voltage. 

Inter-pulse Interval . .. 

t 
1st PS 

2mV 

1 Oms 

t 
2nd PS 

Figure 5.4 Schematic representation of the paired pulse protocol. (PS = Population Spike) 
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Figure 5.4 shows how the paired pulse protocol is carried out. In this series 

of experiments two pulses of equal voltage, equivalent to VMAX (from the 

SIR curve protocol), are applied at various inter pulse intervals (IPI's). This 

investigates the effect of inhibition or facilitation that takes place within the 

hippocampus. If the 2nd population spike is smaller that the 1st then this 

demonstrates that feed-back inhibition is taking place, whereas if the 2nd PS 

is larger than the first then facilitation is occurring. 

The following graphs show the effect of NPY on this effect. 
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Figure 5.5 A-D Mean Inter Pulse Interval Graphs showing the effect of A Control (n=3), B 

1 OOhMNPY(n=5}, C 300hMNPY (n=6) and D 1 jJM NPY(n=3) on paired 'pulse 

experiments. The error bars are for Standard Deviation and **= p<O.01. 

The preceding graphs show that NPY affects the paired pulse experiments. 

At 300hM and 1 ~M NPY there is a marked increase in the percentage si~ 

of the 2nd PS at lower IPI's. This effect is, however, only significant in the 
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300nM experiment. At low IPl's (up to 1 OOms) the 2nd PS is significantly 

larger than the first, and this could be in part caused by the fact that th~ 

NPY causes the first PS to decrease considerably in size. Therefore even 

though the 2nd PS is smaller than occurs in the absence on NPY, the effect 

of the NPY on the 2nd PS is not as great as that of the first. However even 

taking this into account it does seem that NPY does cause an un couplin~ 

on the potential inhibition seen by the 1 st PS upon the 2nd
. 

5.3.3 Effects of NPY on Paired Pulse At Fixed Interval. 
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Figure 5.6 A-D. Mean Fixed Inter Pulse Interval Graphs showing the effect of A Control 

(n=3), B 100nM NPY (n=5), C 300nM NPY (n=6) and D 11..1M NPY (n=3) on paired pulse 

experiments when the 1st Stimulation Voltage is variable and the 2nd Stimulus is fixed. The 

error bars are for Stafldard Deviation. 
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The previous graphs do not show any significant effects of NPY on the 

population spike at a fixed 15ms IPI, when the 1st stimulation voltage ~ 

gradually increased. Although there are no significant effects it is obvious 

from the data that NPY does have an effect on the 2nd population spike. At 

300nM and 1 \-1M concentration, the NPY causes an increase in the 

population spike as compared to that of control. Similarly to the paired pulse 

at varying IPI data, the NPY had greatly decreased the level of the 2nd 

population spike when the 1st stimulation voltage was set to OV, and 

therefore the synaptic circuitry had a larger window of response available to 

it. This still does not negate the fact that exogenously applied NPY appear~ 

to upset the inhibitory circuitry within the hippocampus. 

5.3.4 Effects on Epileptiform model. 

In order to investigate the effects of Neuropeptide Y on epileptiforl11 

activity I wanted to carry out similar experiments to those already performed 

for Nociceptin in Chapter 2. I therefore decided to examine the effects of 

NPY in the 4-AP model. 

Unfortunately I did not have the time to look at the NPY effects in the oth~r 

epileptiform models . 
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Fig 5.7 Graph showing the effect of varying doses of Neuropeptide Y on the frequency of 

spontaneous epileptiform discharges in Acute Hippocampal Slices pre-treated with 100IJM 

4-AP. All the experimental baselines are set to 100% and all other treatments are 
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Fig 5.8 Graph showing the effect of varying doses of Neuropeptide Y on Acute 

Hippocampal Slices pre-treated 'with 1 OO~M 4':AP: All values are those originalfy recor~1 

and there is no normalising to baseline. (n=4). 

