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ABSTRACT 

Synaptic plasticity phenomena such as long-term potentiation (LTP) have been proposed as 

neurobiological mechanisms of learning and memory. LTP depends on coordinated 

presynaptic and postsynaptic activity, driven by action potential (AP) firing. While APs 

serve as the neuronal output signal which integrates different inputs, they can also 

backpropagate into the dendrites and influence the cell’s own physiology. Such 

backpropagating APs may act as a retrograde signal to detect the coincidence of presynaptic 

and postsynaptic activity. Importantly, APs can modulate synaptic plasticity and trigger 

metaplasticity, a higher-order type of plasticity whereby a neuron’s history of activity 

changes their ability to undergo subsequent plasticity (a process known as “priming”). AP-

induced metaplasticity in the hippocampus, a brain region important for some modes of 

memory, has, however, been diverse; while some studies suggest that previous AP firing 

facilitates the induction and maintenance of LTP, others show the opposite. Due to 

inconsistencies in experimental paradigms used to induce AP-dependent metaplasticity and 

subsequent LTP, the parameters responsible for facilitating or inhibiting LTP are poorly 

understood.  

The aim of this thesis was to elucidate the parameters driving AP-mediated 

metaplasticity by addressing inconsistencies between previous studies. The main focus was 

on the influence of different patterns of activity used either to prime or induce LTP, 

specifically theta-burst stimulation (TBS) and high-frequency stimulation (HFS) which are 

known to trigger distinct intracellular signalling cascades. It was hypothesised that the 

metaplastic effects of postsynaptic firing are determined by either the pattern of firing 

during priming, or the method of LTP induction, or both. This hypothesis was investigated 

by systematically testing the influence of different experimental parameters on AP-induced 

metaplasticity, utilising field and intracellular recordings in area CA1 of acute hippocampal 
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slices taken from adult, male Sprague Dawley rats. First, extracellular field recordings were 

conducted to establish a metaplasticity effect for further comparison. Previously studied 

patterns of priming stimulation (3x3 TBS, 2x3 HFS) were delivered to CA1 pyramidal cell 

axons to antidromically activate postsynaptic cells, and LTP was subsequently induced via 

TBS of CA3-CA1 synapses of stratum radiatum. While antidromic priming by TBS 

facilitated subsequent LTP, the effect was small. To overcome limitations of field 

electrophysiology, intracellular sharp-electrode recordings were conducted and cells were 

primed by somatic current injections using the same priming patterns as for field 

recordings. In these experiments, TBS-LTP was inhibited by both priming protocols (TBS 

and HFS), while HFS-LTP was facilitated by HFS priming but not affected by TBS 

priming. Interestingly, priming reduced AP firing during LTP induction and this effect 

correlated with the reduction of TBS-LTP. However, this decrease in cell firing itself is 

unlikely to underlie the metaplasticity effect because LTP was not rescued by restoring AP 

firing with somatic current injections during induction. Analysis of intrinsic properties 

revealed a priming-induced increase in the medium after-hyperpolarisation (HFS priming) 

or a decrease in the EPSP amplitude/slope ratio (TBS priming). These effects may therefore 

contribute to the inhibition of TBS-LTP by reducing depolarisation and associated Ca2+ 

influx following synaptic activity or AP backpropagation.  
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CHAPTER 1 

INTRODUCTION 

Thesis overview 

Distinct patterns of electrical activity, known as action potentials (AP), encode a 

complex neural code which supports the diverse functions of the brain. Perhaps the brain’s 

most remarkable feature is its ability to encode, store and retrieve a large amount of 

information and experiences.  In 1949, Donald Hebb formalised an influential theory 

regarding the neurobiological mechanism of memory formation. He suggested that 

memories are formed by altering synaptic transmission through repeated co-activation of 

the pre- and postsynaptic neurons (Lamprecht & LeDoux, 2004). The first experimental 

evidence for such Hebbian plasticity was described in the hippocampal formation, where 

strong afferent stimulation causes a long-lasting increase in synaptic strength (long-term 

potentiation, LTP; Bliss & Lømo, 1973). The hippocampus has since become one of the 

key targets for studying synaptic plasticity and memory, leading to the discovery of several 

types of activity-dependent regulation of synaptic strength. Distinctive patterns of neural 

activity, in the form of AP firing, are associated with specific behaviours and supported by 

the spiking characteristics of different groups of neurons (Fox & Ranck, 1981). For 

instance, hippocampal pyramidal neurons have a preference for firing in high-frequency 

bursts which become more prevalent during memory formation in vivo and are necessary 

for the induction of some types of LTP in vitro (Otto, Eichenbaum, Wible, & Wiener, 1991; 

Pike, Meredith, Olding, & Paulsen, 1999; Ranck, 1973; Thomas, Watabe, Moody, 

Makhinson, & O’Dell, 1998). In addition to conventional forms of synaptic change, a 

higher-order type of plasticity, termed metaplasticity, can change the ability of neurons to 

undergo synaptic changes, depending on their history of activity (Abraham & Bear, 1996). 
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The metaplastic regulation of LTP can be bidirectional and may be confined to previously 

activated regions or extend to neighbouring synapses or dendrites, depending on the 

location of change and pattern of conditioning, or ‘priming’, activity. Additionally, AP 

firing itself can modulate the induction and maintenance of future LTP, presumably 

through backpropagation of APs into the dendrites. However, the nature of this type of 

metaplasticity is poorly understood as some studies have shown that previous AP firing 

facilitates LTP, while others suggested that LTP is inhibited in response to AP firing 

(Bukalo, Campanac, Hoffman, & Fields, 2013; Hulme, Jones, Ireland, & Abraham, 2012; 

Yasuda, Sabatini, & Svoboda, 2003). Due to differences in the type of stimulation used to 

induce postsynaptic firing, the pattern of firing during priming stimulation, the time delay 

between priming and LTP induction, and the LTP induction paradigm utilised in previous 

studies, it is unclear which parameters are critical for determining the direction of AP-

induced metaplasticity. Because AP backpropagation is frequency-dependent and different 

LTP induction paradigms trigger different intracellular signalling cascades (Callaway & 

Ross, 1995; Zhu, Liu, Wang, Bi, & Baudry, 2015), it is possible that the direction of 

metaplasticity is primarily determined by either the pattern of postsynaptic cell firing, or the 

pattern of input activity used to induce LTP, or the interaction between them. The aim of 

this thesis was to help resolve the existing controversy by systematically addressing the 

discrepancies between studies that previously investigated the metaplastic regulation of 

LTP, induced by postsynaptic activity.  
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Hippocampal formation 

The hippocampal formation is a functional brain system located deep in the 

temporal lobe. In rodents, the hippocampal formation is curved to form a horseshoe-like 

structure extending along the dorsal (septal)-ventral (temporal) axis, which corresponds to 

the posterior-anterior axis of the seahorse-shaped human hippocampal formation (O’Leary 

& Cryan, 2014). Because of its simple structure and highly organised cell layers, the rodent 

hippocampal formation is commonly used as a model system to investigate the cellular 

basis of synaptic plasticity and learning (Andersen, Morris, Amaral, Bliss, & O’Keefe, 

2007). Additionally, rodents, particularly rats and mice, are useful models for studying 

synaptic plasticity as they are capable of complex cognitive-behavioural tasks and genetic 

modifications are relatively simple while many of the cellular/system mechanisms are akin 

to those in humans. 

Hippocampal function 

Based on structural and physiological findings, it has been suggested that the dorsal 

and ventral hippocampi are functionally distinct. The dorsal hippocampus (DHC) is thought 

to be particularly important for declarative memory formation as well as spatial navigation, 

while the ventral hippocampus (VHC) has been linked to emotion and motivation 

(Bannerman et al., 1999; Gray & McNaughton, 2000; Morris, Garrud, Rawlins, & O’Keefe, 

1982; Zhang, Pothuizen, Feldon, & Rawlins, 2004).  

 

Emotion. Over the past few decades, there has been growing interest in the 

hippocampus (in particular the VHC) for the processing of emotionally significant 

information, due to its link to the amygdala which is known to be central for the expression 

of fear and anxiety (Adolphs, Cahill, Schul, & Babinsky, 1997; Killcross, Robbins, & 
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Everitt, 1997; Klüver & Bucy, 1939; Pikkarainen, Rönkkö, Savander, Insausti, & Pitkänen, 

1999). Many studies have shown that the hippocampus plays a role in conditioned fear 

responses and anxiety related behaviour that can be distinguished from the amygdala 

response (Maren, Aharonov, & Fanselow, 1997; McHugh, Deacon, Rawlins, & 

Bannerman, 2004; Richmond et al., 1999). Other psychological illnesses, such as major 

depressive disorder, have been linked to decreases in hippocampal volume, although it is 

unclear whether this decrease pre-dates the onset of depression or if it is due to stress-

related changes in growth factors associated with major depressive episodes (Campbell & 

MacQueen, 2004; Sapolsky, Krey, & McEwen, 1984; Schmaal et al., 2015; Whittle et al., 

2014). The hippocampus has high levels of glucocorticoid and mineralocorticoid receptors 

that mediate the stress response and chronic stress can result in dendritic atrophy of 

pyramidal neurons in in area CA3 (Ahima, Krozowski, & Harlan, 1991; Herman, Patel, 

Akil, & Watson, 1989; Reul & Kloet, 1985; Watanabe, Gould, & McEwen, 1992). Thus, 

prolonged stress may create a positive feedback loop which facilitates the stress response 

and hippocampal dysfunction.  

 

Memory and spatial navigation. Despite the growing interesting in hippocampal-

dependent regulation of emotion, the most well established function of the hippocampal 

formation is its role in memory processing. The discovery of selective memory 

impairments following damage to the hippocampal formation in humans sparked further 

interest which led to the ongoing characterisation of the hippocampal formation and its role 

in memory. Perhaps the most famous case is that of Henry Molaison (known as patient 

H.M.), who suffered profound anterograde amnesia after bilateral temporal lobectomy and 

removal of two-thirds of his hippocampus and associated regions (Scoville & Milner, 

1957). While H.M. was unable to form new memories of facts and events post-surgery, he 

was still able to learn procedural tasks, despite having no conscious recollection of doing 
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so. In combination with many other hippocampal lesion-studies in humans and other 

animals (e.g., Eichenbaum et al., 1989; Mahut, Zola-Morgan, & Moss, 1982; Zola-Morgan 

et al., 1986), this discovery led to the proposal of hippocampal involvement in the 

acquisition of explicit memory (recall of facts and events) but not implicit memory 

(procedural learning; Squire, 1992).  However, this theory is not without controversy as in 

some cases retrieval of already established memories also requires hippocampal activation, 

and some types of memories can be formed independently of the hippocampus (Cave & 

Squire, 1992; Sutherland et al., 2001). Nevertheless, it is now generally accepted that the 

hippocampus is necessary for the formation of at least some types of memory, specifically 

episodic (memory of facts and events) and spatial memories.  

The majority of evidence for hippocampus-dependent spatial memory processing 

comes from studies in rodents, but there is some evidence for a similar system in humans 

(Abrahams et al., 1999; Ekstrom et al., 2003; Maguire, Burke, Phillips, & Staunton, 1996). 

The theory of hippocampus-dependent spatial memory formation was supported by the 

discovery of pyramidal cells that selectively fire in response to an animal’s specific location 

within an environment (Maguire et al., 1998; O’Keefe & Dostrovsky, 1971). The ensemble 

activity of these cells, known as place cells, are thought to help the animal navigate its 

environment, together with grid cells located in the medial entorhinal cortex, head-direction 

cells in the subiculum and boundary vector cells which are also located in the subiculum 

(Hafting, Fyhn, Molden, Moser, & Moser, 2005; Hartley, Burgess, Lever, Cacucci, & 

O’Keefe, 2000; O’Keefe & Burgess, 1996; O’Keefe & Speakman, 1987; Taube, Muller, & 

Ranck, 1990). Place cell activity is believed to represent information about environmental 

cues and path integration, as well as encoding the valence of a place in a plasticity-

dependent manner (Mamad et al., 2017; Muller & Kubie, 1987; O’Keefe & Burgess, 1996; 

Quirk, Muller, & Kubie, 1990). While place cells can be found in all regions in the 

hippocampus they are most abundant in the dorsal portion of CA1. Critically, lesions in this 
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area impair the formation of spatial memory while lesions in the VHC spare this type of 

memory but reduce fear and anxiety-related behaviour instead (Bannerman et al., 2003; 

Kjelstrup et al., 2002; Moser, Moser, & Andersen, 1993).  

 

Biological basis of memory storage in the hippocampal formation. It has been 

suggested that collection of cells, or engrams, can encode and store memories in the brain 

in an activity-dependent manner (Govindarajan, Kelleher, & Tonegawa, 2006; Lashley, 

1950). During memory formation, it is thought that engram cells undergo chemical changes 

resulting in a permanent connection between cells which forms the memory trace that is 

reactivated during memory retrieval (Cowansage et al., 2014; Ramirez et al., 2013; 

Redondo et al., 2014; Schacter, Eich, & Tulving, 1978). 

Donald Hebb was among the first to conceptualise a neurobiological basis of 

memory formation. He suggested that the connection between two nearby cells (cell A and 

cell B) is altered so that cell “A’s efficiency as one of the cells firing B, is increased” if it 

“repeatedly or persistently takes part in firing it” (Hebb, 1949). Hebb’s postulate was 

supported by the discovery of LTP and other activity-dependent changes of synaptic 

strength (Bliss & Lømo, 1973). Synaptic plasticity phenomena such as LTP and long-term 

depression (a long-lasting decrease in synaptic strength; LTD; Dudek & Bear, 1992) 

depend on the pattern of activation and are supported by structural and physiological 

changes of both presynaptic and postsynaptic neurons (Bliss & Lømo, 1973; Calverley & 

Jones, 1990; Dunwiddie & Lynch, 1978; Fifková & Harreveld, 1977; Malinow & Tsien, 

1990; Manabe, Wyllie, Perkel, & Nicoll, 1993). Importantly, LTP and memory formation 

share their critical features (persistence, cooperativity, associativity, and specificity), have 

common molecular mechanisms, and can be similarly modulated by environmental factors 

such as stress (Abraham, Logan, Greenwood, & Dragunow, 2002; Ahi, Radulovic, & 



7 

 

 

 

Spiess, 2004; Chen, Kitanishi, Ikeda, Matsuki, & Yamada, 2007; Davis, Butcher, & Morris, 

1992; Lee, 1983; Levy & Steward, 1979; McEwen, 1999; McEwen & Sapolsky, 1995; 

Morris, 1989; Pavlides, Watanabe, Magarin, & McEwen, 1995). However, the arguably 

strongest evidence for LTP as a memory mechanism comes from studies where the 

activation (LTP) and inactivation (LTD) of selective groups of cells corresponds to 

activation and inactivation of a memory trace (Liu et al., 2012; Nabavi et al., 2014). Thus, 

while it is not without controversy, synaptic plasticity is now widely accepted to represent a 

cellular basis of memory (Stevens, 2017). 

Anatomy of the rat hippocampal formation 

The HF is made up of the entorhinal cortex, parasubiculum, presubiculum, 

subiculum, the dentate gyrus and the hippocampus proper, or Cornu Ammonis (CA), which 

itself is divided into CA1, CA2 and CA3 (Andersen et al., 2007). The four major excitatory 

pathways (perforant path, mossy fibres, Schaffer collaterals, and the alveus) are organised 

into lamellae, running parallel to each other and approximately transverse to the 

longitudinal axis of the hippocampal formation (Fig. 1.1; Andersen et al., 2006).  Although 

this view has been under scrutiny due to the fan-shaped distribution of Schaffer collaterals, 

it does appear to be relevant for the organisation of the main synaptic connections (Amaral 

& Witter, 1989; Andersen et al., 2007).  
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Figure 1. 1. Schematic view of the HF of the rat and its major excitatory pathways. The entorhinal 

cortex connects to the dentate gyrus via the performant path. Mossy fibres arising in the dentate 

gyrus send information to CA3 which in turn synapse with CA1 neurons via the Schaffer collateral 

and CA1 sends information back to the entorhinal cortex. Modified from Neves et al. 2008. Reused 

with permission of Macmillan Publishers Limited, part of Springer Nature, © 2008. 

 

Extrinsic and intrinsic connection of the hippocampal formation. The 

hippocampal formation is well connected with numerous other cortical and subcortical 

regions of the brain. The major cortical input comes through the entorhinal cortex via the 

perforant path to granule cells arising in the dentate gyrus which send signals via mossy 

fibres to pyramidal cells in area CA3. CA3 axons (Schaffer collaterals) transmit 

information to area CA1 and CA2 (Andersen et al., 2007; Neves, Cooke, & Bliss, 2008). 

Contrary to most regions of the neocortex, the major excitatory connections between the 

regions of the hippocampal formation follow a largely unidirectional pathway known as the 

‘trisynaptic circuit’ (Andersen, Bliss & Skrede, 1971). However, the trisynaptic circuit 

model has since been updated to include a number of smaller and recurrent pathways (Fig. 

1.2A). For example, CA1 and CA3 also receive input from the entorhinal cortex directly 

(Steward & Scoville, 1976; Witter & Amaral, 1991). In turn, CA1 cells carry information 

back to the subiculum as well as the entorhinal cortex, where the majority of connections 
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synapse with neurons in the deep layers of the entorhinal cortex, while some project to the 

presubiculum and the parasubiculum (Amaral, Dolorfo, & Alvarez‐Royo, 1991; Tamamaki, 

Abe, & Nojyo, 1987). Furthermore, both mossy fibres, and CA3 axons provide feedback to 

dentate granule cells (Hetherington, Austin, & Shapiro, 1994; Ishizuka, Weber, & Amaral, 

1990; Kramis, Vanderwolf, & Bland, 1975). Although extrinsic connections directly to the 

hippocampus proper are limited, area CA1 and CA3 of the hippocampus have been shown 

to receive direct input from the perirhinal and postrhinal cortices, amygdaloid complex, 

septum, thalamus as well as the brainstem (Canning & Stan Leung, 1997; Dolleman-Van 

der Weel & Witter, 2000; Freund, 1992; Herkenham, 1978; Moore & Halaris, 1975; Naber, 

Witter, & Da Silva, 1999; Pasquier & Reinoso-Suarez, 1978; Pikkarainen et al., 1999; 

Pitkänen, Pikkarainen, Nurminen, & Ylinen, 2000; Toth, Borhegyi, & Freund, 1993; Wyss, 

Swanson, & Cowan, 1979).  

Most of the early work describing the hippocampal formation focused on its laminar 

structure, but a large body of work also found distinct anatomical and molecular profiles 

along its dorsal-ventral axis. The dorsal hippocampus receives input from sensory cortices 

through the lateral and intermediate bands of the entorhinal cortex while the ventral 

hippocampus is mainly targeted by the medial band of fibres through the entorhinal cortex, 

carrying information from limbic structures (Jones & Witter, 2007; Witter, Wouterlood, 

Naber, & Van Haeften, 2000). The ventral hippocampus also receives more dopamine, 

noradrenergic and serotonergic input, while the dorsal portion is preferentially innervated 

by cholinergic fibres, in particular from the basal forebrain (McKinney, Coyle, & Hedreen, 

1983). The topographical organisation of connections is maintained throughout the 

hippocampal formation which may allow channelling of information through functionally 

distinct pathways (Fig. 1.2B; Andersen et al., 2006; Kishi, Tsumori, Yokota, & Yasui, 

2006; Oswald Steward, 1976; Tamamaki et al., 1987).  
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The main output pathways of the hippocampal formation are through the entorhinal 

cortex and subiculum. The medial entorhinal cortex relays information to postrhinal, medial 

frontal, and olfactory cortices, while the lateral entorhinal cortex projects to perirhinal, 

piriform, cingulate, insular, frontal, parietal, temporal, and occipital cortices (Burwell & 

Amaral, 1998; Insausti, Herrero, & Witter, 1997). The subicular complex projects to 

perirhinal and postrhinal cortices, amygdaloid complex, hypothalamus, thalamus, septum, 

as well as retrosplenial, orbitofrontal, prelimibic, infralimbic, and anterior cingulate cortices 

(Canteras & Swanson, 1992; Jay & Witter, 1991; Kloosterman, Witter, & Van Haeften, 

2003; Naber & Witter, 1998; O’Mara, 2006; Witter & Groenewegen, 1990). Smaller output 

pathways include direct projections from CA1 to the retrosplenial cortex, medial frontal 

lobe, and the amygdaloid complex, organised topographically from dorsal to ventral 

(Cenquizca & Swanson, 2007; Hoover & Vertes, 2007; Jay & Witter, 1991; Swanson, 

1981; Van Groen & Wyss, 1990).  

 

 

Figure 1. 2. Intrinsic and extrinsic connection of the hippocampal formation. (A) The polysynaptic 

transfer of information in the HF, including serial and parallel pathways. The trisynaptic loop is 

shown in red. (B) The transverse representation of connections made by the HF is topographically 

organised into segregated pathways. Modified from Anderson et al. (2007). Reused with permission 

of Oxford University Press, © 2007. 
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Cytoarchitecture of the hippocampus. 

 Principal neurons. The principal cells located in the hippocampus proper are 

pyramidal neurons; pyramidal neurons are denser in CA1 than in CA2 or CA3, where they 

are bigger and more heterogeneous (Fig. 1.3; Ishizuka, Cowan, & Amaral, 1995; Pyapali, 

Sik, Penttonen, Buzsaki, & Turner, 1998).  Most electrophysiological studies are conducted 

in the CA1 region which is comparatively easy to activate and record from (Andersen et al., 

2007). The somata of CA1 pyramidal neurons form the stratum pyramidale and their 

dendritic tree extends basally into stratum oriens and apically into stratum radiatum before 

reaching stratum lacunosum moleculare (SLM) where the dendrites branch extensively to 

form the dendritic tuft (Bannister & Larkman, 1995). The different subregions of CA1 are 

morphologically and functionally distinct. Additionally, spine density increases with 

distance from the soma in both stratum radiatum and stratum oriens which means that the 

majority of spines are located in the stratum radiatum while they are comparatively sparse 

in SLM (Spruston, 2008).   

 

Figure 1. 3. Morphological characteristics of CA1 and CA3 pyramidal cells. CA1 pyramidal 

neurons have smaller somas than CA3 pyramidal cells and show less branching of apical dendrites 

near the soma. The basal dendrites of both types of neurons are shorter than apical dendrites and 

show more branching. Modified from Spruston (2008). Reused with permission of Macmillan 

Publishers Limited, part of Springer Nature, © 2008. 
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Interneurons. Interneurons located in the hippocampus proper are an anatomically 

and functionally diverse group of neurons which rely almost exclusively on gamma-

aminobutyric acid (GABA) transmission, although a small number of cholinergic neurons 

has been reported in the rat hippocampus (Frotscher & Léránth, 1985). GABAergic 

interneurons restrain principal cell activity by providing feedforward and feedback 

inhibition. Feedback inhibition limits excitation as a response to principal cell activity, 

while feedforward inhibitory circuits are activated directly by excitatory afferents (Freund 

& Buzsaki, 1996). Although principal neurons and interneurons are often activated 

simultaneously, lower firing thresholds, rapid AMPA currents, a high density of voltage-

gated Na+/K+ channels, as well as high vesicle release probability allow interneurons to 

respond faster and limit principal cell firing by reducing dendritic or somatic excitation, 

depending on their targets (Ashwood, Lancaster, & Wheal, 1984; Gabernet, Jadhav, 

Feldman, Carandini, & Scanziani, 2017; Geiger, Lübke, Roth, Frotscher, & Jonas, 1997; 

Gulyás et al., 1993; Kraushaar & Jonas, 2000; Martina, Vida, & Jonas, 2000; Sik, 

Penttonen, Ylinen, & Buzsaki, 1995). In area CA1, chandelier cells exclusively target the 

axon initial segment while basket cells target the somatic and perisomatic region of CA1 

pyramidal neurons and are thus perfectly situated to supress pyramidal neuron firing 

(Seress & Ribak, 1990; Soriano, Nitsch, & Frotscher, 1990). Additionally, oriens-

lacunosum moleculare interneurons, which project from stratum oriens to the apical 

dendrites of pyramidal neurons and neurogliaform cells contribute to feedback and 

feedforward inhibition respectively (Maccaferri, Roberts, Szucs, Cottingham, & Somogyi, 

2000; Price, Scott, Rusakov, & Capogna, 2008; Vida, Halasy, Szinyei, Somogyi, & Buhl, 

1998). Hippocampal interneurons form recurrent connections with the medial septum-

diagonal band of Broca (MS-DBB) which is crucial for the emergence and amplification of 

hippocampal theta rhythms (discussed below; Freund & Antal, 1988; Toth et al., 1993).  
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Cellular physiology 

 Action potentials. Although nearly all neurons in the central nervous system fire 

APs, different neuronal types have distinct firing characteristics. For example, GABAergic 

interneurons in the hippocampus usually have narrower spikes than pyramidal cells which 

allows them to fire at higher frequencies.  

CA1 pyramidal cells have a resting membrane potential between -60 mV and -85 

mV, an AP threshold of about -45 mV to -60 mV, and preferentially fire in brief high-

frequency bursts of 2-6 spikes at  ̴ 200 Hz, known as complex spikes (Fox & Ranck, 1981; 

Fricker, Verheugen, & Miles, 1999; Sneider, Chrobak, Quirk, Oler, & Markus, 2006; 

Spruston & Johnston, 1992; Staff, Jung, Thiagarajan, Yao, & Spruston, 2000; Storm, 1987). 

Somatic action potentials are fired in an all-or-nothing manner, meaning that they are 

roughly the same amplitude each time, with a peak of ~ 90-110 mV and half-width of ~ 1 

ms (Staff et al., 2000; Storm, 1987).  

The fast sodium-dependent depolarisation of an action potential is followed by four 

after-potentials (Fig. 1.4) mediated by a combination of ion channels which act to restore 

the membrane to its resting potential and limit overexcitation and AP firing in response to a 

strong stimulus (Hille, 2001; Storm, 1987). The fast after-hyperpolarisation (AHP), lasting 

for about 2-5 ms, repolarises the through activation of voltage and Ca2+-sensitive large 

conductance K+ channels (Storm, 1987). This is followed by the after-depolarisation 

(ADP), which is mediated by persistent sodium current and calcium influx through R-type 

voltage dependent Ca2+ channels (R-VDCC; Azouz, Jensen, & Yaari, 1996; Metz, Jarsky, 

Martina, & Spruston, 2005). The ADP is an important characteristic of CA1 pyramidal 

neurons as it supports their ability to generate intrinsic bursts of APs (Azouz et al., 1996; 

Magee & Carruth, 1999; Metz et al., 2005). The medium AHP (mAHP; 50-100 ms) is 

thought to be mainly due to activation of M-channels (KCNQ/M or Kv7), although some 
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have argued for a contribution of small conductance K+ (SK) channels (Gu, Vervaeke, & 

Storm, 2007; Stackman et al., 2002; Stocker, Krause, & Pedarzani, 1999; Storm, 1989). At 

more hyperpolarised potentials, hyperpolarisation-activated cyclic nucleotide-gated (HCN) 

channels also contribute to the generation of the mAHPs (Gu et al., 2007; Storm, 1989). 

HCN channels are a type of voltage-gated channel producing inward currents that have a 

reverse voltage dependence (Biel, Wahl-Schott, Michalakis, & Zong, 2009). Thus, unlike 

most other voltage-dependent channels, their contribution is greater at more hyperpolarised 

potentials. The activation (at more hyperpolarised potentials) or deactivation (at more 

depolarised potentials) of HCN channels mediates a ‘voltage sag’ that acts to restore the 

resting membrane potential through an increase or decrease in the mixed cation current (H-

current or Ih) respectively (Halliwell & Adams, 1982; Spruston & Johnston, 1992). 

The identity of channels responsible for the slow AHP (sAHP), which lasts for 1-2 

s, is not completely understood. There is substantial evidence for a role of intermediate 

conductance Ca2+-dependent K+ channels (IKCa, KCa3.1, KCNN4, KCNQ5), but blocking 

these only reduces rather than completely abolishes the sAHP (Chen, Benninger, & Yaari, 

2014; King et al., 2017; Turner et al., 2015, 2016; Tzingounis et al., 2010). Changes in the 

amplitudes of AHPs have important implications for cell excitability and can directly affect 

spike-frequency adaptation, which is a reduction in the number of APs generated by a cell 

in response to prolonged depolarisation. Prolonged periods of depolarisation results in 

increased Ca2+ entry through L-type VDCCs (L-VDCCs), increased activation of Ca2+- 

sensitive K+ channels, and thus reduced excitation (Adams, Brown, & Constanti, 1982; 

Bowden, Fletcher, Loane, & Marrion, 2001; Deemyad, Kroeger, & Chacron, 2012; Smith, 

Nelson, & du Lac, 2002). Spike frequency adaptation is particularly pronounced in regular 

spiking cells such as CA1 pyramidal neurons and is thought to reduce noise through 

synchronisation of neural assemblies (Connors & Gutnick, 1990; Fuhrmann, Markram, & 

Tsodyks, 2002; Ning Gu et al., 2007; Madison & Nicoll, 1984).  
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Figure 1. 4. After-potentials associated with AP firing in CA1 pyramidal cells. (A) The AP (S) is 

followed by a fast AHP (↑), which itself is followed by ADP (*), and medium AHP (∆). (B) The AP 

(S), followed by ADP (*), medium (∆) and slow (O) AHPs. The diagram is divided into two with 

different voltage/time scales for visualisation purposes. Spikes were elicited with 1 ms current 

injections. Membrane potential held at -65mV.  Modified from Storm (1987). Reused with 

permission from The Physiological Society, © 1987. 

 

Normally, action potentials are generated in the initial segment of the axon, but 

ectopic AP may arise in the distal regions of the axon and evoke antidromic firing in CA1 

pyramidal cells (Bähner et al., 2011; Cragg & Hamlyn, 1955; Papatheodoropoulos, 2008; 

Stuart, Schiller, & Sakmann, 1997). APs typically propagate both down the axon as well as 

back into the dendrites where they can induce local Na+ spikes and activity-dependent Ca2+ 

influx (Cragg & Hamlyn, 1955; Spruston, Schiller, Stuart, & Sakmann, 1995; Stuart et al., 

1997).  The effectiveness of AP backpropagation depends on several active and passive 

properties, including the density and activity of dendritic Na+ and K+
 channels, dendritic 

branching, membrane potential, and somatic AP shape and spike frequency (Jung, Mickus, 

& Spruston, 1997; Spruston, Schiller, Stuart, & Sakmann, 1995; Nelson Spruston, Jaffe, & 

Johnston, 1994; Stuart & Sakmann, 1994). 
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Synaptic transmission. At the synaptic terminal, APs trigger the exocytotic release 

of a neurotransmitter which then diffuses across the synaptic cleft to activate the 

postsynaptic neuron. The major excitatory neurotransmitter in the hippocampal formation is 

glutamate (Glu) which binds to three types of ionotropic receptors (α-amino-3-hyroxy-5-

methyl-isoxazole-propionic acid (AMPA) receptors, kainate receptors, and N-methyl-D-

aspartate (NMDA) receptors) as well as metabotropic Glu receptors (mGluR).   

 

AMPA receptors. AMPA receptors (AMPARs) are multimeric proteins composed 

of a combination of subunits (GluA1-4) with unique intracellular C-termini (Malenka, 

2003). At resting membrane potential, AMPARs are permeable to Na+, K+ and in some 

cases Ca2+, and are the main source of glutamatergic fast synaptic currents. The majority of 

AMPARs on the surface of CA1 pyramidal neuron in the adult brain are GluA1/GluA2 

heteromers (~80 %) with the remainder being GluA2/GluA3 variants (Lu et al., 2009). The 

specific subunit composition of AMPARs affects their biophysical properties and 

interaction with other proteins; the GluA1 subunit is of special interest among 

neuroscientists as it is required for the induction and expression of LTP (Cull-Candy, Kelly, 

& Farrant, 2006; Dev, Nishimune, Henley, & Nakanishi, 1999; Jonas, 2000; Lee, 

Barbarosie, Kameyama, Bear, & Huganir, 2000; Terashima, Suh, & Isaac, 2017). 

 

NMDA receptors. NMDA receptors (NMDARs) are composed of a combination of 

4 subunits (GluN1-GluN3). Each functional receptor is made up of two GluN1 subunits and 

at least one GluN2 subunit (Monyer et al., 1992; Schorge & Colquhoun, 2003). Subunit 

composition affects single channel conductance, Ca2+ permeability and Mg2+ sensitivity and 

can change in an experience-dependent manner (Cull-Candy, Brickley, & Farrant, 2001; 

Quinlan, Philpot, Huganir, & Bear, 1999). At rest NMDA receptors are blocked by Mg2+ 

and are activated by simultaneous binding of Glu (at GluN2) and glycine (at GluN1 or 
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GluN3) in combination with membrane depolarisation to expel the Mg2+ block (Cull-Candy 

et al., 2001; Furukawa, Singh, Mancusso, & Gouaux, 2005).  These coincidence 

requirements, combined with their high Ca2+ permeability and slow activation/deactivation 

kinetics, gives NMDA receptors a crucial role in LTP induction (Cull-Candy et al., 2001).  

 

Kainate receptors. Kainate receptors (KAR) get their name from their ability to 

bind kainic acid with very high affinity (approximately 1000 fold affinity compared to 

AMPARs; Herb et al., 1992). KARs are made up of a combination of GluR5-7 (a.k.a. 

GluK1-5), KA1 and KA2 subunits. They can be heteromeric or homomeric, however, KA1 

and KA2 alone cannot form functional receptors (Herb et al., 1992; Swanson et al., 2002). 

The subunits differ substantially in their pharmacological profile. For example, the KA1 

and KA2 subunits have a 10x higher Glu binding affinity than GluA5-7 (Swanson et al., 

2002). GluA6 also desensitises much more rapidly and to a greater extent than other 

subunits (Swanson, Gereau, Green, & Heinemann, 1997). Therefore, how much KARs 

contribute to the synaptic response depends on receptor subunit composition as well as the 

strength of the synaptic response.  

 

Metabotropic glutamate receptors. Metabotropic glutamate receptors (mGluRs) are 

G-protein coupled receptors which can be divided into three subgroups, based on their 

characteristics. Group I mGluRs (mGluR1 and mGluR5) stimulate intracellular Ca2+ release 

via inositol-1,4,5-trisphosphate (IP3) and protein kinase C (PKC) activation via 

diacylglycerol (Conn & Pin, 1997; Kim, Lee, Lee, & Roche, 2008). mGluR5 is the most 

abundant subtype of mGluR in the CA1 region of the hippocampus and activation of these 

receptors can increase CA1 pyramidal cell excitability through the suppression of Ca2+-

activated K+ currents and potentiation of NMDA receptor currents (Mannaioni, Marino, 
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Valenti, Traynelis, & Conn, 2001; Romano et al., 1995). Group II (mGluR 2 and mGluR3) 

and group III (mGluR4 and mGluR 6-8) are Gi-coupled receptors, are largely presynaptic 

and, upon activation, inhibit adenylate cyclase and consequently cyclic adenosine 

monophosphate (cAMP) production (Pin & Acher, 2002; Schoepp, 2001). 

 

GABA receptors. Inhibitory transmission in the hippocampus is driven by GABA. 

Ionotropic GABAA receptors are the main contributor to rapid inhibition while GABAB 

receptors are G-protein coupled receptors which mediate slower currents via inward 

rectifying K+ channels (Andrade, Malenka, & Nicoll, 1986; Mody & Pearce, 2004; Nicoll, 

Malenka, & Kauer, 1990). In mature pyramidal cells, GABAA receptor activation results in 

hyperpolarisation due to Cl- and HCO-
3 influx, but these anions can also flow out of the cell 

and result in depolarisation, depending on the chloride equilibrium potential (Ben-Ari, 

2002; Kaila, Lamsa, Smirnov, Taira, & Voipio, 1997; Martin & Olsen, 2000). Hetero-

oligomeric GABAA receptors are made up of five proteins: α, β, γ, δ but the most abundant 

subunits in area CA1 are α1, α2, α5, β3, and γ2 (Pirker, Schwarzer, Wieselthaler, Sieghart, & 

Sperk, 2000; Sperk, Schwarzer, Tsunashima, Fuchs, & Sieghart, 1997). Distinct GABAA 

subunits have individual physiological and pharmacological profiles and support 

specialised functions (Olsen & Sieghart, 2008).  For example, receptors containing the α5 

subunit are thought to mediate tonic inhibition while receptors containing  γ2 subunits drive 

phasic inhibition (Caraiscos et al., 2004; Farrant & Nusser, 2005). Functional GABAB 

receptors are heterodimers, consisting of GB1 and GB2 subunits, and are thought to have 

distinct functions, depending on their location (presynaptic versus postsynaptic; Dutar & 

Nicoll, 1988; Jones et al., 1998; Kaupmann et al., 1998). Postsynaptically, GABAB 

receptors influence synaptic activation via K+ channels and protein kinase A (PKA)-

mediated changes to NMDA and AMPA receptor currents (Andrade et al., 1986; Chalifoux 
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& Carter, 2011; Dutar & Nicoll, 1988; J. Xu & Wojcik, 1986). Presynaptic GABAB 

receptors regulate neurotransmitter release at excitatory and inhibitory synapses through 

modulation of voltage-sensitive Ca2+ channels (Isaacson, Solis, & Nicoll, 1993; Mintz & 

Bean, 1993).  

 

Other neurotransmitters in the hippocampus. Acetylcholine-mediated 

neurotransmission is less common in the hippocampus and is predominantly initiated by 

septal afferents travelling via the fimbria (Lewis, Shute, & Silver, 1967). However, some 

cholinergic interneurons in SLM also release acetylcholine (Frotscher & Léránth, 1985). 

Cholinergic receptors can be grouped into two classes: nicotinic acetylcholine receptors 

which are ionotropic, and muscarinic receptors which are coupled to G-proteins. Several 

different subtypes of nicotinic acetylcholine receptors (α2-10 and β2-4 subunits) and 

muscarinic acetylcholine receptors (M1-M5) have been identified in the hippocampus which 

contribute to burst firing and fast oscillations, and can modulate several other types of 

potassium and calcium channels in CA1 pyramidal cells (Adams et al., 1982; Alkondon & 

Albuquerque, 1993; Bonner, Buckley, Young, & Brann, 1987; Boulter et al., 1987; 

Elgoyhen et al., 2001; Fisahn, Pike, Buhl, & Paulsen, 1998; Goldman et al., 1987; S. J. 

Moore, Cooper, & Spruston, 2009; Nakajima, Nakajima, Leonard, & Yamaguchi, 1986; 

Novere, Zoli, & Changeux, 1996).  

Other less common neurotransmitters, including catecholamine (dopamine, 

epinephrine, norepinephrine) and 5-HT, contribute to excitatory or inhibitory synaptic 

transmission in the hippocampus but may play a more modulatory role (Andersen, Eccles, 

& Lyning, 1964; Glowinski & Iversen, 1966; Izquierdo et al., 1992; Roth, Mefford, & 

Barchas, 1982; Segal, 1975; Segal & Bloom, 1974). Additionally, purines such as 

adenosine are co-released with Glu in a partially Ca2+-dependent manner, and act on 
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purinergic receptors found throughout the hippocampal formation (Jonzon & Fredholm, 

1985; Pankratov, Lalo, Verkhratsky, & North, 2006). Adenosine, which is hydrolysed from 

adenosine triphosphate, is a potent neuromodulator which suppresses excitatory synaptic 

transmission and can modulate the induction of some types of synaptic plasticity (Arai, 

Kessler, & Lynch, 1990; Cunha, Vizi, Ribeiro, & Sebastião, 1996; Fontinha, Diógenes, 

Ribeiro, & Sebastião, 2008; Lambert & Teyler, 1991).  

 

Rhythms of the hippocampal formation. Brain rhythms (recorded using local 

field potential recordings) are waves of neural activity generated by the sum of 

synchronised activity of a large number of neurons (Colgin, 2016). Local field potentials in 

the hippocampal formation are dominated by theta rhythms (4-12 Hz), gamma oscillations 

(30-100 Hz), and sharp wave–ripple complexes (~110–250 Hz ripples superimposed on 

~0.01–3 Hz sharp waves) which are associated with distinct behavioural states. Due to their 

close link to synaptic plasticity phenomena, specific brain rhythms, particularly theta 

rhythms, have also been suggested to be important for learning and memory and different 

types of activity may support specific aspects of memory formation (Bragin et al., 1995; 

Buzsáki, 1986; Colgin, 2016; Vanderwolf, 1969).  

 

Theta rhythms. Theta rhythmic activity is characterised by regular/sinusoidal waves 

found in many cortical and subcortical structures but can most strongly be recorded in the 

hippocampus, specifically the SLM of CA1 (Bullock, Buzsáki, & McClune, 1990; Buzsaki 

& Buzsáki, 2002; Jung & Kornmuller, 1938; Kowalczyk & Konopacki, 2002; Winson, 

1972). The phase and amplitude of theta rhythms are remarkably similar along the 

longitudinal axis of the hippocampus but vary in depth profile which may be related to 

differences in function and distinct mechanisms involved in theta generation (Bullock et al., 
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1990). Theta rhythms are associated with active exploratory behaviour (sometimes 

summarised as preparatory behaviour) such as sniffing, as well as rapid eye movement 

sleep, making it a likely candidate for the integration of multimodal information during 

memory encoding (Jouvet, 1969; Vanderwolf, 1969). In line with this hypothesis, the 

coherence between whisking/sniffing and theta rhythms is only apparent if the behaviour 

occurs in the framework of active odour sampling (Berg, Whitmer, & Kleinfeld, 2006; 

Kepecs, Uchida, & Mainen, 2007). Furthermore, spatial navigation is correlated with 

increases in hippocampal theta activity in rodents, as well as humans, and the organisation 

of place cell sequences within a theta cycle represent discrete parts of an environment 

(Czurkó, Hirase, Csicsvari, & Buzsáki, 1999; Ekstrom et al., 2003; Gupta, van der Meer, 

Touretzky, & Redish, 2012; Vanderwolf, 1969).  

The emergence of hippocampal theta oscillations is controlled by pacemaker 

neurons in the MS-DBB which form connections with hippocampal interneurons that are 

thought to amplify these currents (Freund & Antal, 1988; Ji & Dani, 2000; Lee, Chrobak, 

Sik, Wiley, & Buzsáki, 1994). Interestingly, different types of hippocampal interneurons 

are phase-locked to distinct phases of the theta cycle suggesting functionally distinct roles 

of theta cycle phases and different types of interneurons in the hippocampus (Amilhon et 

al., 2015; Huh et al., 2016). Through targeted inhibition and selective timing of activity, 

different types of interneurons may be critically involved in encoding and updating the 

spatial representation of a given location by driving the selection of relevant place cells at 

the start of the place field and inhibiting their activity at the end of a place field (Amilhon et 

al., 2015; Colgin, 2016; Royer et al., 2012).  