In the 4-AP model of epileptiform activity, NPY appears to be causing a 

dose-dependent decrease in the frequency of bursting, causing a 40% 

reduction in activity when 1IJM NPY is administered (p<0.05). Unfortunately 

in the experiments carried out so far this effect is not reversed when the 

NPY is washed off. 

Exp.ID A B C D - -

Baseline 0.6883 0.7183 0.5250 0.2267 
(±0.0879) (±0.0611 ) (±0.0869) (±0.0263) 

100nM·NPY 0.7667 0.5433 0.2933 0.1683 
(±0.0648) (±0.0492) (±0.1506) (±0.0146) 

300nM NPY 0.6667 0.5150 0.1683 0.1100 
(±0.0484) (±0.0487) (±0.1104) (±0.0161) 

1IJM NPY 
0.5800 0.4600 0.2667 0.0833 

(±0.0489) (±0.0540) (±0.0222) (±0.0539) 

Baseline 0.4300 0.3583 0.2900 0.0700 
(Wash-Off) (±0.1033) (±0.0387) (±0.0086) (±0.0322) 
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Table 4.5 (previous page) Effect of Drug treatments on 100IJM 4-AP generated 
spontaneous.epileptiform activity.in.Acute Hippocampal-Slices. n=10 points. for:~h 

treatment). Values are Means (of frequency in Hertz) ±Standard Deviation. 

5.4 Discussion. 

The preceding results show that Neuropeptide Y causes a general 

reduction in synaptic transmission. The first experiment shows that under 

physiological conditions NPY causes a reduction in the level of evoked 

responses following a given stimulus. This demonstrates that NPY 

somehow decreases synaptic transmission and is consistent with previous 

reports that have shown a decrease in glutamate release following NPY 

treatment (Patrylo et aI., 1999;Whittaker et aI., 1999). 

The results presented here agree with the majority of published findings 

which show that NPY causes a reduction in the baseline physiology. 

The next series of experiments showed that NPY does appear to affect thf 

responses to paired pulse stimulation. The higher doses (300nM and 11JM) 

of NPY caused the experiments to reveal a larger ratio of second to first 

population spike at low inter pulse intervals. Although this response can in 

some way be explained as an effect of the large decrease in the first 

population spike due to the NPY action. It does not however explain why at 

the smalllPls the result is different to those at large IPls. Somehow the 

NPY must be preventing the inhibitory neurons from re-polarising and 

therefore dampening the excitatory activity that is seen in the slice. This 

effect is similar for both the paired pulse experiments at fixed and varying 

IPls, although it was not significant in the experiments at fixed IPls. 

The convulsant model here shows a contradictory story to that seen in 

chapter 2 with the Nociceptin. Whereas Nociceptin had no effect on the 4-

AP model the NPY does exhibit an effect. Although the NPY data is 

provisional in that it only has an n=4 and it would be a good idea to repeat 

the experiments so that the same models are tested with NPY as were 

examined in the Nociceptin data, the initials results would seem to indica, 
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that the mechanism of action of the NPY is different to that of Nociceptin 

based on the findings from this one model. 
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Chapter 6 

Discussion 



6.1 General Discussion 

My project looked at the effects of Nociceptin on anticonvulsant models in 

acute hippocampal slice from adult rats and EL mice, and organotypic 

hippocampal slice cultures. My work was carried out in conjunction with 

Glaxo Smith Kline and a portion of my experimental work was carried out at 

their laboratories in Harlow, Essex. Currently available treatments for 

epilepsy rely on targeting the convulsant activity that results during a 

seizure; but are also ineffective in a number of individuals, especially in TLE. 

Therefore there is a need to further investigate the aetiology of epilepsy and 

look at novel treatment mechanisms. 

The work described in the preceding chapters shows that Nociceptin plays r 
significant role as an anticonvulsant in the models investigated. This 

indicates that the Nociceptin/OP4 pathway could provide a valuable avenue 

for future investigation of the causes and possible treatment targets for the 

pharmacological intervention in previously untreatable forms of epilepsy. 

Nociceptin showed a significant anticonvulsant action on acute hippocampal 

slices in which convulsant activity had been induced by 10j..lM Bicuculline or 

zero Mg++. This effect was not seen in the High K+ or 4-AP bursting models. 