Although theta plays an important role in the hippocampus, different brain rhythms 

rarely appear in isolation but are coupled to other frequency bands. Theta is frequently 

coupled to gamma oscillations which are thought to be important for memory formation 

and retrieval (Sederberg, Kahana, Howard, Donner, & Madsen, 2003). Although the 
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function of the co-occurrence of theta and gamma rhythms has been somewhat 

controversial, the strength of theta-gamma coupling is predictive of performance on an 

associative memory task, suggesting a potential role in memory coding (Lisman & Jensen, 

2013; Shirvalkar, Rapp, & Shapiro, 2010). Furthermore, interfering with hippocampal 

theta-gamma coupling, for example by reducing theta input to the hippocampus via the 

medial septum, reduces gamma amplitude and rats’ performance on a hippocampus-

dependent memory task (Shirvalkar et al., 2010). Thus, fast gamma oscillations nested 

within slow theta waves have great potential to encode multi-item messages by modulating 

plasticity processes in the hippocampus. 

 

Sharp wave-ripples. Another dominant activity pattern in the hippocampus are 

sharp wave-ripples (SPW-Rs) which are large population events that are believed to be in 

competition with theta rhythms (Buzsaki, Horvath, Urioste, Hetke, & Wise, 1992; Buzsaki, 

Leung, & Vanderwolf, 1983). But, unlike theta rhythms, SPW-R originate in the 

hippocampus (Schlingloff, Kali, Freund, Hajos, & Gulyas, 2014). The sharp wave 

component represents activity between CA3 and CA1, while ripples are driven by basket 

cells targeting the perisomatic region of pyramidal cells in CA1 (Colgin, 2016; Schlingloff 

et al., 2014; Ylinen et al., 1995). SPW-R generate a combination of depolarisation and 

shunting inhibition that transiently increases excitability and promotes the selective firing 

of previously activated neurons which may contribute to their proposed role in the 

consolidation of synaptic plasticity and memory (English et al., 2014; Jadhav, Kemere, 

German, & Frank, 2012; Kudrimoti, Barnes, & McNaughton, 1999; Ramadan, Eschenko, & 

Sara, 2009; Sadowski, Jones, & Mellor, 2016).  
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Synaptic plasticity 

As discussed previously, synaptic plasticity mechanisms such as long-term 

potentiation and long-term depression are crucial mechanisms supporting the brain’s ability 

to change in response to environmental input and, consequently, neurological functioning 

and behavioural adaptation. While a decrease of synaptic strength exemplified by LTD and 

depotentiation are no less important, this thesis will focus on the lasting increase of 

synaptic efficacy, i.e., LTP, which has been intensively studied by learning and memory 

researchers.  

Long-term potentiation (LTP) 

Since the discovery of LTP (Bliss & Lømo, 1973), there has been considerable 

debate around its parameters and cellular mechanisms. This may at least in part be due to 

the diverse nature of the induction, expression, and persistence of LTP. LTP is often 

divided into early-LTP and late-LTP, depending on its persistence. Although some have 

argued that late-phase LTP can be further divided into two mechanistically distinct phases 

(Raymond, 2007).  

 

LTP induction. The universal signal leading to the induction of LTP is a rise in 

intracellular free calcium, which activates different signalling cascades depending on the 

strength and location of this signal due to affinity of calcium binding and the 

compartmentalisation of the calcium sensors involved in the induction of different types of 

LTP (Raymond & Redman, 2005). LTP can be induced by many different means including 

electrical stimulation at specific frequencies, pharmacological activation of plasticity 

mechanisms, or pairing protocols where a synaptic stimulus is paired with subsequent 

somatic APs (Bi & Poo, 1998; Bliss & Lømo, 1973; Fujii et al., 2004).  



24 

 

 

 

Two of the most commonly used electrical stimulation protocols are high-frequency 

stimulation (HFS), and theta burst stimulation (TBS). HFS defines the delivery of 

continuous high-frequency burst of stimuli (usually 100 pulses at 100 Hz) to a set of 

neurons, while TBS describes the delivery of a set of bursts (4-5 pulses at 100 Hz) which 

are repeated at theta frequency (e.g., 10 bursts at ~ 5 Hz) to a population of presynaptic 

neurons (Bliss & Lømo, 1973; Larson, Wong, & Lynch, 1986). Both paradigms have 

repeatedly been shown to reliably induce LTP, with a greater number of tetanisation trains 

leading to longer lasting LTP up to a point of saturation at which synaptic transmission 

cannot be further potentiated (Abraham, 2003; Lisman, 2003). Recent evidence has 

suggested that distinct intracellular signalling pathways mediate LTP induced with TBS or 

HFS (Zhu, Liu, Wang, Bi, & Baudry, 2015). While both HFS and TBS reliably induce 

LTP, TBS is considered more effective as the inter-burst interval of TBS takes advantage of 

a GABAB-mediated suppression of inhibition (between 150-250 ms), resulting in stronger 

postsynaptic depolarisation (Pacelli, Su, & Kelso, 1989; Perez, Chapman, Woodhall, 

Robitaille, & Lacaille, 1999; Stäubli, Scafidi, & Chun, 1999). However, some argue that 

the difference in magnitude is negligible at low stimulus intensities (Hernandez, Navarro, 

Rodriguez, Martinez Jr., & LeBaron, 2005). Nevertheless, TBS is favoured by many as 

theta-burst activity patterns occur in vivo (Otto et al., 1991; Sneider et al., 2006). Hence, it 

is regarded as a more naturalistic activity pattern than HFS and therefore more 

behaviourally relevant (Stäubli et al., 1999). 

Despite differences between the protocols, the mechanisms triggering the induction 

of LTP are largely the same. A rapidly decaying form of LTP, which is dependent on 

NMDAR activation, can be induced by a weak high-frequency stimulation protocol 

(Collingridge, Kehl, & McLennan, 1983; Morgan & Teyler, 1999, 2001). Additionally, the 

induction of such LTP may also involve the release of intracellular calcium from the 
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endoplasmic reticulum through ryanodine receptors, triggered by the initial NMDAR-

dependent rise in cytosolic Ca2+ (Behnisch & Reymann, 1995; Raymond, 2007).  

A longer lasting form of LTP can be induced by a stimulation paradigm of moderate 

strength and can last for hours in vivo (Abraham & Williams, 2008; Raymond, 2007; Hui 

Wang et al., 2016). While this type of LTP is also dependent on the activation of 

NMDARs, it requires the additional activation of mGluRs and phospholipase C which 

triggers generation of IP3 and intracellular calcium release through IP3 receptors (Behnisch 

& Reymann, 1995; Raymond, Thompson, Tate, & Abraham, 2000).  

The most durable form of long-term potentiation is believed to be dependent on a 

strong intracellular Ca2+ signal through somatic VDCC which is sufficient to activate 

transcription-dependent protein synthesis and can last for several months in vivo (Abraham 

& Williams, 2008; Morgan & Teyler, 2001; Raymond, 2007).  

 

LTP Consolidation. The early phase of LTP (E-LTP) is independent of protein 

synthesis and involves post-translational modifications such as phosphorylation of a variety 

of kinases. One of the major kinases involved in LTP is Ca2+/calmodulin-dependent kinase 

II (CaMKII; Lisman, 1994). CaMKII is found in synapses near NMDARs, is activated by 

calcium bound to the messenger protein calmodulin, and has been shown to play a role in 

LTP induced by both TBS and HFS (Lisman, 1994). Once activated, CaMKII then 

autophosphorylates. This generates a Ca2+ independent version of CaMKII which stays 

activated after the increase in postsynaptic calcium has diminished and is a critical step for 

the induction of LTP (Giese, Fedorov, Filipkowski, & Silva, 1998; Otmakhov et al., 2004). 

CaMKII regulates synaptic transmission by increasing phosphorylation of GluA1 at the 

Ser831 site, GluA1 trafficking and insertion, as well as cytoskeletal reorganisation 
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(Hayashi et al., 2000; Lee et al., 2000; Tomita, Stein, Stocker, Nicoll, & Bredt, 2017; 

Walikonis et al., 2001; Wu & Cline, 1998).  

Longer lasting LTP is associated with a moderate rise in intracellular calcium that 

leads to the activation of a number of kinase-dependent signalling cascades which converge 

onto dendritic translation of pre-existing mRNA but is independent of transcription 

(Cracco, Serrano, Moskowitz, Bergold, & Sacktor, 2005; Krug, Lossner, & Ott, 1984; 

Raymond, 2007). A protein believed to be critical for the regulation of dendritic translation 

is brain-derived neurotrophic factor (BDNF). BDNF is widely distributed at glutamatergic 

synapses throughout the brain, especially the hippocampus; it is responsible for neuronal 

survival and differentiation during development and it is now thought to continue to shape 

synaptic plasticity during adulthood as inhibition of BDNF signalling blocks the generation 

of late-phase LTP  and intra-hippocampal infusion of BDNF can generate a form of 

synaptic potentiation known as BDNF-LTP (Korte, Kang, Bonhoeffer, & Schuman, 1998; 

Messaoudi, Bårdsen, Srebro, & Bramham, 1998). BDNF primarily acts on the receptor 

tyrosine kinase tropomyosin-kinase B (TrkB), which has been suggested to act as a synaptic 

tag, labelling activated synapses for modification as part of the plasticity maintenance 

mechanism (Lu et al., 2011). Once activated, TrkB autophosphorylates tyrosine residues 

within the receptor domains, which creates docking sites for second messengers and 

ultimately leads to the activation of the Ras-raf-ERK and PI3K-Akt-mTor cascades 

(Bramham, & Messaoudi, 2005). The mammalian target of rapamycin (mTor) stimulates 

the release of the translation factor elF4E from the elF4E binding protein (elF4E-BP) to 

allow activation of this protein by MNK, an upstream effector kinase of ERK. In its 

activated state (bound to elF4G), elF4E stimulates the translation of mRNAs in the 

dendrites (Bramham & Messaoudi, 2005). However, there is some disagreement regarding 

the specific function of BDNF in synaptic plasticity and some evidence suggests a 

presynaptic function of this neurotrophin (Zakharenko et al., 2003).   
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Contrary to less durable LTP, the most persistent form of LTP requires 

transcription-dependent protein synthesis. Importantly, transcription occurs as a time-

sensitive mechanism during the induction of LTP (Nguyen, Abel, & Kandel, 1994). One of 

the major transcription factors associated with LTP maintenance is cAMP response 

element-binding protein (CREB; Bozon et al., 2003). CREB is constitutively expressed in 

the adult hippocampus and its phosphorylated form (p-CREB) binds to the cAMP response 

element (CRE) region of responsive genes to mediate transcription (Bozon et al., 2003). 

CREB phosphorylation is mediated by multiple Ca2+-activated kinases including CaMKIV, 

PKA, and PKC (De Groot, Den Hertog, Vandenheede, Goris, & Sassone-Corsi, 1993; 

Delghandi, Johannessen, & Moens, 2005; Sun, Lou, & Maurer, 1996). Additionally, the 

mitogen-activated protein kinase/ERK (MAPK/ERK) can activate CREB indirectly via the 

CREB kinase ribosomal protein S6 kinase (Sabrina Davis, Vanhoutte, Pagès, Caboche, & 

Laroche, 2000). A constitutive transcription factor such as CREB induces the first wave of 

transcription during LTP leading to the expression of immediate early genes which are 

rapidly expressed in an activity-dependent manner (Ryan, Mason‐Parker, Tate, Abraham, & 

Williams, 2011). Immediate early genes associated with LTP consolidation include Homer, 

Jun-D, Zif268 (a.k.a. Egr-1) and activity-regulated cytoskeleton-associated protein (Arc, or 

Arg3.1). Zif268 and Arc have been shown to be particularly important for LTP 

consolidation as they showed the strongest positive correlation with LTP duration 

(Abraham et al., 1993) and knock-out of these genes impairs long-term synaptic plasticity 

while LTP induction and short-term plasticity are left intact (Jones et al, 2001; Guzowski et 

al., 2000). MEK inhibition blocks the activity-dependent expression of both Zif268 and 

Arc, lending further support to the importance of MAPK/ERK in the maintenance of LTP 

(Davis et al., 2000; Ying et al., 2002). Arc itself may be involved in cytoskeletal 

reorganisation, and decrease nearby inactive synapses through inverse synaptic tagging, 

interaction with an inactive form of CaMK (CaMKIIβ) and AMPAR endocytosis (Okuno et 
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al., 2012; Okuno, Minatohara, & Bito, 2017; Rial Verde, Lee-Osbourne, Worley, Malinow, 

& Cline, 2006). In contrast, Zif268 is an inducible transcription factor for the second wave 

of transcription resulting in the expression of late response genes (Jones et al., 2001).   

 

Presynaptic mechanisms and retrograde signalling. While the majority of work 

has focused on signalling cascades of postsynaptic neurons, evidence for presynaptic 

mechanisms at CA3-CA1 synapses is limited. Nevertheless, there is some agreement 

regarding LTP expression in presynaptic neurons through a NMDAR-dependent increase in 

neurotransmitter release probability (Duguid & Sjöström, 2006; Yang & Calakos, 2013). 

Activation of postsynaptic NMDARs stimulates nitric oxide synthase to generate nitric 

oxide which acts both postsynaptically and presynaptically to enhance or reduce 

neurotransmitter release (Alderton, Cooper, & Knowles, 2001; Bains & Ferguson, 1997; 

Marin, Lafon-Cazal, & Bockaert, 1992; Schuman & Madison, 1991). Additionally, 

activation of NMDARs and mGluRs stimulates postsynaptic arachidonic acid (AA) 

production during HFS resulting in presynaptic PKC phosphorylation and increased 

glutamate release (M. A. Lynch & Voss, 1994; McGahon & Lynch, 1994; Pellerin & 

Wolfe, 1991).  Region-specific deletion of BDNF showed that this neurotrophin is required 

for a presynaptic, but not postsynaptic, component of LTP induced by TBS (Zakharenko et 

al., 2003). However, the nature of BDNF/TrkB signalling in LTP maintenance remains 

largely elusive and is complicated by differences in its effect on early and late phase LTP, 

as well sensitivity to the protocol used to induce LTP (Kang, Welcher, Shelton, & 

Schuman, 1997; Xu et al., 2000; Zakharenko et al., 2003; Zakharenko, Zablow, & 

Siegelbaum, 2001).  

 



29 

 

 

 

TBS-LTP versus HFS-LTP. The mechanisms triggering the induction of LTP are 

largely the same for both types of LTP, however robust TBS-LTP depends on cell firing 

during its induction while no such requirement has been described for HFS-LTP (Baudry et 

al., 2015; Pike, Meredith, Olding, & Paulsen, 1999; Raymond, 2008; Thomas et al., 1998; 

Zhu et al., 2015). The downstream pathways then diverge and the different types of LTP 

rely on distinct signalling cascades. One of the characteristic differences between TBS-LTP 

and HFS-LTP is the involvement of MAPK/ERK and PKA in LTP induction. For instance, 

the phosphorylated (activated) form of ERK (p-ERK) is transiently upregulated after LTP 

induction with TBS, but not HFS. Consistent with this finding, TBS-LTP but not HFS-LTP 

is inhibited by pharmacological blockade of MEK, a kinase responsible for ERK 

phosphorylation (Zhu, Liu, Wang, Bi, & Baudry, 2015). One of the ERK activators, 

calpain, is also thought to be involved in TBS-LTP but not HFS-LTP. Two isoforms of this 

protein (calpain 1 and 2) act together to support LTP expression. Calpain 1 is directly 

activated by Ca2+ and acts to degrade spectrin and SCOP (SCN circadian oscillatory 

protein) which in turn leads to cytoskeletal reorganisation and ERK activation respectively. 

The p-ERK-associated increase in BDNF then results in calpain 2 activation which can 

increase local protein synthesis through the upregulation of mTOR by cleaving phosphatase 

PTEN (Briz et al., 2013). TBS-LTP and HFS-LTP also have different requirements for 

BDNF-TrkB signalling. Studies using selective inhibition of BDNF/TrkB showed that 

TBS-LTP relies on BDNF-TrkB signalling during its induction while LTP induced with 

HFS was only affected if it lasted for more than an hour and BDNF/TrkB was inhibited 

during the maintenance (Chen, Kolbeck, Barde, Bonhoeffer, & Kossel, 1999; Kang et al., 

1997).  

Additionally, there is considerably crosstalk and mutual inhibition between the 

pathways (Baudry et al., 2015; Nguyen & Woo, 2003). For example, calpain degrades 

subunits of PKA, which is required for LTP induced with HFS but not TBS stimulation. In 
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turn, PKA can also decrease calpain activity by phosphorylating serine site 369-370 and 

activate PP2A, which dephosphorylates calpain 2 (Hajimohammadreza et al., 1997; Liang, 

Liu, Grundke-Iqbal, Iqbal, & Gong, 2007; Shiraha, Glading, Chou, Jia, & Wells, 2002; 

Zadran et al., 2009). However, PKA also stimulates ERK translocation to the nucleus and 

TBS-LTP can be restored in learning-impaired animals by activating the HFS-LTP 

pathway, lending support to the hypothesis that the individual signalling cascades converge 

onto the same mechanisms resulting in expression and long-term maintenance of synaptic 

potentiation (Baudry et al., 2015; Zhu et al., 2015). 

 Long-term depression (LTD) 

As for LTP, the main signal triggering a long-lasting decrease in synaptic strength 

(LTD) is a postsynaptic rise in the intracellular Ca2+ concentration, although more moderate 

in size (Lisman, 1989). In the hippocampus, LTD can either be specific to an activated 

input pathway (homosynaptic) or expressed in a separate input which is referred to as 

heterosynaptic LTD (Dudek & Bear, 1992; Dunwiddie & Lynch, 1978; Lynch, Dunwiddie, 

& Gribkoff, 1977). While the depression of previously potentiated synapses is also referred 

to as LTD by some, this type of synaptic modification, known as depotentiation, is a 

discrete phenomenon which involves distinct molecular mechanisms (Lee et al., 2000). 

Experimentally, LTD is typically induced by repetitive low-frequency stimulation (LFS; 

0.5-5 Hz), by pairing baseline stimulation with postsynaptic depolarisation, or through 

direct activation of relevant receptors (Bukalo, Lee, & Fields, 2016; Dudek & Bear, 1992; 

Lee, Kameyama, Huganir, & Bear, 1998; Palmer, Irving, Seabrook, Jane, & Collingridge, 

1997). The most commonly studied forms of LFS-induced or pharmacologically-induced 

LTD in the hippocampus involves activation of NMDARs or mGluRs, but there are other 

means of inducing synaptic depression, for example through activation of muscarinic 

receptors (Dickinson et al., 2009; Lee et al., 1998; Palmer et al., 1997).  
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NMDAR-dependent LTD. One type of long-lasting depression that can be readily 

induced in the hippocampus is mediated by Ca2+ entry through NMDARs (Dudek & Bear, 

1992; Liu et al., 2004). Although not without controversy (possibly due to developmental 

changes) some types of LTD appear to be particularly reliant on the expression of the 

GluN2B subunit (Bartlett et al., 2007; Cull-Candy et al., 2001; Morishita et al., 2007). LTD 

is expressed both presynaptically and postsynaptically as a decrease in neurotransmitter 

release and reductions in AMPAR and NMDAR currents respectively (Enoki, Hamilton, & 

Fine, 2009; Selig, Hjelmstad, Herron, Nicoll, & Malenka, 1995), although the majority of 

research has focused on LTD-associated modification of postsynaptic AMPARs. A small to 

moderate rise in intracellular Ca2+ and Ca2+ release from intracellular stores in the 

postsynaptic neuron induces synaptic depression through the activation of the Ca2+-

dependent phosphatase calcineurin (Mulkey, Endo, Shenolikar, & Malenka, 1994; Mulkey, 

Herron, & Malenka, 1993). Calcineurin activation is thought to promote protein 

phosphatase 1 (PP1) activity by dephosphorylating its inhibitor, known as inhibitor-1 

(Mulkey et al., 1994). Protein phosphatase (PP1/2A) activation has been shown to regulate 

the phosphorylation of AMPARs at Ser845 in response to LFS delivered to naïve synapses 

of CA1 stratum radiatum (Lee et al., 2000). Long-lasting LTD (lasting for at least 2 h) 

requires de novo protein synthesis and involves translation of clathrin adapter proteins 

which mediate AMPAR endocytosis (Kauderer & Kandel, 2000; Lee, Liu, Wang, & Sheng, 

2002).     

 

mGluR-dependent LTD. In area CA1 of the hippocampus, activation of group I 

mGluRs, through synaptic stimulation, utilising paired pulse-LFS or pharmacological 

means, induces phospholipase C-dependent production of DAG and IP3 which in turn 

induces intracellular Ca2+ release through IP3 receptors as well as PKC activation (Lüscher 
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& Huber, 2010; Oliet, Malenka, & Nicoll, 1997). This signalling cascade ultimately leads 

to the phosphorylation of AMPARs at Ser880, as well as lateral diffusion and 

internalisation of AMPARs (Gladding et al., 2009; Lüscher & Huber, 2010). In contrast to 

NMDAR-dependent LTD, dephosphorylation and endocytosis of AMPARs in mGluR-LTD 

is thought to be mediated via tyrosine phosphatases (Gladding et al., 2009; Moult, Corrêa, 

Collingridge, Fitzjohn, & Bashir, 2008; Zhang et al., 2008). Some types of mGluR-

mediated LTD also require protein synthesis (via ERK or p38 MAPK), although this 

requirement may change during development, as mGluR-LTD can be reliably induced in 

the presence of protein synthesis inhibitors in early stages of development (Gallagher, Daly, 

Bear, & Huber, 2004; Huber, Kayser, & Bear, 2000; Lüscher & Huber, 2010; Moult et al., 

2008; Nosyreva & Huber, 2005). Several candidate proteins are thought to be synthesised 

during mGluR-LTD, including striatal-enriched protein phosphatase, microtubule 

associated protein 1B and Arc, which all support synaptic depression through the 

internalisation of AMPARs (Davidkova & Carroll, 2007; Waung, Pfeiffer, Nosyreva, 

Ronesi, & Huber, 2008; Zhang et al., 2008).  