One possible mechanism of action which could account for these 

differences would be if stimulation of the OP4 receptor was linked to a 

decrease in the conductance of the HCN channels via adenyl cyclase (AC) 

and cyclic-AMP (cAMP), which would reduce the Ih current across the cell 

membrane and thus lead to a longer period of hyperpolarisation following 

ictal events. Opioids have been shown to affect the Ih current (Ingram and 

Williams, 1994) via an effect on AC, by blocking the forskolin induced 

upregulation of the current; and HCN channels have been shown to playa 

role in the modulation of nociceptive pathways (Chaplan et aI., 2003) 

through an increase in spontaneous action potentials, following nerve injury, 

which is reduced by ZD7288. 

This hypothesis could be further tested by looking at drugs that interact with 

the cAMP messenger system, such as forskolin, or directly with the HCN 

channels. It has been shown that CsCI blocks the HCN channels and 

ZD7288 is an antagonist of the channel. The Ih current has been implicated 
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as a target which if blocked could have potential antiepileptic effects 

(Kitayama et aL, 2003), and specific blockade of the channel with ZD7288 ir 

the zero Mg++ model has been shown to block spontaneous bursting in 

acute hippocampal slices (Arias and Bowlby, 2005). 

There is evidence that the development of the Ih current does not alter when 

compared between that seen in cultures or in vivo observations (Vasilyev 

and Barish, 2004). Under normal conditions the HCN channels are formed 

from homotetramers of the four known HCN subunits (HCN1, HCN2, HCN3 

and HCN4) (Ludwig et aL, 1998;Robinson and Siegelbaum, 2003), but it has 

been shown that heterotetramers of HCN1 and HCN2 subunits can form in 

pyramidal neurons following seizure activity (Brewster et aL, 2005). 

As cAMP mediates a number of cellular processes, such as regulation of 

L TP within the hippocampus (Weisskopf et aL, 1994;Frey et aL, 

1993;Bolshakov et aL, 1997) and modulation of AMPA and KA activate, 

receptors (Raymond et aL, 1993;Michaelis, 1998;Yakel et aL, 

1995;Soderling, 1996;Barria et aI., 1997) amongst numerous other things, it 

is reasonable to assume that the decrease in cAMP levels seen, following 

activation of the OP4 receptor, could cause a number of other effects. On, 
, 

of the major pathways by which cAMP acts is the promotion of protein 

kinase A (PKA) activity (Taylor et aL, 1990), therefore a reduction in cAMP 

will lead to a down regulation of this enzyme and would lead to the 

termination of a number of processes that this messenger is involved i'1, 

such as LTP and sensitivity of AM PAlKA receptor. The potential actions of 

PKA could be investigated by utilising protein kinase inhibitor (PKI) which is 

a specific inhibitor of PKA (Zheng et aL, 1993). 

The action of Nociceptin in additional convulsant models could help to 

further define the mechanisms of action of this potentially beneficial 

pathway, and this could help to further the understanding, and treatment, of 

epileptiform activity in the human brain. 

The models I have looked at show some differences depending on the 

system they are investigated in. The Bicuculline convulsant model showed 

an average bursting frequency of about 0.1 Hz in the acute hippocampal 

slices taken from adult rats and EL mice. On the other hand the organotyp~ 
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cultures produced a frequency of about half this when exposed to an 

identical concentration of the drug (0.05Hz). One possible reason for thi, 

apparent difference could be due to the organotypic cultures showing an 

increase in the baseline level of inhibitory tone as compared to that seen in 

acute slices. This is illustrated in chapter 5 where the paired pulse 

experiments show that when a 20ms IPI is carried out under control 

conditions then a near complete blockade of the 2nd population spike is 

achieved. This is compared to that seen in the acute slices, see chapter 6, 

where inhibition is not always seen, but when it is the maximum reduction 

seen in the 2nd population spike is in the region of 20%-30% of the size o..f 

the 1st population spike. This may also be a result of differences in the 

physiological makeup of the cells because of their age. The cultures are 

taken from 8 day old rat pups and kept for between 2-3 weeks, whereas the 

acute hippocampal slices are prepared from mature animals. 