Spike-timing dependent plasticity (STDP) 

STDP describes a form of plasticity where the direction of the change (LTP versus 

LTD) depends on the order of synaptic transmission and spike generation. Evidence for this 

type of synaptic plasticity comes from studies that repetitively paired subthreshold synaptic 

stimulation with positive current injections into the soma to generated APs. A somatic spike 

occurring up to ~20 ms after postsynaptic depolarisation induces LTP while spiking before 

postsynaptic activity induces LTD (Bi & Poo, 1998; Magee & Johnston, 1997). This 

Hebbian form of plasticity also depends on NMDA receptors and APs backpropagating into 

the dendrites (Cragg & Hamlyn, 1955; Kandel & Spencer, 1961; Magee & Johnston, 1997). 

Effective induction of LTP in CA1 requires the induction of AP bursts (at least two spikes) 
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which may mimic complex spikes that are generated in CA1 pyramidal cells (Thomas et al., 

1998). While it has been a topic of controversy, STDP might play an important role in 

stabilising cell firing and synaptic competition (Kempter, Gerstner, & Van Hemmen, 1999; 

Song, Miller, & Abbott, 2000; Sourdet & Debanne, 1999).  

Intrinsic plasticity 

Synaptic plasticity is often associated with a change in intrinsic excitability that 

determines the efficacy with which a given input (EPSP) generates an output signals (AP) 

through non-synaptic changes. Intrinsic plasticity is mediated through the activity-

dependent modulation of several ion channels which can either support synaptic plasticity 

or counteract synaptic changes in a homeostatic manner (Desai, Rutherford, & Turrigiano, 

1999; Fan et al., 2005; Jung & Hoffman, 2009). For example, HFS-LTP is associated with 

increased EPSP-spike coupling, mediated by a decrease in A-type potassium current (IA), 

while STDP induced by a theta-burst pairing protocol decreases excitability via HCN 

channel potentiation (Fan et al., 2005; Kim, Jung, Clemens, Petralia, & Hoffman, 2007). 

The density of HCN channel expression increases more than 6-fold with distance from the 

soma resulting in a differential effect of Ih current on somatic EPSPs depending on the 

locations of its generation (Lörincz, Notomi, Tamás, Shigemoto, & Nusser, 2002; Magee, 

1998; Tsay, Dudman, & Siegelbaum, 2007). Thus, Ih currents are greater in distal dendrites, 

and can modulate the shape of the EPSP, hence regulate synaptically driven depolarisation 

and neural excitability. 

Perhaps unsurprisingly, many of the signals driving excitability changes are the 

same as those triggering synaptic plasticity. L-VDCC and PKA activation increase M-

currents, thus, decreasing ADP and increasing mAHP (Wu et al., 2008). Additionally, 

through the interaction with an A-kinase-anchoring protein, PKA and calcineurin 

bidirectionally regulate Kv4.2 phosphorylation which mediates channel redistribution and 
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dendritic integration, and CaMKII activation increases Kv4.2 surface expression resulting 

in decreased intrinsic excitability (Hammond, Lin, Sidorov, Wikenheiser, & Hoffman, 

2008; Kim, Jung, Clemens, Petralia, & Hoffman, 2007; Lin, Sun, Kung, Dell'Acqua, & 

Hoffman, 2011; Mohapatra et al., 2009; Varga et al., 2004). Importantly, changes in both 

dendritic and somatic/perisomatic voltage-dependent ion channels can influence not only 

orthodromically driven depolarisation but also modulate AP backpropagation and can thus 

have significant effect on activity dependent Ca2+ influx (Fuenzalida, Fernandez de Sevilla, 

& Buno, 2007; Hu, Vervaeke, & Storm, 2007; Lopez-Rojas, Heine, & Kreutz, 2016; 

Migliore, Hoffman, Magee, & Johnston, 1999; Shah, Migliore, Valencia, Cooper, & 

Brown, 2008). Indeed, changes in intrinsic excitability can not only regulate synaptic 

efficacy, but also alter cells’ ability to undergo future synaptic plasticity through a process 

known as metaplasticity (Cohen, Coussens, Raymond, & Abraham, 1999; Le Ray, 

Fernández De Sevilla, Belén Porto, Fuenzalida, & Buno, 2004).  

Metaplasticity 

Metaplasticity is defined as an activity-dependent change in the ability of cells or 

synapses to express synaptic plasticity phenomena (Abraham & Bear, 1996). The crucial 

difference to classical neuromodulation is that the metaplasticity-inducing event occurs 

prior to the plasticity-inducing stimulus. Metaplasticity may be bidirectional and can last 

for minutes to hours in vitro and days in vivo. Moreover, such effects can be either confined 

to previously activated synapses (homosynaptic) or involve other synapses on the same 

neuron(s) (heterosynaptic).  

Homosynaptic metaplasticity 

NMDAR dependent metaplasticity. Pharmacological or electrical (low-frequency 

stimulation or weak tetanic stimulation) activation of NMDARs can inhibit the induction 
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and persistence of LTP and facilitate the induction of LTD for ~ 1 h in the same pathway 

(Christie & Abraham, 1992; Coan, Irving, & Collingridge, 1989; Fujii et al., 2004; Huang 

et al., 1992; Izumi, Clifford, & Zorumski, 1992). This effect can be overcome by increasing 

the strength of the LTP-inducing stimulus, suggesting that previous NMDA receptor 

activation induces a shift in the threshold for homosynaptic LTP/LTD induction (Christie, 

Stellwagen, & Abraham, 1995; Huang et al., 1992). NMDAR-dependent metaplasticity 

may involve NMDA receptor endocytosis, or a switch in NMDAR subunits. Compared to 

silent synapses, active synapses have significantly more GluN2B containing receptors 

which produce slower currents than GluN2A containing receptors (Lee, Yasuda, & Ehlers, 

2010; Morishita, Marie, & Malenka, 2005). Therefore, a switch in subunits might reduce 

Ca2+ accumulation, and consequently increase the threshold for the induction of synaptic 

plasticity (Bellone & Nicoll, 2018; Erreger, Dravid, Banke, Wyllie, & Traynelis, 2005; 

Philpot et al., 2007; Yashiro & Philpot, 2008). Additionally, protein phosphatases, 

calcineurin, NO, PKC and CaMKII autophosphorylation are thought to be important for 

this type of metaplasticity which may have an important homeostatic function in protecting 

the system from pathological levels of excitation (Izumi, Clifford, & Zorumski, 1992; 

Yukitoshi Izumi, Tokuda, & Zorumski, 2008; O’Dell & Kandel, 1994; Rodríguez-Durán & 

Escobar, 2014; Stanton, 1995; Zhang et al., 2005).  

 

mGluR dependent metaplasticity. Global activation of mGluRs triggers an 

intracellular calcium response through activation of ryanodine receptors, IP3 receptors, and 

store-operated Ca2+ channels, mobilising phospholipase C, which results in transcription-

independent protein synthesis and increased LTP-persistence (Cohen, Raymond, & 

Abraham, 1998; Mellentin, Jahnsen, & Abraham, 2007; Raymond, Thompson, Tate, & 

Abraham, 2000). Additionally, non-selective activation of mGluRs triggers a 

downregulation of the degree of tyrosine phosphorylation of an unknown protein through a 
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non-classical signalling cascade, and increased AMPAR expression (Ireland et al., 2004; 

Oh, Derkach, Guire, & Soderling, 2006). 

However, metaplasticity induced by mGluR activation has regional differences 

within the hippocampal formation. In area CA1, group I mGluR activation facilitates LTP 

while group II mGluR activation inhibits LTD, but activation of both group I and group II 

mGluRs inhibits subsequent LTP and LTD (via PKC) in the dentate gyrus (Gisabella, 

Rowan, & Anwyl, 2003; Rush, Wu, Rowan, & Anwyl, 2002; Wu, Rowan, & Anwyl, 2004). 

The group I mGluR-dependent facilitation of LTP in CA1 is thought to involve a decrease 

in slow AHPs mediated by mGluR5 activation, and an increase in intracellular Ca2+ through 

activation of mGluR1 (Cohen & Abraham, 1996; Ireland & Abraham, 2002; Ireland, 

Guevremont, Williams, & Abraham, 2004; Mannaioni et al., 2001). Activation of mGluR1 

receptors on somatostatin interneurons in the oriens/alveus region also facilitates 

subsequently induced LTP on CA3/CA1 synapses while mGluR5 activation is thought to 

trigger a ‘molecular switch’ (Bortolotto, Bashir, Davies, & Collingridge, 1994; Vasuta et 

al., 2015). The molecular switch is a type of metaplasticity which triggers an intracellular 

signalling cascade that stimulates protein synthesis via CAMKIIα and PKC, so that 

mGluRs are no longer necessary for the induction of a long-lasting form of LTP (Bortolotto 

et al., 1994; Bortolotto & Collingridge, 1998).  

Heterosynaptic metaplasticity 

Endocannabinoid-mediated metaplasticity. Endocannabinoids are endogenous 

ligands such as anandamide and 2-arachidonoyl-glycerol which act on type 1 and type 2 

cannabinoid receptors (CBRs) and trigger a unique type of plasticity and metaplasticity. 

Release of endocannabinoids in response to postsynaptic depolarisation results in a 

decrease of GABA or Glu release, known as depolarisation induced suppression of 

inhibition (DSI) and depolarisation induced suppression of excitation (DSE) respectively 
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(Alger, 2002; Kreitzer & Regehr, 2002; Ohno-Shosaku, Maejima, & Kano, 2001). Both 

DSI and DSE are triggered by a rise in intracellular Ca2+, and depend on presynaptic CB1 

activation, DSE requires a longer time frame of depolarisation which is generally smaller in 

size (Ohno-Shosaku et al., 2002). Importantly this type of plasticity can either facilitate or 

inhibit subsequently induced LTP and can extend to nearby synapses (Chevaleyre & 

Castillo, 2004; Maroso et al., 2016; Zhu, 2006). The action of endocannabinoid can be cell-

type or compartment specific. For example, CB1 receptor-mediated upregulation of Ih 

inhibited spatial learning and LTP induction in superficial CA1 pyramidal cells but did not 

affect cells in deep layers of the same region (Maroso et al., 2016). Furthermore, AP-driven 

endocannabinoid release causes a lasting hyperpolarisation of the resting membrane 

potential which is specific to pyramidal neurons in area CA2 and CA3 of the hippocampus 

(Stempel et al., 2016). In CA1 however, postsynaptic theta-burst firing induces DSI of 

stratum radiatum dendrites which is restricted to the previously activated pyramidal cells 

(Younts, Chevaleyre, & Castillo, 2013). 

 

Models of metaplasticity. Several models have conceptualised the mechanisms of 

heterosynaptic metaplasticity. The most influential models include the synaptic tagging and 

capture model of plasticity, the calcium-dependent plasticity model, and the Bienenstock-

Cooper-Munro (BCM) model. The synaptic tagging and capture model was formalised after 

the observation that the persistence of less durable forms of LTP (or LTD) could be 

facilitated by previous activation of plasticity-related protein synthesis driven by a separate, 

converging pathway. It is thought that newly synthesised proteins interact with ‘tagged’ 

synapses that were recently activated, even if their activation was not normally sufficient to 

trigger protein synthesis (Barrett, Billings, Morris, & Van Rossum, 2009; Frey & Morris, 

1997).  
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The calcium-dependent model suggests that postsynaptic Ca2+ currents trigger both 

long-term synaptic plasticity and a homeostatic downregulation of neural excitability 

through the modification of postsynaptic NMDAR permeability at synapses across the cell, 

thus impairing future LTP (Yeung, Shouval, Blais, & Cooper, 2004). This model 

incorporates similar features as the BCM model from which it was derived but it cannot 

account for NMDAR-independent types of metaplasticity.  

According to the BCM model, the induction of synaptic plasticity is a nonlinear 

function of the degree of postsynaptic firing engendered by a synaptic input where low 

levels of postsynaptic activity triggers LTD and high levels of postynaptic activity triggers 

LTP (Bienenstock, Cooper, & Munro, 1982). The point at which the plasticity function 

switches from LTD to LTP, called the modification threshold (θM), is plastic and depends 

on the history of postsynaptic cell firing (Fig. 1.5). Specifically, a period of low cell firing 

induces a leftward shift of the modification threshold, making the induction of future LTP 

easier, but LTD harder to obtain. The opposite would then be true after a period of high 

postsynaptic activity. Critically, the shift in θM is induced by a change in postsynaptic 

activity (i.e., cell firing) which implies that the metaplastic regulation of synaptic plasticity 

can be both homo and heterosynaptic, or cell-wide.  
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Experimental support for the BCM model. The BCM model was originally 

formalised to describe experience-dependent plasticity in the visual cortex during 

development where visual deprivation (i.e., low cell firing) facilitates subsequent LTP and 

inhibits LTD (Kirkwood, Rioult, & Bear, 1996; Philpot et al., 2007). Metaplasticity studies 

conducted in the hippocampal formation have also provided evidence supporting the 

existence of BCM-like modification of synaptic plasticity. For example, orthodromic or 

antidromic stimulation blocked subsequent heterosynaptic LTP induction in the dentate 

gyrus (Abraham, Mason-Parker, Bear, Webb, & Tate, 2001). In area CA1 of the 

hippocampus, strong afferent stimulation (6 trains of 100 Hz stimulation) facilitates 

subsequent LTD induction but inhibits LTP induction at heterosynaptic or heterodendritic 

synapses (Holland & Wagner, 1998; Hulme et al., 2012; Wang & Wagner, 1999). A similar 

effect can be induced with TBS stimulation, where previous tetanisation reduces or 

Figure 1. 5. The BCM model of synaptic plasticity and metaplasticity. The plasticity threshold (θM) 

is a function of the postsynaptic activity and a period of low cell firing during visual deprivation, 

for example, can shift θM to make LTP easier to obtain and LTD harder to obtain. From Abraham 

(2008). Reused with permission from, Springer Nature, © 2008.  
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completely blocks LTP induction at an independent pathway for up to 60 min after the 

conditioning stimuli. This metaplastic change in LTP induction was, at least in part, due to 

an L-VDCC-dependent potentiation of the peak and duration of the sAHP (Le Ray et al., 

2004).  

More direct support comes from Yasuda, Sabatini & Svoboda (2003) who showed 

that postsynaptic activity alone, rather than presynaptic stimulation, can modulate the 

threshold for plasticity induction. Here, trains of backpropagation action potentials (bAPs) 

were sufficient to inhibit LTP induced with a theta-burst pairing protocol in area CA1 of 

the hippocampus. This effect was explained by a suppression of R-VDCCs in the spines of 

CA1 pyramidal neurons triggered by L-VDCC activation (Yasuda et al., 2003). LTP could 

partly be rescued with a stronger induction stimulus, suggesting that priming activity 

increases the threshold for LTP as postulated in the BCM model. Critically, this study 

provided support for AP-dependent regulation of future plasticity, which is one of the key 

features of the BCM model. 

Another key feature of this model is that the modification of the plasticity threshold 

is cell-wide. In keeping with this assumption, it was shown that high-frequency stimulation 

delivered to the basal dendrites of CA1 pyramidal cells reduces LTP induction in the apical 

dendrites 15 min later (Hulme et al., 2012). Thus, metaplasticity can span across dendrites 

located on opposite sides of the cell body. This effect can be reliably produced by a variety 

of stimulus protocols and is thought to require long-range communication via astrocytes 

involving astrocytic gap junctions and/or hemi-channels, M1 acetylcholine receptors and 

IP3 mediated Ca2+ release, hydrolysis of extracellular ATP to adenosine, as well as 

activation of adenosine A2 receptors (Hulme, Jones, Ireland, & Abraham, 2012; Jones, 

Hulme, & Abraham, 2013).  Although high levels of stratum oriens activity decreased LTP 

in stratum radiatum in this study, the metaplasticity effect was still observed when cells 

were hyperpolarised during priming, and consequently, did not fire action potentials 
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(Hulme et al., 2012; Jones et al., 2013). Thus, these studies do not fully support all aspects 

of the BCM model. 

 

Experimental evidence against the BCM model. In addition to the heterodendritic 

metaplasticity effect described earlier, Hulme et al. (2012) conversely found that 

postsynaptic APs (2x3 trains, delivered at 100 Hz) facilitated LTP induction, which is in 

opposition with the BCM model. Similarly, antidromically delivered theta-burst stimulation 

decreased AP threshold, and facilitated subsequent LTP in CA1 pyramidal cells in a 

different study (Bukalo et al., 2013). This latter effect depends on gap junctions which 

allow synchronous firing of axons, requires L-VDCCs and active back-propagation of APs 

(Bukalo et al., 2013). A possible contributor to the LTP facilitation was a depression of 

baseline evoked potentials caused by the antidromic stimulation. Such a depression of 

synaptic activity has been described by several groups but the exact underlying mechanisms 

are still not fully understood (Christofi, Nowicky, Bolsover, & Bindman, 1993; Lisman & 

Spruston, 2005; Pockett, Brookes, & Bindman, 1990; Vickery, Morris, & Bindman, 1997). 

Another study using antidromic stimulation (3x2 trains of TBS) demonstrated facilitation of 

the maintenance of LTP induced 1-2 h later with theta-burst stimulation (Dudek & Fields, 

2002). But here, the magnitude of LTP induction was not affected. The authors suggested 

that AP firing induced by the antidromic stimulation may stimulate transcriptionally driven 

protein synthesis which interacts with the subsequently potentiated synapses as described in 

the synaptic tagging and capture model (Dudek & Fields, 2002). 

Behavioural relevance of metaplasticity 

Comparable to the bidirectional nature of metaplasticity, behavioural stimulation 

can either facilitate or inhibit subsequent memory formation. While learning one 
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hippocampal task may facilitate learning of another unrelated task, in some instances of 

learning or exposure to noxious stimuli, animals’ capacity to learn novel information may 

be reduced (Cantarero, Tang, O’Malley, Salas, & Celnik, 2013; Kim, Foy, & Thompson, 

1996; Schmidt, Abraham, Maroun, Stork, & Richter-Levin, 2013; Zelcer et al., 2005). 

Importantly, many of the mechanisms driving the behavioural change are the same as those 

driving metaplastic change of synaptic plasticity. For instance, rats trained in an olfactory 

discrimination task had reduced sAHPs in the hippocampus and piriform cortex compared 

to pseudo-trained animals (Saar, Grossman, & Barkai, 1998; Zelcer et al., 2005). The effect 

diminished, however, once the rule had been acquired. During the time of reduced sAHP, 

the induction of LTP was facilitated and learning of an unrelated hippocampus-dependent 

memory task was improved (Zelcer et al., 2005).  

Reduced learning and LTP induction may in turn be an example of homeostatic 

metaplasticity which stabilises neural circuits and improve memory retention by reducing 

interference, or prevent extremely high (or low) levels of activity that would leave the 

animal functionally impaired (Cantarero et al., 2013; Diamond & Rose, 1994; Foy, Stanton, 

Levine, & Thompson, 1987; Kim et al., 1996; Mattson, Keller, & Begley, 1998; Migaud et 

al., 1998). Thus, metaplasticity mechanisms may support the encoding of relevant 

information by either enabling learning to take place or reducing interference of 

nonessential or excessive information.  

Thesis objectives 

Postsynaptic activity, specifically AP firing, can regulate the induction and 

persistence of subsequently induced LTP (Bukalo et al., 2013; Dudek & Fields, 2002; 

Hulme et al., 2012; Yasuda et al., 2003). However, for unknown reason, there have been 

inconsistencies in the nature of the AP-induced metaplasticity effects in the hippocampus. 

This may in part be due to variation in the paradigms used to prime cells and induce LTP, 
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including the time between priming and LTP induction. Using field potential recordings 

and antidromic stimulation of the alveus, Bukalo et al. (2013) found that priming 

hippocampal slices with 3 sets of 3 trains of TBS facilitated LTP induced 60 minutes later 

with 3 TBS in stratum radiatum. In a similar experiment, the maintenance but not induction 

of LTP induced with 1 (or 0.5) train of TBS was facilitated if cells were primed with 3x2 

trains of TBS up to 2 min earlier (Dudek & Fields, 2002). In single cells, AP firing induced 

by somatic current injections (2x3 trains of HFS, each train 1 s, 100 Hz) facilitated LTP 

induced by 2 trains of HFS 15 min later in stratum radiatum (Hulme et al., 2012). However, 

in a different study, 4 trains of APs delivered at 63 Hz inhibited LTP induced by a theta-

burst pairing paradigm (Yasuda et al., 2003). Thus, previously conducted research studies 

differed in the type of stimulation used to induce postsynaptic firing, the pattern of firing 

during priming stimulation, the time delay between priming and LTP induction, and the 

LTP induction paradigm.  

The overall aim of this thesis was to unravel the inconsistencies and gain better 

understanding of the parameters driving the metaplastic facilitation or inhibition of LTP by 

systematically varying some of the key protocols that differ between previously conducted 

studies. The most commonly used activity patterns are TBS and HFS which are now known 

to trigger distinct intracellular signalling cascades during the induction of LTP. Therefore, 

the main goal of this thesis was to investigate the role of both postsynaptic (i.e., AP 

priming) and presynaptic (i.e., LTP induction) theta-burst and high-frequency activity 

patterns in the regulation of future LTP. It was hypothesised that the size and direction of 

the metaplasticity effects induced by different patterns of AP firing (TBS versus HFS) 

depends on the pattern of the LTP inducing stimulation (TBS versus HFS). 

To test this core hypothesis, previously used patterns of priming (3x3 TBS, Bukalo 

et al., 2013; 2x3 HFS, Hulme et al. 2012) were first compared using extracellular field 

recordings where priming stimulation was delivered antidromically (Chapter 3) and LTP 
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was induced by TBS (as per Bukalo et al., 2013). The experiments described in Chapter 3 

also addressed the timing between priming and LTP induction, and the strength of the LTP 

inducing stimulus (i.e., the number of trains of TBS) to test for factors other than activity 

patterns that may contribute to the metaplasticity effect. 