Within the individual experiments Nociceptin did not cause any observable 

change in the amplitude or envelope of the bursting events. The only 

change that was seen was in the frequency of the bursts. 

The zero Mg++ model of epileptiform activity caused an average bursting 

frequency of around 0.15Hz in the acute rat hippocampal slices and around 

O.4Hz in the EL mice hippocampal slices. The application of Nociceptin 

appeared to cause a change in the envelope as well as the frequency of 

bursting. During Nociceptin application the individual events show a 

decrease in the after-discharge seen from the slices. Whereas the baseline 

shows a concentrated bursting following the initial induction of an event, in 

the Nociceptin treated slices less individual bursts are seen, although the 

event may go on for slightly longer in the acute rat slices. When the 

Nociceptin is removed from the medium then the events return to the type 

seen before Nociceptin administration. In the slices from EL mice the bursts 

appear to spread out following administration of Nociceptin. The baseline 

effects seen following the removal of magnesium from the perfusion mediul1'l 

are in line with previously published observations (Arias and Bowlby, 2005). 

Along with no effect on the frequency of 4-AP induced convulsant activity, 

Nociceptin does not appear to show any effect on the amplitude or enveloPf 
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of the bursting events and so confirms the lack of any activity in this model. 

Similarly no effect is seen in the High K+ model on any of these parameter~. 

The results observed in the slices from sensitised EL mice confirm the 

previous observations seen in the acute slices from wistar rats, where 

Nociceptin blocks the convulsant activity caused by the Bicuculline and zero 

Mg++ models. Previous evidence exists for an anticonvulsant role of opioid 

agonists in EL mice (Koide et aI., 1992). In this experiment two opioid 

agonists morphine and D-Ala2-D-Leu5-enkephalin, selective for OP3 (mu) 

and OP1 receptors (delta) respectively were given to EL mice; they both 

caused a reduction in the incidence of seizures and the seizure score in ~ 

dose-dependent manner. The action of both agonists was reversed by the 

application of the opioid antagonist naloxone. In this experiment 

interestingly the slices from non-sensitised mice did not show the same 

responsiveness to Nociceptin application. This could indicate that a proces~ 

similar to kindling is going on in the mouse brain over a period of time. The 

sensitised mice are experiencing a large number of seizures over this period 

and it is possible that changes in receptor systems are observed. There is 

little information to show the changes that the OP4 undergoes during 

prolonged seizures but it is reasonable to deduce that similar changes to 

that seen with other neuropeptides, such as NPY, could be occurring. In the 

case of NPY up-regulation of receptors is seen in epileptic tissue taken from 

both animal models and humans. A possible way of determining this for su~ 

could be to expose animals to the kindling model for a timescale similar to 

that seen in the EL mice, about 6 months, and then quantifying the levels of 

OP4 receptor seen in comparison to age matched controls. This would show 

whether the receptor numbers are being modified over the life of the 

animals. 

The likelihood that OP4 receptor activation could result in a larger response 

to Nociceptin following prolonged exposure to epileptiform activity could play 

an important role if agonists of this receptor are developed for clinical 

application. Nociceptin may therefore cause a larger anticonvulsant action in 

epilepsy patients if the OP4 receptor shows a degree of up-regulation. 
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I have been unable to find any direct evidence of HeN channel modifications 

in the EL mouse model, but the evidence that seizure activity can alter HeN 

expression (Brewster et aL, 2005;Bender et aL, 2003; Brewster et aL, 2002) 

leads to the conclusion that the levels of HeN channel expression in EL 

mice could well be altered by the continuous seizure activity that their 

condition involves. This could possibly be investigated by measuring the ~ 

current in slices from EL mice directly or by investigating the effect of the 

HeN channel antagonist ZD7288 in these slices. Another method would be 

to measure the levels of HeN channels (Brewster et aL, 2005) found in EL 

mice and compare between 'sensitised' and 'non-sensitised' animals, anc::f\ 

also maybe between the ddY background strain, if available, to see if there 

are any changes in the channel levels. It could be that the EL mouse has 

naturally elevated levels of these channels which may predispose it to 

epileptiform activity, this could be found if HeN channel levels are similar i~ 

the different EL mice types but different to the ddY mice. If the levels differ 

between 'sensitised' and 'non-sensitised' EL mice then this would indicate a 

likely change induced by the continual seizure activity which the 'sensitised' 

mice undergo throughout their lifespan. 