Because antidromic priming did not induce a robust metaplasticity effect in these 

experiments, the investigation was continued using intracellular sharp-electrode recordings 

of single cells (as in Hulme et al., 2012). Here (Chapter 4), the effect of different firing 

patterns (3x3 TBS and 2x3 HFS) was tested against each type of LTP induction (TBS and 

HFS). This allowed for direct comparison between the different types of neural activity and 

their role in the metaplastic regulation of LTP. Finally, to gain a greater understanding of 

the mechanisms underlying the bidirectional metaplasticity effects observed in Chapter 4, 

priming-induced changes in the intrinsic properties were characterised (Chapter 5).  
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CHAPTER 2 

GENERAL METHODS 

Tissue was taken from male Sprague-Dawley rats (6-8 weeks old) obtained from the 

Taieri Hercus resource unit, University of Otago. Animals were housed in groups (2-5 

animals per cage) in standard caging (approximately 37 x 52 x 25 cm), had ad libitum 

access to food and water and were kept on a normal 12 h light/dark cycle from 6am to 6pm. 

All animal procedures were approved by the University of Otago Animal Ethics Committee 

(ET 7/14, ET 7/17) and in accordance with the New Zealand animal welfare legislation. 

Tissue Preparation 

Rats were deeply anaesthetised with ketamine (100 mg/kg, i.p.) and decapitated 

before brains were removed and submerged in ice-cold sucrose (mM: 210 sucrose, 26 

NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 3 MgCl2, 20 D-glucose), oxygenated with 

carbogen (95% O2-5% CO2).  Hippocampi were dissected out, CA3 was removed by a 

manual cut and transverse slices (400 µm) were cut using a Microtome (Leica VT 1000 S). 

Slices were then left to equilibrate at interface in a holding chamber containing artificial 

cerebrospinal fluid (aCSF: mM: 124 NaCl, 3.2 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2.5 

CaCl2, 1.3 MgCl2, 10 D-glucose) at 32 ºC for 30 min and at least another 2 h at room 

temperature.  

Extracellular Recordings 

Experimental set-up 

Slices were placed in a humidified recording chamber and continuously perfused (2 

ml/min) with oxygenated aCSF, maintained at 32.5 ºC. Slices were kept thinly submerged 

and held in place with two manually placed nets to limit movement of the slice during the 
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recording period. Slices were left to equilibrate for at least 15 min before further 

manipulation. Field excitatory postsynaptic potentials (fEPSP) were recorded using a glass 

recording electrode filled with 2 M NaCl and a resistance of 2-3 MΩ. One recording 

electrode was placed in stratum radiatum, midway between SLM and stratum pyramidale, 

to record synaptic potentials of the test pathway. Another electrode was placed in stratum 

pyramidale to record the population spike evoked by alveus stimulation (Fig. 2.1).  

 

        

 

Figure 2. 1. Extracellular field recording technique. (Left) Electrode placements stratum 

pyramidale recording electrode. Sample waveforms for each channel are shown on the right. 

Recording electrodes were filled with dye for visualisation only for the purpose of this picture. Top 

net not shown. (Top right) Antidromic spike recorded from stratum pyramidale (R2), evoked by 

the alveus stimulating electrode (S2). Red lines indicate the method of measuring the antidromic 

spike. Scale bars: 1 mV, 1.5 ms. (Bottom right) fEPSP evoked by Schaffer collateral stimulation 

(S1) and recorded from stratum radiatum (R1). Red lines indicate the method of measuring the 

slope of the fEPSP. Scale bar: 0.5 mV, 1.5 ms. 

 

Recording electrodes were prepared from glass capillary micropipettes with 

filament (OD 1 mm, ID = 0.58 mm, AM Systems) using a micropipette puller (Sutter 

instruments, Model P-97 Flaming/Brown) and were coupled to Grass® P511 A.C. 

amplifiers (x1000 amplification and half-amplitude filter cut-off at 0.3 Hz and 3 kHz) via 
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high-impedance probes (Grass®). Bulk stimulation was delivered via 50 µm Teflon-

insulated tungsten monopolar stimulation electrodes. For Schaffer collateral stimulation, a 

monopolar electrode was placed approximately 400 µm from the stratum radiatum 

recording electrode towards CA3. Another stimulating electrode was placed in the alveus, 

directly above the stratum pyramidale recording electrode (Fig. 2.1). 

Stimulation parameters were delivered via custom-built programmable stimulators 

(diphasic pulse, half-wave duration 0.1 ms). A custom-written LabView program (National 

Instruments) was used to run the experiment as well as collect data. Only slices displaying 

fEPSPs with an amplitude of at least 2.5 mV at 100 µA in stratum radiatum and an 

antidromic spike of at least 3 mV at 100 µA were used for the experiments. Stimulation 

parameters were set to 30-40% of the maximum slope of the fEPSP in stratum radiatum and 

70-80% of the maximum amplitude of the antidromic spike recorded from stratum 

pyramidale and were held constant throughout the experiment.  

Experimental procedure 

For baseline recordings, slices were stimulated at a rate of 1 pulse/ 30 s, alternating 

between the alveus and stratum radiatum stimulating electrodes so that each pathway was 

stimulated once every 60 s. The baseline was restarted if recordings were unstable, assessed 

visually with online tracking of responses. Because declining potentials can indicate poor 

slice health and prolonged baselines may change synaptic plasticity (Abraham et al., 2002), 

slices were discarded if baseline recordings had to be restarted more than 3 times and the 

drift was not due to rig instability (e.g., temperature fluctuation). After at least 30 min of 

baseline stimulation, slices were primed antidromically via the alveus stimulation electrode 

to induce cell firing without activating stratum radiatum synapses. Priming stimulation 

consisted of either 2 sets of 3 trains of high-frequency stimulation (HFS; 1 s, 100 pulses 

(100 Hz); Fig. 2.2), or 3 sets of 3 trains of theta-burst stimulation (TBS). Each train of TBS 
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was comprised of 10 bursts of 5 pulses at 100 Hz, for a total of 50 pulses per train (Fig. 

2.2). Bursts were delivered at 5 Hz (200 ms inter-burst interval), trains were 30 s apart, and 

the interval between sets of trains was 5 min. Thus, for priming with 3x3 TBS, 450 pulses 

were delivered over 14.5 min (Bukalo et al., 2013) and for priming with HFS, 600 pulses 

were delivered over an 8-minute period (Hulme et al., 2012). Control slices received 60 min 

of baseline stimulation before LTP induction. LTP was induced with 0.5 (5 bursts), 1, or 3 

trains of TBS, 30 min after cessation of priming stimulation unless otherwise indicated.  

Recordings were followed for 1-2 h post-LTP induction.  

 

 

Figure 2. 2. Characteristics of conditioning trains. Each vertical line represents one pulse. 

Multiples of these trains were used to prime cells (via antidromic stimulation or somatic current 

injections) and induce LTP (synaptic stimulation), as specified in the relevant sections. (Left) One 

train of TBS consisted of 10 bursts, delivered at 5 Hz (200 ms inter-burst interval). Each burst was 

comprised of 5 pulses delivered at 100 Hz. (Right) One train of HFS consisted of 1 s continuous 

100 Hz stimulation.   

 

Pharmacological agents 

For some experiments, slices were perfused with the AMPA/kainate receptor 

antagonist kynurenic acid (3 mM; Sigma Life Science), the NMDA receptor antagonist D-

2-amino-5-phosphonopentanoic acid (D-AP5, 50 μM; Ascent Scientific), and the group 

I/group II metabotropic glutamate receptor antagonist (RS)-α-methyl-4-

carboxyphenylglycine (MCPG; 250 μM; Abcam Biochemicals) for 34.5 min (from 20 min 

before the start of priming stimulation until the cessation of priming stimulation). 
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Kynurenic acid and D-AP5 were dissolved in aCSF and MCPG was dissolved in 1.1 M 

NaOH prior to dilution to the final concentration in aCSF. 

Analysis 

The slope of the fEPSP was used to assess changes in synaptic efficacy. Values 

were expressed as a percentage of baseline, calculated as the average of responses from 10 

min before LTP induction. The assess LTP, the average degree of potentiation was 

calculated 30 min, 60 min, and in some cases 120 min post-LTP induction as the average of 

responses recorded over 10 min. Additionally, post-tetanic, or short-term, potentiation was 

calculated as the average of responses over 2 min immediately after LTP induction. 

Cruncher, a custom-written LabView program, was used to analyse the raw data. Using two 

cursors, the fEPSP was assessed by calculating the initial slope of the negative-going 

response (Fig. 2.1). Data were then exported for further analysis with Windows Excel 

(Microsoft). Only recordings with a stable baseline were included in group averages which 

were expressed as mean ± standard error of the mean (SEM). GraphPad Prism 7 was used to 

display and analyse the data statistically with one-way analysis of variance (ANOVA), or a 

two-way mixed ANOVA for the post-LTP data. Dunnett’s T or two-tailed Student’s t-tests 

were used to complete post-hoc multiple comparisons. Statistical significance was set at p < 

0.05. 

Intracellular Recordings 

Experimental set-up 

For intracellular sharp-electrode recordings, slices were prepared as for extracellular 

recordings but were then placed on a glass cover slip and kept submerged in oxygenated 

aCSF. Recording electrodes were prepared as described above but filled with 2 M KAc (pH 
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adjusted to ~7.3 using 1N HCl) and had a resistance of 70-120 MΩ at the start of the 

recording period. The recording electrode was angled so that it was moved in parallel with 

the SP of CA1 (Fig. 2.3) and then progressively approached into the slice using an 

automatic manipulator (Scientifica, Model ACCI IU); cells were penetrated using a remote 

buzz.  

Experiments were conducted in current clamp in bridge mode using an Axoclamp HS-

2A headstage coupled to an Axoscope 2B amplifier (Molecular Devices Inc.). Negative 

continuous current was applied to the soma, to hold cells at –70 mV during the course of 

the experiment to prevent spontaneous AP firing. During priming and LTP induction, cells 

were depolarised to –60 mV by reducing the negative holding current and applying positive 

current if necessary. Signals were sampled at 10 kHz using a Digidata 1440A digitiser 

(Molecular Devices Inc) and recorded with Clampex 10 software (Molecular Devices Inc.).  

After impalement, cells were injected with hyperpolarising current to prevent extended 

AP firing and left to equilibrate for at least 5 min before the start of the experiment. To 

ensure recordings were collected from healthy CA1 pyramidal cells, only cells with a 

minimum input resistance (Rin) of 30 MΩ, a resting membrane potential of at least –60 mV, 

overshooting APs, adequate spike-frequency adaptation and an EPSP > 5 mV at 100 µA (at 

a resting membrane potential at -70 mV) were included in the experiments. Input resistance 

was assessed with a 0.13 nA, 100 ms hyperpolarising current step and EPSPs (~ 6 mV; 30-

95 µA) were evoked via an extracellular stimulation electrode, placed in stratum radiatum 

(Fig. 2.3). Priming stimulation was conducted intracellularly by positive current injection 

(1.6 (or 1.3) nA, 2 ms) into the soma to evoke APs without synaptic activation. (For 

technical reasons, all somatically delivered current was only ~ 65% of that intended. For 

example, when we intended to use a 2 nA current injection, the cells only received 1.3 nA 

of actual current. A faulty Digidata was identified as the source of the problem and actual 
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values (as recorded in Clampex) were used to calculate membrane parameters and are 

reported in this thesis).  

 

 

Figure 2. 3. Intracellular sharp-electrode recording techniques. (Left) Electrodes placements for 

the intracellular recording. Recording electrode was filled with dye for visualisation only for the 

purpose of the photograph. R: recording electrode in stratum pyramidale. Photograph taken in the 

field which allowed visualisation of the whole slice. Therefore, actual experimental conditions were 

slightly different to those shown in this picture. (Right) A sample waveform, as recorded through 

an intracellular microelectrode (R) is shown on the right. The negative going response shows the 

voltage response to a 0.13 nA hyperpolarising current pulse used to measure the input resistance 

(assessed as the mean of the steady state). The EPSP, evoked with an extracellular stimulating 

electrode (S). Red lines indicate the method of measuring the slope of the EPSP. Scale bar: 3 mV, 

30 ms. 

  

Experimental procedure 

For baseline stimulation, cells were injected with a hyperpolarising current, to 

assess Rin, followed by a pulse delivered via an extracellular stimulating electrode placed in 

stratum radiatum, 200 ms later (Fig. 2.3). This was repeated every 30 s. After initial on-line 

assessment of cellular parameters and at least 15 min of baseline stimulation, slices were 

primed using positive somatic current injections to induce APs (1.6 (or 1.3) nA, 2 ms). The 

patterns of priming (3x3 TBS or 2x3 HFS), were the same as those used for extracellular 

recordings. Control cells received 45 min of baseline recordings prior to LTP induction. 

LTP was induced with either 1 train of TBS, or 2 trains of HFS (30 s inter-train interval) 

and responses were followed for 30 min after tetanisation. In one experiment, LTP was 
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induced with synaptically delivered TBS, paired with somatic current injections (2 nA, 2 

ms). These current injections were delivered at the peak of the EPSP (~ 5 ms after the 

synaptic stimulation) on 13 out of 50 pulses.  The number and timing of somatic current 

injections were based on the median APs fired by control cells during LTP induction in the 

previous experiment. Control cells received conventional TBS stimulation to induce LTP.  

For mechanistic studies, cellular parameters were assessed after a 10-minute baseline 

period, 3 min before priming, and 15 min after priming. First, a current-voltage (I-V) curve 

was conducted by delivering 4 hyperpolarising and 5 depolarising current pulses (in nA: -

0.54, -0.41, -0.27, -0.13, 0.13, 0.27, 0.41, 0.54, 0.68, 200 ms, 10 ms inter-pulse interval). 

Following the I-V curve, three trains of 4 positive current pulses (3 nA, 2 ms, 5 ms inter-

pulse interval, 20 s inter-train interval) were delivered, during which cells were depolarised 

to -60 mV. To assess synaptically evoked AP properties, slices were stimulated with 

increasing stimulation strength via the extracellular stimulating electrode in stratum 

radiatum (10 s inter-pulse interval) until the cell reached its AP threshold, taken as the point 

where the cell of interest fired an AP ~ 50 % of the time (more details provided in Chapter 

5).  

Analysis 

Clampfit 10 software (Molecular Devices Inc.) was used to analyse the raw data. 

The initial slope of the EPSP was used to assess changes in synaptic efficacy. The degree of 

potentiation was assessed at 2 min and 30 minutes post-LTP induction. As for extracellular 

recordings, LTP measures were calculate by averaging the responses over 10 min while 

potentiation at 2 min was assessed from the average responses over 2 min, immediately 

after LTP induction. All values were expressed as percentage of baseline which was 

calculated as the average EPSP slope over 10 min before LTP induction. Only recordings 

with a reasonably stable baseline (visually assessed) were included in the group average 
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which were expressed as M ± SEM. Input resistance was taken as the mean voltage at the 

nominal steady state (Fig. 2.3). The holding current applied to hold cells at -70 mV was 

assessed by measuring in Clampfit 10. Because cells were held near the Cl- reversal 

potential, GABAergic inhibition was not assessed in these experiments. GraphPad Prism 7 

was used to display the data and complete statistical analyses using one-way ANOVAs 

with post-hoc Dunnett’s T, two-tailed Student’s t-tests and linear regression. Differences in 

baseline measurements were analysed using a mixed two-way ANOVAs. Statistical 

significance was set at p < 0.05. 
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  CHAPTER 3 

METAPLASTICITY OF LTP INDUCED BY ANTIDROMIC PRIMING STIMULATION 

Introduction 

According to the BCM model, temporary changes in postsynaptic firing rate shift 

the threshold for subsequent synaptic plasticity induction in these cells in a homeostatic 

manner. Thus, increasing AP firing rate should in theory make LTP harder to obtain. 

However, experimental evidence has shown that AP-induced metaplasticity in the 

hippocampus can be bidirectional. In line with the BCM model, Yasuda and colleagues 

demonstrated that backpropagating APs (4x 0.5 s trains, 63 Hz) were indeed sufficient to 

inhibit LTP induced two minutes later (Yasuda et al., 2003). In this study, LTP was induced 

by a pairing protocol and could be partially rescued by adding more postsynaptic spikes to 

the synaptic stimulation, suggesting that priming activity increases the threshold for LTP 

induction as postulated by the BCM model. However, LTP can also be facilitated as a result 

of increased cell firing. For instance, Bukalo et al. (2013) found that priming CA1 slices 

with antidromically delivered theta-burst stimulation (3 sets of 3 trains) decreased AP 

threshold, and facilitated LTP induced up to 60 min later in CA1 pyramidal neurons. 

Similarly, Hulme et al. (2012) showed that 2 sets of 3 HFS (1 s, 100 Hz) trains of somatic 

current-evoked APs significantly facilitated subsequent LTP induction (15 min after 

priming). Due to differences in the experimental paradigms used, it is unclear which 

parameters are critical for determining the direction of the metaplasticity effect. The key 

discrepancies between previously conducted research studies were (1) the method of 

experimental investigation (single cell-current injections, extracellular recordings-

antidromic stimulation), (2) the pattern of AP firing during priming stimulation (TBS, 

HFS), (3) the time delay between priming and LTP induction (2 min – 60 min), and (4) the 
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paradigm used to induce LTP (TBS, TB pairing, HFS), which can all influence synaptic 

plasticity. This chapter addressed two of these issues: the pattern of priming stimulation and 

the time delay between priming and LTP induction by directly comparing how different 

activity patterns (TBS versus HFS), and different time periods (2 min, 30 min) affect 

subsequent LTP induction. Critically, to effectively compare further parameters and 

mechanisms, one must first establish a protocol which reliably induces metaplasticity. 

Thus, another aim for this chapter was to find a combination of a priming and LTP 

induction protocol that gave a large enough metaplasticity effect to allow further 

investigation of the effect. Because extracellular field recordings in CA1 can be conducted 

relatively easily, this technique was the most efficient way to test multiple protocols. Based 

on the results from previous studies it was hypothesised that both HFS and TBS priming 

would facilitate the induction of LTP 30 min later. However, because TBS mimics 

naturally occurring firing patterns in CA1 pyramidal cells, this priming pattern was 

expected to create a stronger facilitation than HFS priming. Furthermore, LTP induction 2 

min after priming has been shown to inhibit LTP induction, or have no effect on the 

induction but facilitate the consolidation of LTP (Dudek & Fields, 2002; Yasuda et al., 

2003). Therefore, it was hypothesised that LTP induced 2 min after priming would reduce 

or reverse the metaplasticity effect. 

Method 

Extracellular field excitatory postsynaptic potentials (fEPSPs) were recorded from 

CA1 stratum radiatum as outlined in Chapter 2. Slices were primed with 2x3 trains of HFS 

or 3x3 trains of TBS, delivered antidromically to the alveus. LTP in the Schaffer collateral 

afferents was induced by 1 TBS and the degree of potentiation was assessed immediately 

after LTP induction (where responses were averaged over 2 min), 30 min later (average 
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across 10 min), as well as at 60 min (average of 10 min) and, in some cases, at 120 min 

(average of 10 min) post-LTP induction. When pharmacological agents were used, aCSF 

containing kynurenic acid (3 mM), D-AP5 (50 µM), and MCPG (250 µM) was applied 

from 20 min before, until the cessation of priming stimulation. Because fEPSPs were 

depressed after wash-out, responses over the last 10 min prior to drug application were used 

to calculate the baseline for assessing LTP in these experiments. All data are presented as 

M ± SEM. For clarity, data points were displayed as 2 min averages and error bars are 

shown for every third data point. However, the error bars were omitted if they were smaller 

than the symbol size. Statistical analysis was done using two-tailed unpaired Student’s t-

tests, one-way, or two-way ANOVAs with post-hoc Dunnett’s T where appropriate. 

Because the potentiation at 2 min post-LTP induction represents largely post-tetanic or 

short-term potentiation rather than LTP, data were analysed separately from later time 

points.  

Results 

Experiment 1: LTP induction by 1 TBS  

A two-way mixed ANOVA (group: control, TBS primed, HFS primed x time: 30 

min, 60 min) with repeated measures on time was used to analyse group differences in the 

degree of LTP induced by 1 TBS. This revealed a significant main effect of group (F(2, 22) 

= 3.90, p = 0.03; Fig. 3.1). Additional analysis using post-hoc Dunnett’s T showed a 

statistically significant difference between slices primed with TBS and unprimed control 

slices 30 min after LTP induction, while HFS primed slices were not significantly different 

from controls (control (n = 9): 129.9 ± 3.5 %; TBS primed (n = 9): 142.8 ± 4.6 %, p = 0.03, 

HFS primed (n = 7) 129.6 ± 3.0 %, p > 0.99). Although not statistically significant, there 

was also a trend towards LTP facilitation for TBS primed slices, compared to controls 60 
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min post-LTP induction (control: 117.6 ± 4.1%; TBS primed: 129.1 ± 3.9 %, p = 0.06; HFS 

primed: 18.8 % ± 3.2 %, p = 0.96). A one-way ANOVA (group: control, TBS primed, HFS 

primed) showed no significant main effect of groups in the potentiation immediately after 

LTP induction (control: 164.5 ± 10.4 %; TBS primed 188.1 ± 10.4 %, HFS primed: 164.6 ± 

5.5 %, F(2, 22) = 2.09, p = 0.15). It is unlikely that the significant main effect (30 min post-

LTP induction) was due to group differences in baseline responses because the baseline 

fEPSP slope values were not significantly different between groups prior to LTP induction 

(one-way ANOVA, F(2, 22) = 1.14, p = 0.34). An additional control group, receiving only 

TBS priming stimulation but no LTP inducing stimulus was included to assess any long-

term effects of priming on baseline responses. Two-tailed paired t-tests showed no 

difference between averaged responses immediately before and 20-30 min after priming, or 

between before priming and the end of the recording period. Because HFS priming did not 

change the degree of potentiation, slices were only primed with the TBS paradigm from 

here on. 
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Figure 3. 1. TBS priming facilitates LTP induced by 1 TBS. (A) fEPSP slope change from baseline 

(average responses 10 min before LTP induction). M ± SEM. Arrows indicate the timing of priming 

and LTP induction. Sample waveforms averaged over 10 min before (1) and after (2) LTP induction 

are shown in the top panel. Scale bars: 1 mV, 5 ms. (B) Summary fEPSP slope change (from 

baseline) after LTP induction. Responses averaged over 2 min (immediately after LTP induction) or 

over 10 min (at 30 min and 60 min after LTP induction). *, p < 0.05. 