The organotypic experiments raise some interesting points that require 

further investigation. Of most significance is the realisation that the 

anticonvulsant action seen, with Nociceptin, appears to be independent of 

its abilities to affect synaptic transmission. Evidence previously reported 

indicates that Nociceptin causes a reduction in glutamate release and 

inhibition of synaptic transmission (Meis and Pape, 2001 ; Kawahara et aL, 

2004;Gompf et aL, 2005) in the eNS. At present there are no published 

reports of whether Nociceptin causes any reduction in synaptic transmissior 

in organotypic cultures, or in fact any studies for Nociceptin in organotypic 

cultures. Without any contradictory evidence it would seem that I have 

shown a novel mechanism for the anticonvulsant action of Nociceptin that 

does not involve the inhibition of synaptic transmission. 

The majority of work to this time, looking at neuropeptides as 

anticonvulsants, has been done on NPY, and in these cases the 

anticonvulsant actions seem to be closely related to the ability to cause a 
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reduction in glutamatergic neurotransmission. Within the hippocampus three 

NPY receptors Y1, Y2 and Y5 are found in large quantities. Y1 is found 

postsynaptically (Caberlotto et aI., 1997) on dentate granule cells and in the 

hilar NPY-containing interneurons (Paredes et aI., 2003). Y2 is found 

presynaptically in terminal regions of mossy fibers and schaffer collaterals 

(Jacques et aI., 1997), and activation has been shown to cause inhibition of 

calcium mediated glutamate release (Colmers et aI., 1987;Haas et aI., 

1987;Qian et aI., 1997). Y5 has been found to be distributed in the CA3 

subfield of the hippocampus (Dumont et aI., 1998). There is some evidence 

though that NPY has actions in organotypic cultures. NPY has been show~ 

to be neuroprotective against AMPA receptor induced neurotoxicity within a 

hippocampal organotypic culture model (Silva et aI., 2003), it is also 

suggested in the same report that this effect is mediated through the Y2 

receptor. Unpublished data from my department has been unable to confirrr 

this finding (L.E.Sundstrom and A.K.Pringle). 

It has also been shown that within organotypic cultures NPY containing 

neurons are present (Mitchell et aI., 1996) and retain their basic 

morphological characteristics (Finsen et aI., 1992). 

This is supported by the evidence found here that NPY did not affect the 

Bicuculline model or the synaptic transmission in organotypic cultures. This 

evidence could further support a role for the Ih current where synaptic 

transmission is not directly involved in the anticonvulsant action. OnEt 

possible way to investigate this would be to see if the Nociceptin could affect 

epileptiform activity in the Non-synaptic model of epilepsy in the organotypic 

cultures. This model relies on the epileptiform activity being propagated via 

gap junctions as Ca++ is removed from the extracellular fluid in order to 

prevent synaptic transmission. It has previously been shown that cAMP can 

cause increased conductance at gap junctions (Gladwell and Jefferys, 

2001). If Nociceptin were able to block this model then it would support the 

hypothesis that its actions are independent of synaptic transmission. 

4-AP showed neurotoxicity on the organotypic cultures but appeared to 

provide a stable model of convulsant activity when applied to acute 

hippocampal slices. This could be down to glutamate neurotoxicity following 

126 



the activation of NMDA receptors. As 4-AP application increases the resting 

membrane potential of the neuron then the Mg++ block will be lessened on 

the NMDA receptors. This will in turn lead to increased levels of Ca++ entry 

into the cell. This is a major cause of neurotoxicity within the CNS and could 

account for the cell death that is observed. Bicuculline does not affect the 

resting potential and so although glutamate is released from the presynaptif 

terminal it is moped up by the astrocytes present in the culture. This 

glutamate therefore never reaches a level where neurotoxicity could result. 