59 

 

 

 

Experiment 2: LTP induced 2 min post-TBS priming  

The timing of LTP induction after priming differed between previously conducted 

studies. To investigate whether the time between priming and LTP induction influences the 

metaplasticity effect, LTP was induced 2 min after cessation of priming stimulation, as in 

Yasuda et al. (2003) and Dudek & Fields (2002). Because the paradigm used to induce LTP 

was the same as in Experiment 1, the same control group was used for this experiment. A 

two-tailed unpaired Student’s t-test showed no difference between the groups 2 min post-

LTP induction (control: 164.5 ± 10.4 %; primed: 153.47 ± 5.5 %; t(14) = 0.73, p = 0.48). 

Additionally, a two-way mixed ANOVA (group: control, TBS primed x time: 30 min, 60 

min) with repeated measures on time showed no difference between primed slices (n = 7) 

and control slices (n = 9) 30 min or 60 min post-LTP induction (30 min: control: 129.9 ± 

3.5 %; primed: 124.4 ± 7.5 %; 60 min control: 117.6 ± 4.1%; primed: 118.5 ± 6.5 %, F(1, 

14) = 0.10, p = 0.76; Fig. 3.2). 
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Figure 3. 2. TBS does not facilitate LTP induced by 1 TBS delivered 2 min later. (A) fEPSP slope 

change from baseline (average responses 10 min before LTP induction). M ± SEM. Arrows indicate 

the timing of priming and LTP induction. Sample waveforms averaged over 10 min before (1) and 

after (2) LTP induction are shown in the top panel.  Scale bar: 1 mV, 5 ms. (B) fEPSP slope change 

after LTP induction. Responses averaged over 2 min (immediately after LTP induction) or over 10 

min (at 30 min and 60 min after LTP induction).  
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Experiment 3: LTP induced by a weak (0.5 TBS) induction paradigm 

Previous studies have suggested that postsynaptic firing can modulate the threshold 

for LTP induction or LTP maintenance. If the priming-induced change observed in 

Experiment 1 was due to a lowered threshold for LTP induction, altering the strength of the 

LTP inducing stimulus might change the size of the metaplasticity effect. To test this 

hypothesis, LTP was induced by a weaker stimulus (a 0.5 train (5 bursts) of TBS) which 

was expected to induce a rapidly decaying potentiation in control slices. Additionally, the 

post-LTP induction recording period was extended to 2 h to test for differences in LTP 

maintenance as suggested previously (Dudek & Fields, 2002). A two-tailed unpaired 

Student’s t-test showed no difference between groups 2 min post LTP induction, (control: 

152.7 ± 10.9 %; primed: 153.2 ± 7.4 %, t(14) = 0.04, p = 0.97). A two-way mixed ANOVA 

(group: control, TBS primed x time: 30 min, 60 min, 120 min) with repeated measures on 

time revealed no statistically significant difference between primed (n = 7) and control 

slices (n = 9) across these time points (F(1, 10) = 0.28, p = 0.61; Fig. 3.3). 
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Figure 3. 3. TBS priming does not facilitate LTP induced weakly by 0.5 TBS. (A) fEPSP slope 

change from baseline (average responses 10 min before LTP induction). M ± SEM. Arrows indicate 

the timing of priming and LTP induction. Sample waveforms before (1) and after (2) LTP induction 

are shown in the top panel.  Scale bar: 1 mV, 5 ms. (B) fEPSP slope change (from baseline) after 

LTP induction. Responses averaged across 2 min (immediately after LTP induction) or 10 min (30 

min, 60 min, and 120 min after LTP induction). 
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Experiment 4: Priming in the presence of glutamatergic inhibition 

The size of the metaplasticity effect in stratum radiatum may have been limited by a 

simultaneous increase in inhibition. Activation of CA1 axons might inadvertently activate 

and induce plasticity in inhibitory neurons in stratum oriens that limited the metaplasticity 

effect. To eliminate this possibility, excitatory transmission (plus associated disynaptic 

inhibition) was blocked during priming (as in Bukalo et al., 2013). Slices were perfused 

with aCSF containing glutamate receptor blockers: AMPA/kainate receptor antagonist 

kynurenic acid (3 mM), NMDAR antagonist D-AP5 (50 µM), and group I/group II 

metabotropic glutamate receptor antagonist MCPG (250 µM) during antidromic priming. 

To allow additional time for the wash-out of these drugs, the period between priming and 

LTP induction was extended to 60 min, as per Bukalo et al. (2013). A two-tailed unpaired 

Student’s t-test showed no statistically significant difference between primed (n = 6) and 

control (n = 7) slices for the post-tetanic potentiation (control: 150.9 ± 9.7 %; primed: 162.7 

± 15.1 %, t(11) = 0.68, p = 0.51). A two-way mixed ANOVA (group: control, TBS primed 

x time: 30 min, 60 min, 120 min) with repeated measures on time also revealed no 

statistically significant difference between groups at any other time point (30 min: control: 

125.0 ± 7.7 %; primed: 134.8 ± 9.7 %; 60 min: control: 117.2 ± 6.6 %; primed: 119.0 ± 8.0 

%; 120 min: control: 106.2 ± 4.8 %; primed: 103.3 ±  6.2 %, F(1, 11) = 0.09, p = 0.77; 

(Fig. 3.4). Noticeably, the fEPSPs recorded from primed slices remained depressed (M∆ = -

15 %) after the drug wash-out, which was significantly greater than the residual depression 

in control slices (M∆ = -4 %, t(11) = 2.2, p = 0.05), analysed using a two-tailed unpaired 

Student’s t-test. For unknown reasons an additional control group (n = 3) which received 

priming stimulation (in the presence of drugs) but no LTP-inducing stimulus showed only a 

small baseline depression similar to that of unprimed control slices (M∆ = -3.6 %).  
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To test whether the depression of baseline responses masked the metaplasticity 

effect, the degree of potentiation from average responses immediately prior to LTP 

induction (115 – 125 min after the start of the experiment) was assessed as well.  Although 

there was a trend towards a priming induced facilitation of LTP, a two-way mixed ANOVA 

(group: control, TBS primed x time: 30 min, 60 min, 120 min) with repeated measures on 

time again revealed no statistically significant difference between groups at any other time 

point (30 min: control: 132.4 ± 8.3 %; primed: 157.3 ± 11.6 %; 60 min: control: 122.6 ± 6.5 

%; primed: 139.9 ± 9.0 %; 120 min: control: 111.2 ± 5.3 %; primed: 121.3 ± 5.9 %, F(1, 

11) = 2.69, p = 0.13). 
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Figure 3. 4. TBS priming in the presence of glutamatergic antagonists does not facilitate LTP 

induced by 1 TBS. (A) fEPSP slope change from baseline. M ± SEM. Arrows indicate the timing of 

priming and LTP induction. The horizontal bar denotes the period of drug application. Sample 

waveforms before (1) and after (2) LTP induction are shown in the top panel.  Scale bar: 1 mV, 5 

ms. (B). fEPSP slope change (from baseline) after LTP induction. Responses were averaged across 

2 min (immediately after LTP induction) or across 10 min (30 min, 60 min, and 120 min after LTP 

induction).  
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Experiment 5: LTP induction by a strong (3 TBS) induction paradigm 

The lack of a statistically significant metaplasticity effect in the preceding 

experiment was surprising, given the results of Bukalo et al. (2013), and highlighted the 

need for a larger effect that can be reliably reproduced. Because previous studies induced 

LTP with more trains than used thus far, it is possible that our induction paradigm was not 

strong enough to reveal a robust metaplasticity effect. Therefore, LTP was next induced by 

3 trains of TBS, replicating the experimental paradigm used by Bukalo et al. (2013). A two-

tailed unpaired Student’s t-test showed no statistically significant difference between 

groups, 2 min post-LTP induction (control: 168.2 ± 8.2 %; primed: 153.0 ± 6.0 %, t(12) = 

1.5, p = 0.16). A two-way mixed ANOVA (group: control, TBS primed x time: 30 min, 60 

min, 120 min post-LTP induction) with repeated measures on time showed no statistically 

significant main effect of group (30 min: control (n = 7) : 140.0 ± 4.6 %; primed (n = 7): 

137.1 ± 7.3 %; 60 min: control: 131.7 ± 4.9 %; primed: 132.7 ± 7.6 %; 120 min: control: 

124.4 ± 7.4 %; primed: 117.9 ± 6.4 %, F(1,12) = 0.11, p = 0.75; Fig. 3.5). Here, baseline 

responses were depressed to a similar level in primed and control slices after drug wash-out 

(M ∆ = -4.0 %).  
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Figure 3. 5. TBS priming does not facilitate LTP induced by 3 TBS. (A) fEPSP slope change from 

baseline. M ± SEM. Arrows indicate the timing of priming and LTP induction. Horizontal bar 

denotes period of drug application. Sample waveforms before (1) and after (2) LTP induction are 

shown in the top panel.  Scale bar: 1 mV, 5 ms. (B). fEPSP slope change (from baseline) after LTP 

induction. Responses averaged across 2 min (immediately after LTP induction) or across 10 min (30 

min, 60 min, and 120 min after LTP induction). 
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Figure 3. 6. Summary of antidromic priming effects on subsequently induced LTP. (A) fEPSP slope 

change from baseline 30 min after LTP induction. (B)  fEPSP potentiation 60 min after LTP 

induction. *, p < 0.05. 

 

Discussion 

Previous research has suggested that antidromic stimulation can facilitate 

subsequently induced LTP in the stratum radiatum of CA1 (Bukalo et al., 2013; Dudek & 

Fields, 2002; Hulme et al., 2012). To investigate how different priming patterns affect 

subsequent LTP induction, previously utilised priming patterns were employed to prime 

slices antidromically prior to LTP induction. Additionally, the timing of LTP induction and 

the number of trains used to induce LTP were altered to investigate whether these 

parameters determined the direction of metaplasticity. The results suggest that the pattern of 

priming activity, the delay of LTP induction, and strength of the LTP-inducing stimulus 

determine extent but not the direction of the metaplasticity effect (Fig. 3.6).  
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TBS priming facilitates subsequent LTP 

LTP induced by 1 TBS was facilitated in slices primed antidromically by 3x3 TBS. 

The TBS priming-induced facilitation of LTP was in support of our hypothesis and 

consistent with previous findings suggesting that the induction and/or maintenance of LTP 

induced by weak stimulation could be facilitated by prior antidromic stimulation (Bukalo et 

al., 2013; Dudek & Fields, 2002). Although responses were only followed for an hour 

following LTP induction, the data are more consistent with a facilitation of LTP induction 

rather than a selective increase in LTP consolidation (as suggested by Dudek & Fields, 

2002), as the groups were significantly different at 30 min but not 60 min post-LTP. 

Moreover, in experiments where responses were followed for 2 hours (Experiment 3-5), 

LTP maintenance was not affected. Although, no significant group effects were found at the 

earlier time points in these experiments either.  

Priming in the presence of glutamatergic inhibition 

During some experiments, inhibitors of glutamatergic synaptic transmission were 

applied to block synaptic activation from axon collaterals and match the experimental 

paradigm used by Bukalo et al. (2013). Under these conditions, priming did not 

significantly facilitate LTP induced by 1 TBS. This is in contradiction with the results 

observed in Experiment 1, where the same priming and LTP conditioning protocols were 

used. Although a depression of baseline responses was observed after the wash-out of 

glutamatergic antagonists in the primed group only, the reduction in fEPSPs did not mask a 

facilitation of LTP as no significant difference between groups was found regardless of 

whether the degree of potentiation was calculated from responses before or after the 

application of pharmacological agents.  
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Surprisingly LTP induced by 3 TBS was also not facilitated in response to 

antidromic stimulation. Thus, while some of our results are in line with Bukalo et al. 

(2013), the study could not be replicated directly, when the same stimulation parameters 

were used. However, synaptic plasticity induced in vitro is affected by several 

methodological factors such as slice preparation technique, pH, temperature, and 

composition of solutions which may differ slightly between laboratories (Bortolotto et al., 

1995). Bukalo et al. (2013) suggested that LTP induced a weak TBS could be facilitated by 

priming stimulation but what constitutes a ‘weak’ stimulation paradigm may differ between 

experimenters. For example, while Bukalo and colleagues induced a rapidly decaying form 

of LTP with 3 trains of TBS, others have induced a similar degree of potentiation with just 

1 train of TBS (Dudek & Fields, 2002). In the present study, only LTP induced by one train 

of TBS but not fewer or more theta-bursts (0.5, 3 trains of TBS) was facilitated by 

antidromic stimulation. While the concept remains the same, the exact number of trains 

required to induce a certain level of LTP may differ between groups. Nevertheless, the 

results suggest that the metaplasticity effect depends, at least in part, on the strength of the 

LTP inducing stimulus (i.e., the number of trains). 

Depression of baseline responses 

In one experiment where glutamatergic inhibitors were applied, baseline responses 

remained significantly more depressed in the primed group than controls after drug wash-

out. Bukalo et al. (2013) observed a similar level of depression for primed slices and others 

have also described this effect (Christofi et al., 1993; Pockett et al., 1990).  Blocking 

glutamatergic transmission is thought to reduce interneuron activity, resulting in less Ca2+ 

shunting and more efficient Ca2+ spread into the dendrites where it alters baseline synaptic 

transmission (Dingledine & Langmoen, 1980). In line with this theory, an AP-induced 

depression of baseline responses (AP-LTD) requires activation of L-VDCCs and involves 
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downregulation of BDNF mRNA (Bukalo et al., 2013, 2016). Surprisingly, no AP-LTD 

was observed in the control group that received no LTP-inducing stimulus, or in the 

following experiment where LTP was induced with 3 TBS. However, when AP-LTD was 

not observed, responses during drug application were reduced to a lesser extent which 

might suggest incomplete inhibition of glutamatergic transmission that could account for 

this difference. While it remains unclear how AP-LTD affects LTP induction, it should be 

noted that, contrary to the present study, Bukalo and colleagues normalised baseline 

responses before inducing LTP (Bukalo et al., 2013). Although the decision not to 

normalise baseline responses might have contributed to the difference in the metaplasticity 

effect, increasing stimulation strength results in recruitment of additional fibres which may 

contribute to the synaptic potentiation measures. Given that priming with intact excitatory 

transmission was sufficient to facilitate LTP, there is no evidence to suggest that blocking 

glutamatergic transmission is necessary for the induction of metaplasticity. Instead it may 

complicate the interpretation of the results.  

HFS priming does not facilitate LTP induction 

Unlike TBS priming, HFS priming did not cause facilitation of LTP induced by 1 

TBS. While this was in contradiction with the findings reported by Hulme et al. (2012), the 

authors of this study induced firing in single cells by somatic current injection (rather than 

by antidromic stimulation) to investigate the contribution of AP firing to metaplasticity. 

Single cells might be differentially affected by AP priming as studies investigating 

homeostatic plasticity have shown that single cells have the ability to regulate their own 

firing and plasticity threshold in such a way that network-wide activity is balanced 

(Hengen, Torrado Pacheco, McGregor, Van Hooser, & Turrigiano, 2016). However, given 

the magnitude of the effect described by Hulme and colleagues, it is unlikely that this 

difference alone can account for the lack of metaplasticity observed in our study. 
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Antidromic priming relies on the backpropagation of APs from the axons into the soma, but 

it is unclear how many APs reached the soma in response to the antidromic stimulation. 

Although only slices with a sufficiently large antidromic spike (≥ 3 mV at 100 µA) at the 

start of recordings were used for priming experiments, extracellular field recordings merely 

provide an estimate of neural activity and antidromic spikes during priming stimulation 

could not be analysed due to interference of the stimulus artefact. HFS priming might be 

particularly affected by a failure of AP firing as studies have shown that axonal stimulation 

at frequencies above 50 Hz can result in an axonal conduction block due to changes in Na+ 

and K+ channel conductance mediating the refractory period (Feng, Yu, Guo, Cao, & 

Durand, 2014; Jensen & Durand, 2007, 2009). Additionally, GABAergic inhibition can 

delay AP backpropagation into the dendrites and block spikes in the distal dendrites (Leung 

& Peloquin, 2006). Again, HFS priming may have been affected by such modulation more 

than TBS priming because the release of GABA is supressed during TBS (Stäubli et al., 

1999). 

Decreasing the priming-LTP delay blocks metaplasticity  

Previous studies have shown that a short (1 – 2 min) delay between AP priming and 

LTP induction can either inhibit LTP (Yasuda et al., 2003), or facilitate LTP maintenance 

while leaving its induction unaffected (Dudek & Fields, 2002). LTP induced by 1 TBS 

(which was facilitated by priming at 30 min delay, Experiment 2), delivered 2 min after 

cessation of priming did not facilitate LTP induction. However, unlike Yasuda et al. 

(2003), LTP was not inhibited either. This suggests that timing may play some role in the 

development of the LTP facilitation, possibly due to a slowly acting mechanism (e.g., de 

novo protein synthesis and/or receptor trafficking), but is not critical in determining the 

direction of metaplasticity under the present conditions.  
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Conclusions 

The results presented here show that antidromic priming can facilitate subsequent 

LTP induction; but whether metaplasticity is observed depends on the pattern of priming 

activity, the delay of LTP induction, and the strength of the LTP-inducing stimulus. While 

the metaplasticity effect was small, antidromic priming did not inhibit LTP in any of the 

experiments, suggesting that none of the tested parameters determine the direction of the 

metaplasticity effect. The findings are in contradiction with the predictions made by the 

BCM model but, because of the experimental technique used, the true relationship between 

cell firing and LTP induction may not have been fully revealed. Extracellular field 

recordings do not provide sufficient information to assess the reliability of antidromic AP 

firing or determine the degree of overlap between antidromically activated cells and cells 

contributing to LTP induction in stratum radiatum. To address these issues, we next used 

intracellular sharp-electrode recordings in single CA1 pyramidal cells to investigate the 

metaplasticity effect with increased control over cell firing.  
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  CHAPTER 4 

CELL FIRING-INDUCED METAPLASTICTY IN SINGLE CELLS 

Introduction 

It has previously been shown that postsynaptic firing alone can regulate cell 

physiology and synaptic plasticity in either direction. The results presented thus far suggest 

that antidromically-induced AP firing (thus, postsynaptic cell firing without prior synaptic 

activation) upregulates the degree of subsequently induced LTP. While the number of trains 

used to induce LTP played some role in the size of the metaplasticity effect, it was not a 

critical factor in determining its direction. The facilitation was also dependent on the 

pattern of priming stimulation, as TBS priming but not HFS priming facilitated TBS-LTP 

induced 30 min later. However, the effect was small and marginally significant. To further 

investigate the bidirectional nature of the metaplasticity effect, it was next studied in single 

cells using intracellular sharp-microelectrodes. Intracellular recordings provide a greater 

level of control than extracellular techniques as AP firing can be directly monitored 

throughout the experiment and changes in cell physiology can be measured with greater 

accuracy. Using single cell recordings, Yasuda et al. (2003) showed that trains of bAPs 

blocked subsequent LTP induced by a theta-burst pairing protocol, while Hulme et al. 

(2012) found that AP firing facilitated LTP induced by two trains of HFS. TBS and HFS 

are two of the most commonly used electrical stimulation protocols for the induction of 

LTP, although they are known to rely on distinct intracellular signalling pathways. For 

example, TBS-LTP requires burst firing during its induction, activation of MAPK/ERK, 

calpain, and BDNF, while HFS-LTP relies on PKA-dependent signalling (Baudry et al., 

2015; Pike et al., 1999; Thomas et al., 1998; Zhu et al., 2015). It is therefore possible that 

the metaplasticity effect not only depends on the pattern of priming stimulation, but also the 
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nature of the LTP inducing event. To investigate this question, the AP-induced metaplastic 

regulation of TBS-LTP and HFS-LTP was compared using intracellular sharp-electrode 

recordings. Based on previous research conducted in single cells, it was hypothesised that 

cell firing would inhibit subsequent theta-burst LTP but facilitate LTP induced by HFS. 

Each type of LTP induction paradigm was tested against the two priming protocols (3x3 

TBS and 2x3 HFS) that were utilised in the previous chapter. Antidromic TBS priming but 

not HFS priming facilitated TBS-LTP (Chapter 3), suggesting a difference between the 

priming paradigms. While the lack of metaplasticity in response to HFS priming may have 

been due to a development of an axonal block specific to HFS, dendritic filtering of bAP is 

also stronger for APs fired at higher frequencies (Callaway & Ross, 1995; Jensen & 

Durand, 2009). Therefore, it was expected that TBS priming would induce a stronger 

metaplasticity effect than HFS priming.  

Methods 

As described in detail in Chapter 2, single CA1 pyramidal cells were penetrated 

with sharp-microelectrodes and primed using positive somatic current injections (1.3 nA, 2 

ms) to induce APs at 3x3 TBS or 2x3 HFS (as in Chapter 3). Intracellular sharp-electrodes 

were favoured over whole-cell patch pipettes for these experiments because the latter 

dialyses the cell which diminishes its ability to generate LTP after 10-15 min (Kato, 

Clifford, & Zorumski, 1993). LTP in the Schaffer collaterals was induced by 1 train of TBS 

or 2 trains of HFS via an extracellular stimulating electrode. Data were analysed according 

to the LTP induction paradigm, which was each paired with both types of priming 

stimulation. Because of the challenging nature of sharp-electrode recordings, the recording 

periods were reduced to 15 min of baseline recordings, 15 min post-priming baseline and 

30 min post-LTP recordings. Control cells received an equivalent period of baseline 
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stimulation (40 min). The degree of potentiation was assessed immediately after LTP 

induction (where responses were averaged over 2 min) and 30 min later (average of 10 min) 

and presented as M ± SEM; means are averaged over two minutes and errors are provided 

for every second data point for clarity. Group difference were analysed statistically using 

unpaired, two-tailed Student’s t-test, two-way mixed ANOVAs and one-way ANOVAs 

with post-hoc Dunnett’s T were appropriate. Relationship between cell firing during 

priming and LTP induction and between cell firing and LTP were analysed using linear 

regression.  

Results 

Experiment 1: TBS-LTP 

A one-way ANOVA (group: control, TBS primed, HFS primed) showed a 

significant main effect of group on the degree of potentiation 2 min after LTP induction 

(F(2, 16) = 4.73,  p = 0.02; Fig. 4.1A, B). Further analysis using post-hoc Dunnett’s T 

revealed that HFS primed cells, as well as TBS primed cells, were significantly less 

potentiated compared to controls (control (n = 7): 274.5 ± 32.9 %; TBS primed (n = 6): 

164.7 ± 20 %, p = 0.03; HFS primed (n = 6): 163 ± 33.8 %, p = 0.03). At 30 min post-LTP 

induction, a separate one-way ANOVA (group: control, TBS primed, HFS primed) also 

showed a significant main effect of group (F(2, 16) = 7.70, p = 0.005; Fig. 4.1A, B). 

Multiple comparisons revealed that both primed groups were significantly less potentiated 

than controls (control: 210.8 ± 21 %; TBS primed: 131.8 ± 12.7 %, p = 0.05; HFS primed: 

120.3 ± 18.3 %, p = 0.03; Fig. 4.1B). To rule out that the effect was due to other group 

differences at baseline, two-way mixed ANOVAs (group: control, TBS primed, HFS 

primed x time: before priming, after priming) with repeated measures on time were used to 

analyse baseline measurements. While the slope of the baseline EPSP was significantly 
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reduced after priming (M ∆ = -9.5 %, F(1, 16) = 8.78, p = 0.01) this difference is unlikely 

to explain the metaplasticity effect as there was no statistically significant main effect of 

group (F(2, 16) = 0.01, p = 0.98 ), or group x time interaction effect (F(2, 16) = 3.01, p = 

0.08) on this measure. Furthermore, no statistically significant main or interaction effects 

were found for the average input resistance or the average holding current applied to keep 

cells at -70 mV (Fig. 4.1C-E).  

To get a more detailed understanding of the effect of priming on LTP, the 

relationship between the number of priming spikes and the degree of LTP induction 

(assessed 30 min post-induction) was analysed using linear regression. There was no 

relationship between the number of spikes fired during priming and the degree of LTP 30 

min post-LTP induction (r2 = 0.21, p = 0.14, Fig. 4.2C). It should be noted that the total 

number of spikes fired during priming was less than expected based on the number of 

current pulses for both TBS primed (162.2 ± 44 spikes from 450 pulses) and HFS primed 

(189.5 ± 38.7 spikes from 600 pulses) cells.  During LTP induction, both TBS primed (2.8 

± 1.3 spikes), and HFS primed cells (5 ± 1.9 spikes) fired fewer APs than control cells (11.3 

± 2.9 spikes, Fig. 4.2A) but only the difference between TBS primed cells and controls 

reached statistical significance (p = 0.03), analysed using a one-way ANOVA (group: 

control, TBS primed, HFS, primed) and post-hoc Dunnett’s T. The number of spikes fired 

during LTP induction was positively correlated with the degree of LTP expressed 30 min 

later (r2 = 0.31, p = 0.01, Fig. 4.2B).  However, the number of priming spikes fired during 

priming did not predict the number of spikes fired during LTP induction (r2 = 0.13, p = 

0.24; Fig. 4.2D).  
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Figure 4. 1. Both AP priming protocols inhibit TBS-LTP induction. (A) EPSP slope change from 

baseline (calculated from responses 10 min prior to LTP induction); M ± SEM. Means in A, C, and 

D represent 2 min averages. Error bars are shown for every 2nd response for clarity. Arrows indicate 

timing of priming and LTP induction. Top panel: sample waveforms averaged over 10 min before 

(1) and after (2) LTP induction. Scale bar: 4 mV, 10 ms. (B) Potentiation from baseline immediately 

after LTP induction (averaged across 2 min) and 30 min post-LTP induction (averaged across 10 

min). *, p < 0.05.  (C) M ± SEM. (D) Rin M ± SEM. (E) Sample waveform of responses (top) to a -

0.13 nA hyperpolarising current pulse (bottom) used to calculate Rin before (1) and after (2) LTP 

induction. Top scale bar: 2 mV, 20 ms. Bottom scale bar: 0.1 nA, 20 ms. 
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Figure 4. 2. Priming-induced changes in cell firing and TBS-LTP. (A) TBS primed cells fired fewer 

APs during LTP induction than controls. (B) The number of APs fired during LTP induction was 

positively correlated with EPSP slope change from baseline (assessed 30 min post-LTP induction). 

(C) Weak positive correlation between the number of spikes fired during priming and LTP. (D) 

Weak positive relationship between the number of priming spikes and the number of spikes during 

LTP induction. Best-fit lines and statistics shown for linear regressions when all groups are 

combined. *, p = 0.03. 
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Experiment 2: HFS-LTP 

To investigate whether the direction of the metaplasticity effect depends on the LTP 

induction paradigm, LTP was induced by two trains of HFS in a separate experiment. Both 

HFS and TBS priming protocols were used to induce postsynaptic firing. Because cells 

previously did not fire as many APs as expected during priming, the priming current was 

increased slightly from 1.3 nA to 1.6 nA.  

Two separate one-way ANOVAs (group: control, TBS primed, HFS primed) were 

conducted for each time point (2 min, 30 min). A statistically significant main effect of 

group was revealed at 30 min post-LTP induction (F(2, 18) = 8.2, p = 0.003; Fig. 4.3A, B). 

Dunnett’s T showed that HFS primed cells were significantly more potentiated than 

controls, while TBS priming did not change the degree of potentiation compared to controls 

(control (n = 9): 132.3 ± 7.9 %; TBS primed (n = 6): 133.5 ± 10.6 %, p > 0.99; HFS primed 

(n = 6): 188.1 ± 12.1%, p = 0.003). The degree of post-tetanic potentiation was not 

significantly different between groups (control: 170.9 ± 12.4 %; TBS primed: 175.6 ± 18.6 

%; HFS primed: 215.6 ± 16.8 %, p = 0.19; Fig. 4.3A, B).  

As for TBS-LTP, two-way mixed ANOVAs (group: control, TBS primed, HFS 

primed x time: before, after) with repeated measures on time for baseline responses showed 

that EPSP slopes decreased in size after priming (M ∆ = -9.2 %, F(1, 18) = 10.5, p = 0.005) 

but this change was not different between groups (F(2, 18) = 0.76, p = 0.48) and no overall 

group effect was seen (F(2, 18) = 1.5, p = 0.25). Even though input resistance and holding 

current were not significantly different between groups before or after priming (Fig. 4.3C-

E), TBS primed cells fired significantly more during priming (304.5 ± 29.6 spikes out of 

450 current pulses) than HFS primed cells (126 ± 9.5 spikes out of 600, t(10) = 4.69, p = 

0.001). This difference might have contributed to the metaplasticity effect as the number of 

spikes during priming was negatively correlated with the level of potentiation 30 min post-
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LTP induction (r2 = 0.35, p = 0.04, Fig. 4.4C). Cell firing during LTP induction was not 

statistically different between groups (control: 2.7 ± 1.3 spikes; TBS primed: 1.2 ± 0.8 

spikes; HFS primed: 2.0 ± 0.9 spikes, F(2, 18) = 0.55, p = 0.59, Fig. 4.4A). There was no 

statistically significant relationship between the number of APs fired during LTP induction 

and the degree of LTP (r2 = 0.002, p = 0.83, Fig. 4.4B), and the number of spikes fired 

during priming did not predict the number of APs fired during LTP induction (r2 = 0.02, p 

= 0.62, Fig. 4.4D).  
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Figure 4. 3. HFS priming facilitates HFS-LTP while TBS-priming does not. (A) EPSP slope change 

from baseline (M ± SEM). Means in A, C, and D represent 2 min averages. Error bars are shown for 

every 2nd response. Arrows indicate the timing of priming and LTP induction. Sample waveforms, 

averaged over 10 min before (1) and after (2) LTP induction are shown in the top panel.  Scale bar: 

2 mV, 10 ms. (B) Potentiation from baseline immediately after LTP induction (averaged over 2 

min) and 30 min post-LTP induction (averaged over 10 min). *, p < 0.05.  (C) M holding current ± 

SEM. (D) M Rin ± SEM. (E) Sample waveform of responses (top, scale bar: 2 mV, 20 ms) and 

corresponding current pulse (bottom, scale bar: 0.1 nA, 20 ms). 
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Figure 4. 4. Priming-induced changes in cell firing and HFS-LTP. (A) Priming did not change cells 

firing during LTP induction, but all groups fired a low number of APs. (B) The number of APs fired 

during LTP -induction was not correlated with LTP (assessed 30 min post-LTP induction). (C) The 

number of spikes fired during priming and LTP were positively correlated with the degree of EPSP 

slope change from baseline. (D) There was no relationship between the number of priming spikes 

and the number of spikes during LTP induction. Best-fit lines and statistics shown for linear 

regressions when all groups are combined.  
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Figure 4. 5. Summary of metaplasticity effects. EPSP slope potentiation (M± SEM) 30 min 

post-LTP induction for each priming group and type of LTP induction paradigm. *, p < 

0.05.  

 

Discussion 

Previous research has shown that postsynaptic cell firing alone can either inhibit or 

facilitate subsequent LTP, but the factors determining the direction of the effect have thus 

far been unclear. The results presented here suggest that the bidirectional regulation of LTP 

by prior postsynaptic cell firing is at least in part due to an interaction of the priming 

paradigm with the LTP induction paradigm.  

Bidirectionality of metaplasticity  

Priming cells with somatic current injection to induce theta-burst firing or high-

frequency firing inhibited LTP induced by TBS. The degree of potentiation was 

significantly reduced immediately after LTP induction, as well as 30 minutes later. In 
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contrast, when LTP was induced by an HFS paradigm, it was facilitated by HFS priming 

but did not change in response to TBS priming compared to non-primed controls. These 

data suggest that a period of elevated cell firing downregulates plasticity mechanisms 

necessary for the induction of TBS-LTP but not HFS-LTP. Despite impairing TBS-LTP, 

HFS priming appears to uniquely mobilise plasticity mechanisms that facilitate the 

induction of HFS-LTP. It is worth noting that the magnitude of LTP in control cells was 

considerably higher for the TBS-LTP experiment than for the HFS-LTP experiment (Fig. 

4.5). This poses the question whether it is the magnitude of LTP rather than the nature of 

the induction paradigm that determines the direction of the metaplasticity effect. Although 

this possibility cannot be ruled out, our extracellular results suggested that LTP magnitude 

affects the size of the metaplasticity effect, rather than its direction.  

Although baseline responses reduced as a function of time, it is unlikely to be 

contributing to the metaplasticity effect as it was not specific to the primed groups or the 

type of LTP induction and was not accompanied by changes in the membrane potential as 

neither holding current, nor input resistance changed as a result of priming.    

Relevance of priming pattern  

An interesting difference between TBS-LTP and HFS-LTP is the relationship 

between the number of spikes fired during priming and the degree of LTP expression. In 

line with the predictions made by the BCM model, a higher level of cell activity (in the 

form of priming spikes) was negatively correlated with the degree of HFS-LTP. Because 

HFS primed cells fired significantly less than TBS primed cells during priming, it is 

possible that it was the number of spikes, rather than the pattern of firing, that was critical 

for the observed difference between the two priming protocols. However, control cells were 

not included in this analysis and others have reported that even higher levels of cell firing at 

100 Hz can facilitate HFS-LTP (Hulme et al. 2012). It is therefore unlikely that the number 
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of spikes alone is driving the difference in metaplasticity induced by TBS priming and HFS 

priming. While both paradigms utilise high-frequency (100 Hz) stimulation, burst activity, 

as that mimicked by TBS, is considered more physiologically relevant because CA1 

pyramidal cells preferentially fire in bursts (Frank, Brown, & Wilson, 2001). Furthermore, 

inactivation of dendritic sodium channels downregulates bAP amplitude in the dendrites 

during trains of APs in a frequency-dependent manner (Callaway & Ross, 1995; Jung, 

Mickus, & Spruston, 1997). For frequencies above 50 Hz, bAP-mediated Ca2+ influx 

reaches a plateau after the first few spikes of a given train in the distal dendrites of CA1 

(Callaway & Ross, 1995). Thus, the temporal and spatial profile of the intracellular calcium 

signal is likely to differ between the TBS and HFS priming protocols and may result in the 

activation of distinct signalling cascades. Although for TBS-LTP, both priming paradigms 

inhibited LTP, they may do so by different means. Here, more priming spikes were 

associated with more LTP, but this relationship was not statistically significant. 

Nevertheless, it is in the opposite direction to HFS-LTP, emphasising the distinction 

between LTP induced by these paradigms.  

Priming reduces AP firing during LTP induction 

Cell firing during TBS-LTP induction was reduced in response to priming in a way 

that was correlated with the degree of LTP obtained. But this was not the case for HFS-

LTP, for which there was very little cell firing in control cells anyway. While evidence for 

a relationship between cell firing and HFS-LTP is sparse, a requirement for burst firing 

during TBS-LTP has been demonstrated several times (McNaughton et al., 1978; Pike et 

al., 1999; Raymond, 2008; Thomas et al., 1998). The correlation between cell firing and 

TBS-LTP induction is thus in support of previous research and might be critical for 

understanding the metaplasticity effect. The reduction in cell firing may reflect changes to 

the inhibitory network, decreased intrinsic excitability, or both. GABAergic interneuron 
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activity can regulate Ca2+ or Na+ spikes, depending on their point of termination (Miles, 

Tóth, Gulyás, Hájos, & Freund, 1996). However, postsynaptic AP firing is generally 

associated with a long-lasting decrease in inhibition and consequently LTP facilitation 

(Pitler & Alger, 1992; Younts et al., 2013).  

Excitability changes play an important role in the regulation of cell firing and 

synaptic modification (Zhang & Linden, 2003). As for synaptic plasticity and 

metaplasticity, intrinsic excitability changes can be bidirectional and may either support 

synaptic plasticity or counteract synaptic changes in a homeostatic manner, which may 

enable neurons to maintain firing rate homeostasis during the creation of neural pathways 

(Desai, Rutherford, & Turrigiano, 1999; Fan et al., 2005; Jung & Hoffman, 2009). While 

the majority of research has focused on homeostatic regulation in response to chronic 

changes of cell firing, there is some evidence for reduced cell excitability in response to 

brief episodes of postsynaptic firing (Fan et al., 2005; Lancaster & Nicoll, 1987; Madison 

& Nicoll, 1984). Cell excitability is controlled by the expression and composition of 

multiple ion channels, changes in which may have global or localised effects on neuronal 

function, depending on their somatodendritic location.  Because of their close association 

with AP firing, modulation of spike after-potentials may be of particular interest. Bursts of 

APs or prolonged excitation are known to induce changes in the amplitude of the ADP, 

mAHP and sAHP which all control spike pattern and frequency (Brown & Randall, 2009; 

Hotson & Prince, 1980; Madison & Nicoll, 1984; van Welie & du Lac, 2011). For example, 

trains of APs can downregulate excitability and spiking through increased Kv7 channel-

dependent M-currents (IM) which mediate the ADP at their axo-somatic location (Brown & 

Randall, 2009; Wu, Chan, Surmeier, & Disterhoft, 2008). Such an increase in Kv7 requires 

calcium influx through L-VDCC and activation of PKA (Wu et al., 2008; Zhang & Shapiro, 

2012). L-VDCCs are concentrated near the soma where they respond to strong 

depolarisation such as that expected from repeated AP firing, and can trigger synaptic 
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plasticity and metaplasticity mechanism. L-VDCCs were also necessary for inducing the 

depression of R-VDCCs that mediated the LTP inhibition described by Yasuda et al. 

(2003).  Besides the modulation of ADP, Kv7 channels regulate excitability by controlling 

subthreshold depolarisation and the mAHP near the resting membrane potential (Gu, 

Vervaeke, Hu, & Storm, 2005).  Changes to the mAHP or sAHP may significantly interfere 

with spiking as these potentials can be up to 200 ms and several seconds long respectively, 

and thus outlast the inter-burst interval of the TBS protocol. Due to a high channel density 

in the apical dendrites of CA1, an increased sAHP can result in shunted stratum radiatum-

EPSPs and decrease EPSP-spike coupling in this area (Sah & Bekkers, 1996). Changes to 

the sAHP have also been linked to metaplasticity. Specifically, an increase in the peak and 

duration of the sAHP is associated with an inhibition of subsequently induced LTP (Le Ray 

et al., 2004), while, in a different study, a decrease in the sAHP may have contributed to a 

metaplastic facilitation of LTP as the amplitude of the sAHP was negatively correlated with 

the degree of initial LTP induction (Cohen et al., 1999).  

An alternative explanation for the observed decrease in cell firing and LTP may be 

an increase in the H-current. Both modelling and experimental studies have implicated 

HCN channels as an important regulator of firing rate homeostasis and BCM-like 

modification of synaptic plasticity (Brager & Johnston, 2007; Célia, Yanis, & Dominique, 

2015; Honnuraiah & Narayanan, 2013; Narayanan & Johnston, 2010; Poolos, Migliore, & 

Johnston, 2002). For instance, theta-burst firing has been shown to decrease excitability of 

CA1 pyramidal cells through increases in Ih that required Ca2+ influx through extrasynaptic 

NMDARs, CaMKII and protein translation (Fan et al., 2005; Wu, Grebenyuk, McHugh, 

Rusakov, & Semyanov, 2012). Due to the depolarising voltage sag mediated by Ih 

activation, HCN channel activity contributes to the measure of the input resistance. 

Although the input resistance did not change significantly in response to priming in our 

experiments, input resistance alone is not a reliable measure of HCN channel contribution 



89 

 

 

 

because the amplitude of the depolarising voltage sag is biggest at more hyperpolarised 

membrane potentials and our current step was not big enough to achieve sufficient 

hyperpolarisation.  

Conclusions  

AP-induced metaplasticity depends, at least in part, on the induction paradigm used 

to induce LTP. A reduction in cell firing during LTP induction may contribute substantially 

to the selective impairment of LTP induced by TBS because only the degree of TBS-LTP 

(but not HFS-LTP) was positively correlated with spiking during the delivery of the 

induction protocol. Therefore, a change in cell firing may affect subsequent LTP induced 

by TBS and HFS differently. The reduction in cell firing might reflect a homeostatic 

downregulation in cell excitability but it is unclear what changes are involved or if they are 

common to TBS priming and HFS priming. The diverse regulation of HFS-LTP by the 

different priming protocols suggests that different mechanisms are driving the 

metaplasticity induced by TBS priming and HFS priming. To elucidate the contribution of 

specific intrinsic membrane properties to the metaplasticity effect, changes in cell 

excitability measures in response to priming were investigated further in the next chapter.   
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CHAPTER 5 

CHARACTERISATION OF THE METAPLASTIC EFFECT 

Introduction 

Chronic or temporary shifts in postsynaptic firing can regulate the composition and 

expression of somatodendritic ion channels that control cell excitability (Fan et al., 2005; 

Gasselin, Inglebert, & Debanne, 2015; Madison & Nicoll, 1984). The priming-induced 

reduction in cell firing described in Chapter 4 may represent a homeostatic downregulation 

of intrinsic excitability in response to a period of increased cell firing. Importantly, changes 

in the intrinsic excitability could contribute to the metaplastic inhibition of TBS-LTP. Other 

types of metaplasticity have been shown to involve changes in cell excitability, for example 

through the modulation of spike after-potentials which can regulate somatic depolarisation 

and burst firing (Cohen et al., 1999; Hu et al., 2007; Le Ray et al., 2004; Storm, 1989). In 

an attempt to identify the biophysical changes mediating the reduction in cell firing, 

standard intrinsic properties were assessed at the soma before and after priming. 

TBS-LTP and HFS-LTP may be affected differently by excitability changes which 

could provide an explanation for the diverse regulation of these types of LTP. In line with 

this idea, the degree of LTP induction was positively correlated to the number of APs fired 

during TBS-LTP induction, but that was not the case for HFS-LTP (Chapter 4). Previous 

research has suggested that the induction of robust TBS-LTP in CA1 pyramidal neurons 

requires stimulated cells to fire postsynaptic APs during LTP induction (Raymond, 2008). 