I have shown that the receptors for OP4, Y1, Y2 and Y5 are all present in 8 

day-old rats and in organotypic hippocampal slice cultures. This indicates 

that they all possess the possibility for NPY and Nociceptin to act on these 

tissues. Although the receptors are present the data does not show whether 

these are functional receptors and further studies could be useful to further 

the understanding of the receptors in cultures. Firstly it would be good to 

isolate where the receptors are expressed and secondly to examine whether 

they are coupled to their second messenger systems. This could be 

achieved by doing in-situ hybridisation studies to see where in the 

hippocampus the receptor mRNA is localised. 

The activation of the second messenger pathways could be investigated and 

it could be seen whether there are any changes in cAMP levels following 

administration of the drugs. 

Following the interesting observations that Nociceptin did not affect synaptic 

transmission in the cultures but did cause a reduction in convulsant activity, 

it was interesting to note that NPY, the most studied neuropeptide 

anticonvulsant, also did not affect synaptic transmission, but in this case it 

also did not cause an affect on convulsant activity in the Bicuculline model. 

This points to the possibility that the anticonvulsant actions reported for NpY 

may be mediated solely through its ability to affect synaptic transmission 

and so this provides a novel insight into the difference between Nociceptin 

and NPY as endogenous anticonvulsant agents. 

Following these observations I outlined some work I did looking at the 

affects of NPY on synaptic transmission and one epilepsy model, 4-AP, in 
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acute hippocampal slices from wistar rats. These observations showed that 

the synaptic transmission and paired pulse inhibition were in line with what I 

would have expected to see from that which has been previously reported. 

Of most interest is the fact that NPY appeared to show an anticonvulsant 

action on the 4-AP model. This is different to the effect seen in the 

Nociceptin data, where Nocieptin did not show any effect on the burstin~ 

activity at the concentration tested. Incidentally the concentration used for 

Nociceptin was the same (1IJM) as the upper dose used in the NPY 

experiments. This would further point to a difference between the methods 

of action of these two neuropeptides. It may be that due to its actions on 

synaptic transmission NPY would be seen to have anticonvulsant actions in 

the majority of models investigate within the acute slices. The Y2 receptor, 

which is the one that has been predominantly linked to a role in anti

convulsant behaviour (el Bahh et aI., 2005), has been shown (Misra et al" 

2004) to be coupled to both the increase in Gj and Gq second messengers. 

This differs to the OP4 receptor where it is linked mainly to an increase in 

just Gj• The additional activation of Gq would lead to an increase in 

Phospholipase C (PLC) which would cleave PI 4,5-bisphospate (PIP2) to 

inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 causes an increase 

in intracellular calcium by stimulating the endoplasmic reticulum to release 

calcium, and DAG causes the activation of protein kinase C (PKC). PKC 

can, amongst other things, lead to the phosphorylation of ion channels an~ 

thus alter their properties and change the excitability of the neuronal 

membrane. 

Nociceptin itself would not be a suitable future drug treatment as its peptide 

nature would make it difficult to target to the brain. Firstly, a peptide would 

be very difficult to administer as it would be unsuitable to give via the enteral 

routes and would have to be given by intravenous injection to ensure that it 

wasn't broken down. Once in the blood stream it would be unable to enter 

the brain as it could not cross the blood-brain barrier. Therefore any 

treatments that utilise the Nociceptin/OP4 pathway would need to be based 

around small molecule non-peptide ligands that can selectively activate the 

OP4 receptor. 
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6.2 Conclusions 

This work demonstrates that the application of Nociceptin, to the perfusion 

medium of in vitro maintained acute slices and organotypic cultures, cause~ 

an anticonvulsant action as demonstrated in various models of epileptiform 

activity. This anticonvulsant action is also seen in in vitro induced convulsant 

activity in acute slices taken from a genetic mouse model of epilepsy. 

ThiS action could be caused by the blockade of the Ih current in the 

hippocampus that could lead to a decrease in activity caused by the 

increase in the time taken to repolarise the membrane following an 

individual bursting event. The large amount of evidence linking the Ih current 

to a significant role in the development of epilepsy could potentially implica~ 

the Nociceptin/OP4 pathway as an interesting target for future epilepsy 

treatments. 
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Appendix I 



STOCK SOLUTIONS 

Artificial Cerebrospinal Fluid (aCSF) 

Compound 

NaCI 

KCI 

NaH2P04 

MgS04 

NaHC03 

Glucose 

CaCI2 

Compound 

Sucrose 

Glucose 

NaHC03 

KCI 

MgCI2 

CaCI2 

NaH2P04 

Cutting aCSF 

131 

Concentration (mM} 

124 

3 

1 

1 

~ 
10 

2 

Concentration (mM} 

189 

10 

2~ 
2.5 

5 

0.1 

1.~ 



o Mg++ aCSF 

Compound 

NaCI 

KCI 

KH2P04 

NaHC03 

Dextrose 

CaCb 

High K+ aCSF 

Compound 

NaCI 

KCI 

NaH2P04 

MgS04 

NaHC03 

Glucose 

CaCb 

Culture Medium 

Compound 

Minimum essential medium + 

Earle's salts 

Heat inactivated horse serum 

Hank's balanced saline solution 

Glutamine 

Glucose 

132 

Concentration (mM) 

124 

5.75 

1.2, 

26 

10 

2 

Concentration (mM) 

124 

8.5 

1 

1 

2~ 

10 

2 

Quantity 

50% 

25, 

25% 

1mM 

4.5mg/ml 



Serum Free Culture Medium 

Compound 

Minimum essential medium + 

Earle's salts 

Hank's balanced saline solution 

Glutamine 

Glucose 

Lysis Buffer - Stage 1 

Quantity 

75% 

25~ 

1mM 

4.5mg/ml 

Compound 

NaCI 

Concentration (mM) 

25 

EDTA 

DTT 

HEPES 

~-glycerophosphate 

2 

0., 
20 

20 

Make up 11 at the above concentrations and ensure that the pH is 8.0. If the 

pH is not correct then fluorine gas will be released during the next stage. 

Lysis Buffer - Stage 2 

Compound 

Sodium Fluoride 

Sodium Vanadate 

Triton X-100 

Concentration (mM) 

50 

1 

0.1% 

One tablet of 'mini-complete' (Boerhinger) protease inhibitors added to 10ml 

of lysis buffer 

4x Separating Gel Buffer 

1.2M TrisHCI, pH 8.8 
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2x Stacking Gel Buffer 

0.2SM TrisHCI, pH 6.8 

30% Stock Acrylamide Solution 

Acrylamide 37.S:Biscacrylamide 1 

12.S% Acrylamide Solution 

Compound 

30% Acrylamide Stock 

4x Seperating Gel Buffer 

20% SDS 

H20 

4% Acrylamide Solution 

Compound 

30% Acrylamide Stock 

2x Stacking Gel Buffer 

20% SDS 

H20 

10x Electrode Buffer 

Compound 

Tris 

Glycine 

20% SDS (in H20) 

134 

Quantity 

SO.3ml 

30ml 

0.61111 

39.7ml 

Quantity 

16ml 

60ml 

0.6m\ 

43.4ml 

Quantity 

30.3g 

144g 

SO "'1 I 



2x Sample Buffer 

Compound 

2x Stacking Gel Buffer 

20% SDS 

20% Glycerol 

10% 2-mercaptoethanol 

Bromophenol Blue (in IMS) 10mg/ml 

Compound 

10x Electrode Buffer 

Methanol 

H20 

Blotting Buffer 

135 

Quantity 

25m 1 

10ml 

10~ 

5ml 

2001-11 

Quantity 

40ml 

100ml 

360~1 
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