But, so far, no such requirement has been described for LTP induced by HFS 

(McNaughton, Douglas, & Goddard, 1978). Therefore, the decrease in cell firing (observed 

in Chapter 4) may be causing the reduction of LTP that is induced by TBS and provide an 

explanation for the lack of LTP inhibition when LTP is induced by HFS. To test this 
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hypothesis, ordinary TBS stimulation was paired with somatic current injections to induce 

postsynaptic AP firing during LTP induction. If there was a causal link between the 

reduction in cell firing induced by priming and the inhibition of TBS-LTP, then restoring 

cell firing during the TBS induction protocol should rescue LTP. 

Methods 

Experiment 1: Intrinsic properties  

Intrinsic properties were assessed before priming (after a 10 min baseline period) 

and 15 min after the cessation of priming (when the LTP inducing tetanus was delivered in 

previous experiments); cells were left to equilibrate for 3 min after the initial assessment to 

prevent interference of recent manipulations with the priming protocols. Changes in 

current-evoked AP threshold, peak, and half-width were assessed from the first 3 APs fired 

in response to 5 depolarising current steps (in nA: 0.13, 0.27, 0.41, 0.54, 0.68, 200 ms, 10 

ms inter-pulse interval, Fig. 5.1). AP threshold, peak and half-width of synaptically evoked 

APs were measured at AP threshold, determined as the stimulation for which cells fired 

~50% of the time. AP take-off threshold was determined as the point where the voltage 

change was 5% of the maximum amplitude, using the first derivative (dV/dt) for both 

current-evoked and synaptic APs. AP half-width represents the point where the voltage 

deflection is 50% of the maximum amplitude (using Clampfit 10) which can be used as a 

measure of the fast AHP because it affects the rate of repolarisation. Bursts of four APs 

were induced by somatic current injections (3 nA, 2 ms, 5 ms inter-pulse interval, 20 s 

inter-burst interval) to assess mAHP and sAHP. Peak mAHP and sAHP amplitudes were 

measured as the maximum voltage deflection 50 – 100 ms and 100 – 1100 ms after the last 

current pulse respectively. All amplitudes are presented as positive numbers. The ADP was 
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not measured because the voltage trajectory of the membrane potential discharge and 

capacitive transients can interfere with the measurement of this parameter.  

 

 

 

 

Figure 5. 1. Sample waveform of positive current steps used to measure current-evoked AP 

characteristics. (A) Voltage response to depolarising current steps, used to measure the 

characteristics of current-evoked APs. Scale bar: 10 mV, 15 ms. (B) Command current pulses 

delivered to the soma via an intracellular microelectrode. Scale bar: 0.2 nA, 20 ms. 

 

The activation of Ih was assessed using the voltage sag ratio, calculated as  

Voltage sag ratio = (
Vpeak−Vss 

Vpeak 
) x 100, 

where Vpeak is the maximum voltage deflection in the first 50 ms, and Vss is the mean of the 

last 10 ms of the hyperpolarising current (George, Abbott, & Siegelbaum, 2009).  The 

voltage sag ratio was calculated for 4 consecutive hyperpolarising current pulses (in nA: -

0.54, -0.41, -0.27, -0.13, 200 ms, 10 s inter-pulse interval, Fig. 5.2), which were averaged 

to get the final value of the voltage sag.  

To get an estimate of the change in dendritic excitability, the EPSP amplitude/slope 

ratio was analysed before and after priming. This measure has been suggested as an 

estimate of dendritic excitability because voltage-dependent dendritic ion channels 

influence the EPSP amplitude but not the slope of the EPSP, and changes in the EPSP 
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amplitude/slope ratio are correlated with changes in the probability of AP firing in response 

to synaptic input (Campanac & Debanne, 2008; Hoffman, Magee, Colbert, & Johnston, 

1997; Lopez-Rojas et al., 2016). The ‘before’ measure was taken as the average of 

amplitude/slope ratios over 10 min prior to the delivery of the first set of priming 

stimulation and the ‘after’ measure was the average over 10 min, starting 5 min after 

priming. The percentage change was calculated as (amplitude/slope) after/(amplitude/slope) 

before. Data were analysed statistically using two-tailed paired Student’s t tests and, one-

way, or two-way mixed ANOVAs were appropriate. 

 

 

 

Figure 5. 2. Method for calculating the voltage sag ratio. (A) Voltage response to hyperpolarising 

current steps. The peak of the instantaneous current and mean of the steady state (ss) assessed as 

indicated and used to calculate the voltage sag ratio. The resulting measure from each step were 

averaged for the final ratio. Scale bar: 10 mV, 25 ms. (B) Command current pulses. Scale bar: 0.2 

nA, 20 ms. 

 

Experiment 2: Restoring AP firing 

A synaptically delivered TBS paradigm (as described in Chapter 2) was paired with 

13 somatic current injections (2 nA, 2 ms), each timed to occur at the peak of an EPSP (~5 

ms after the synaptically delivered stimulation pulse). The number of APs was based on the 
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median number of spikes fired by control cells during TBS-LTP induction in Chapter 4. 

The median rather than the mean was chosen because the mean was skewed by two cells 

which fired few APs so that the median was more reflective of cell firing during LTP 

induction. The spiking pattern of control cells was used to identify which pulses of the TBS 

train should be paired with somatic current injections (Fig. 5.3). The selected spikes 

included a mix of single and pairs (i.e., bursts) of APs, which are thought to be functionally 

distinct (Pike et al., 1999). Because spiking characteristics were based on the control group 

from Experiment 1 in Chapter 4, the same cells were used as the control group for this 

experiment. Primed groups consisted of new cells which were different from those used for 

Experiment 1 of this chapter to rule out interference of the additional manipulations 

required to measure intrinsic properties with plasticity mechanisms. AP firing during 

priming (3x3 TBS or 2x3 HFS trains) was induced by somatic current injections (1.6 nA, 2 

ms) as described previously (Chapter 2 and Chapter 4). Group differences were analysed 

using one-way ANOVAs and post-hoc Dunnett’s T.  
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Figure 5. 3. Spike selection for the TBS+APs LTP-induction paradigm. The percentage of control 

cells which fired for a given pulse within the TBS train was calculated and used as a guideline to 

choose the timing of the current injections. # indicates the pulse positions that were selected for the 

following experiment. 

 

Results 

Experiment 1: Intrinsic properties 

All measures were analysed using two-tailed paired Student’s t-test, unless 

otherwise indicated. For HFS primed cells (n = 8), the mAHP peak amplitude was 

significantly greater after priming, compared to before priming (t(7) = 2.73, p = 0.03, M∆ = 

+35.7 ± 17.3; Fig. 5.4) while the sAHP did not change significantly in response to priming 

sAHP (t(7) = 0.49, p = 0.64; Fig. 5.5). For TBS primed cells (n = 8), neither the mAHP 

(Fig. 5.4), nor the sAHP (Fig. 5.5) changed significantly in response to priming (p > 0.05, 

Table 5.1). Current-evoked AP threshold, peak amplitude and half-width (Fig. 5.6, 

individual plots shown in Appendix A) did not change as a result of TBS priming or HFS 

priming (all p > 0.05; Table 5.1,). The voltage sag ratio did not change as a result of TBS 
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priming, or HFS priming (Fig. 5.7; p > 0.05, Table 5.1). For the analysis of synaptically 

evoked AP measures, some cells (TBS primed: n = 1; HFS primed: n = 2) had to be 

excluded because synaptic stimulation was not sufficient to evoke APs after priming. AP 

threshold, peak and half-width did not change after TBS (n = 7) or HFS (n = 6) priming 

(Fig. 5.8, individual plots shown in Appendix A; all p > 0.05, Table 5.1). The EPSP 

amplitude/slope ratio was used as a measure of dendritic excitability. Because this analysis 

only included data from before LTP induction, cells from all intracellular experiments 

could be combined for this analysis. A two-way mixed ANOVA (group: control, TBS 

primed, HFS primed x time: before priming, after priming) with repeated measures on 

time) revealed a significant interaction effect (F(2, 65) = 7.82, p < 0.001). To identify the 

location of difference, the percentage change (after/before) was compared between groups 

using a one-way ANOVA (group: control, TBS primed, HFS primed) and post-hoc 

Dunnett’s T. This showed that the EPSP amplitude/slope ratio was significantly more 

reduced in TBS primed cells (n = 25; M∆ = -9.6 ± 2.4, p = 0.001) compared to controls (n = 

18; M∆ = + 4.4 ± 3.7; Fig. 5.9A, B). However, HFS primed cells (n = 25; M∆ = 1.4 ± 2.0, p 

= 0.22) were not significantly different from control cells. Additionally, two-tailed paired t-

tests showed that TBS primed cells (t(24) = 3.14, p = 0.004) but neither HFS primed cells 

(t(24) = 0.65, p = 0.52), nor controls (t(17) = 1.68, p = 0.11) changed over time. Two-way 

mixed ANOVAs (group: control, TBS primed, HFS primed x time: before priming, after 

priming) with repeated measures on time for the EPSP slope and amplitude measures alone 

revealed that neither slope (F(2, 65) = 0.49, p = 0.62, Fig. 5.9C), nor amplitude (F(2, 65) = 

1.64, p = 0.20; Fig. 5.9D) were significantly different between groups. Two-tailed paired t-

tests showed that neither slope, nor amplitude, changed significantly over time for TBS 

primed cells (slope: t(24) = 0.65, p = 0.52; amplitude: t(24) = 1.68, p = 0.11 ), HFS primed 

cells (slope: t(24) = 1.77, p = 0.09; amplitude: t(24) = 1.97, p = 0.06), or controls (slope: 

t(17) = 1.88, p = 0.08; amplitude: t(17) = 1.85, p = 0.08).  
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Figure 5. 4. The amplitude of the mAHP in response to priming. (A) Sample waveforms showing 

the bursts of APs and mAHP, averaged across 3 trials, for cells primed with TBS and HFS. Scale 

bar: 10 mV, 25 ms. (B) The amplitude of the mAHP increased in response to HFS priming (right) 

but not TBS priming (left). Data points for each cell represent an average of three trials. 

Horizontal bars indicate the change for each cell. The bold bar indicates group M. (C) group M 

+ SEM before and after TBS priming (left), or HFS priming (right). *, p < 0.05. 
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Figure 5. 5. The amplitude of the sAHP did not change in response to priming. (A) Sample 

waveforms showing the last bursts of the AP train and the sAHP, averaged across three trials, for 

cells primed with TBS and HFS. Scale bar: 10 mV, 25 ms. (B) Amplitude of the sAHP for cells 

primed with TBS (left) or HFS (right). Data points for each cell represent an average of three 

trials. Horizontal bars indicate the change for each cell. The bold bar indicates group M (C) 

group M + SEM before and after TBS priming (left), or HFS priming (right). 
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Figure 5. 6. Current-evoked AP properties did not change in response to priming. (A) AP threshold 

before and after priming with TBS (left) or HFS (right). (B) AP amplitude before and after TBS 

priming (left) and HFS priming (right). (C) AP half-width before and after TBS priming (left) and 

HFS priming (right). All data represent group M ± SEM. For individual plots see Appendix A.  
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Figure 5. 7. Priming did not change the ratio of the voltage sag. (A) Percentage of the voltage sag 

ratio before and after priming with TBS (left) or HFS (right). Each data point represents the average 

voltage sag ratio calculated from 4 consecutive hyperpolarising current steps. Horizontal bars 

indicate the change for each cell. The bold bar indicates group M (C) group M + SEM before and 

after TBS priming (left), or HFS priming (right). 
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Figure 5. 8. Synaptically evoked AP properties did not change as a result of priming. (A) AP 

threshold before and after priming with TBS (left) or HFS (right). (B) AP amplitude before and 

after TBS priming (left) and HFS priming (right). (C) AP half-width before and after TBS priming 

(left) and HFS priming (right). All data represent group M ± SEM. For individual plots see 

Appendix A. 
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Figure 5. 9. The mean EPSP amplitude/slope ratio was reduced after TBS priming. (A) Mean EPSP 

amplitude/slope ratio after priming expressed as percentage of the EPSP amplitude/slope ratio 

before priming. *, p < 0.05. (B) Sample waveforms from before and after priming, averaged across 

10 min. 1: before priming, 2: after priming. Scale bar: 3 mV, 10 ms. (C) Mean EPSP slope after 

priming expressed as a percentage of the EPSP slope before priming. (D) Mean EPSP amplitude 

after priming expressed as a percentage of the EPSP amplitude before priming. Error bars represent 

one SEM. 
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Table 5. 1.  

Summary of the change of intrinsic properties induced by priming (% after/before). 

 Mean change ratio (%) 

 

Significance 

 

 TBS Primed HFS Primed TBS Primed HFS Primed 

mAHP + 9.6 ± 9.7 + 35.7 ± 17.3 p = 0.74 p = 0.03 

sAHP - 3.8 ± 6.1 + 2.6 ± 16.5 p = 0.42 p = 0.64 

Current-evoked AP 

threshold 

 

- 0.3 ± 2.9 - 2.9 ± 2 p = 0.97 p = 0.16 

Current-evoked AP 

peak 

 

- 2.3 ± 1.3 - 0.4 ± 1.9 p = 0.12 p = 0.77 

Current-evoked AP 

half-width 

 

+ 5 ± 0.9 - 1.8 ± 1.8 p = 0.27 p = 0.49 

Synaptic AP threshold - 1.1 ± 1.2 - 2.1 ± 1.3 p = 0.36 p = 0.20 

Synaptic AP peak - 0.1 ± 1.5 - 1.1 ± 0.4 p = 0.90 p = 0.69 

Synaptic AP half-

width 

 

+ 1.6 ± 0.7 - 1.2 ± 0.9 p = 0.15 p = 0.22 

Voltage sag ratio - 7.3 ± 10 + 9.1 ± 8.6 p = 0.48 p = 0.98 

Amplitude/slope ratio - 9.6 ± 2.4 - 1.4 ± 2 p = 0.004 p = 0.52 

 

Experiment 2: Restoring AP firing 

Somatic current injections reliably induced APs during LTP induction with an 

average of (14 ± 0.5 spikes) and (13.4 ± 0.6 spikes) APs for TBS primed cells and HFS 

primed cells respectively. To get a similar mean number of APs fired during LTP induction 

in all groups, additional cells (n = 2) were added to the control group and two cells were 
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excluded from the original group that fired less than 5 APs (n = 2) during LTP induction. 

This raised the mean number of APs fired during LTP induction to 13.6 ± 1.6 spikes for the 

control group. Two separate one-way ANOVAs (group: control, TBS primed, HFS primed) 

were completed for each analysed time point post-LTP induction (2 min, 30 min). A 

significant main effect of group was found for the post-tetanic potentiation (F(2, 14) = 

15.01,  p < 0.001; Fig. 5.10A, E). Further analysis using post-hoc Dunnett’s T tests 

revealed that HFS primed cells (n = 5), as well as TBS primed cells (n = 5), were 

significantly less potentiated than control cells (n = 7; control 295.6 ± 29.3 %; TBS primed 

152.6 ± 10.9 %, p = 0.001; HFS primed 145.2 ± 12.1 %, p < 0.001). Groups were also 

significantly different 30 min post-LTP induction (F(2, 14) = 9.68,  p = 0.002). Again, post-

hoc Dunnett’s T showed that both TBS primed cells, and HFS primed cells were less 

potentiated than controls (control: 210.2 ± 20.8 %; TBS primed: 119.8 ± 3.2 %, p = 0.002; 

HFS primed: 138.2 ± 9.9 %, p = 0.01). This effect could not be explained by other group 

differences, as two-way mixed ANOVA (group: control, TBS primed, HFS primed x time: 

before priming, after priming) with repeated measures on time did not show any significant 

main effects or interaction effects on baseline measures including EPSP slope, average 

input resistance or average holding current (Fig. 5.10B, D). While the average degree of 

LTP induced by TBS and TBS + APs was slightly different in primed groups, particularly 

HFS primed cells, unpaired Student’s t-test showed no statistically significant difference 

either TBS primed cells (TBS-LTP: 131.8 ± 12.7 %, TBS + APs: 119.8 ± 3.2 %, t(9) = 

0.84, p = 0.42) or HFS primed cells (TBS-LTP: 120.3 ± 18.3 %; TBS + APs: 138.2 ± 9.9 

%, t(9) = 0.79, p = 0.45) (Fig. 5.11). 
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Figure 5. 10. Adding spikes during LTP induction did not rescue LTP. (A) EPSP slope change from 

baseline (calculated from the 10 min prior to LTP-induction); M ± SEM. Arrows indicate the timing 

of priming and LTP induction. Sample waveforms averaged across 10 min before (1) and after (2) 

LTP induction are shown in the top panel.  Scale bar: 2 mV, 10 ms. (B) Potentiation from baseline 

immediately after LTP induction (averaged across 2 min) and 30 min post-LTP induction (averaged 

across 10 min). *, p < 0.01. **, p ≤ 0.001. (C) Sample waveform of a single burst of TBS of a 

control cell, with naturally occurring spikes (top) and a primed cell were 2 APs were added to the 

synaptic TBS (bottom). Scale bar: 20 mV, 10 ms. (D) M holding current ± SEM. (E) M Rin ± SEM. 

Means in A, B, and C represent 2 min averages. Error bars are shown for every 2nd response for 

clarity. 
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Figure 5. 11. Summary of metaplasticity regulation of TBS-LTP. EPSP potentiation (M ± SEM) 30 

min post-LTP induction was reduced by either priming protocols LTP induction paradigm. *, p < 

0.05. 

 

Discussion 

The relationship between neural input and postsynaptic output is controlled by 

several types of ion channels which, depending on their location and density, can trigger 

global or local changes in cell excitability. In this chapter, membrane properties were 

monitored with the aim of identifying biophysical changes that might explain the 

previously observed priming-induced reduction in cell firing. The results presented in this 

chapter suggest that HFS priming and TBS priming may downregulate somatic and 

dendritic excitability respectively. While these changes could explain the previously 

observed decrease in AP firing during the induction of LTP, a reduction cell firing per se is 

unlikely to be driving the inhibition of LTP because restoring AP firing did not rescue LTP 

induction.  
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Intrinsic properties 

 HFS priming increases the mAHP. A decrease in somatic excitability through an 

upregulation of the mAHP may provide an explanation for the inhibition of TBS-LTP, 

although further experiments are required to conclusively determine how such a change 

influences subsequent LTP induction. The mAHP is mediated by apamin-sensitive, 

calcium-dependent SK channels and axosomatic Kv7 channels mediating the M-current 

(Gu et al., 2007; Stackman et al., 2002; Stocker et al., 1999; Storm, 1989). In CA1 

pyramidal neurons, SK channels are often co-localised with L-VDCCs which, when 

activated, allow influx of extracellular Ca2+, activating SK channels (Marrion & Tavalin, 

1998). Additionally, AP firing and Ca2+ influx through L-VDCC can trigger 

endocannabinoid formation such as anandamide (Di Marzo et al., 1994). Anandamide has 

been shown to increase the mAHP through activation of SK channels in a CB1-independent 

manner in cultured hippocampal neurons (Wang et al. 2011). An endocannabinoid-

mediated increase of the mAHP is intriguing because endocannabinoids can regulate 

synaptic plasticity in multiple ways and have been implicated in other forms of 

metaplasticity (Carlson, Wang, & Alger, 2002; Chevaleyre & Castillo, 2004).  

Involvement of SK channels in the metaplastic upregulation of the mAHP and/or 

the subsequent inhibition of TBS-LTP may be tested by pharmacologically inhibiting L-

VDCCs (e.g., application of nifedipine) or anandamide transport (AM404) during the 

delivery of priming stimulation. However, evidence has suggested that SK channels are not 

usually activated by somatic Na+ spikes in CA1 pyramidal cells and therefore contribute 

little to the mAHP (Gu et al. 2008). Instead, Kv7 channels and HCN channels (at more 

hyperpolarised potentials) are thought to be the main regulators of this after-potential (Gu, 

Hu, Vervaeke, & Storm, 2008; Gu et al., 2007). Because cells were depolarised to -60 mV 
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during burst stimulation and no change in the voltage sag ratio was observed, it is unlikely 

that HCNs contributed to the change in mAHP.  

Kv7 channels lack inactivation and turn on at subthreshold potentials, meaning a 

change in IM can not only regulate burst firing, but also prevent cells from reaching their 

AP threshold by shunting depolarising currents (Brown & Adams, 1980; Halliwell & 

Adams, 1982; Madison & Nicoll, 1984). Indeed, modulation of Kv7 channels has been 

shown to affect the resting membrane potential, somatic EPSP shape, EPSP-spike coupling 

and EPSP summation during trains of extracellular stimulation (Hu et al., 2007; Shah, 

Migliore, & Brown, 2011; Shah et al., 2008). While no change in the resting membrane 

potential was observed after priming (i.e., no change in holding current), speaking against 

an increase in IM, small changes may go undetected due to variability and small sample 

sizes. Interestingly, inhibition of Kv7 channels has been shown to facilitate LTP induced by 

a theta-burst pairing paradigm in the Schaffer collateral pathway (Petrovic et al., 2012). The 

opposite (i.e., LTP inhibition) has not yet been shown for an increase in IM. In the absence 

of such evidence, it may be of interest to test whether pharmacological facilitation of M-

currents, for example by using flupirtine to promote Kv7 channel opening, is able to mimic 

the metaplasticity effect induced by high-frequency cell firing. Additionally, between-group 

differences (HFS primed versus control) in the contribution of SK or Kv7 channels to the 

mAHP could be assessed using whole-cell patch clamp techniques to identify the potential 

target for further investigation of the metaplasticity effect induced by HFS priming. 

 

TBS priming-induced intrinsic changes. TBS priming did not change AP 

threshold or shape, nor the size of the spike after-potentials, suggesting that this type of 

priming does not modulate somatic excitability. However, the previously observed 

reduction in AP firing during LTP induction may be explained by a change in dendritic 
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excitability which is not portrayed in somatic measures. HCN channels and dendritic K+ 

channels mediating the A-type current, are key players in regulating dendritic excitability 

and synaptic integration (Campanac & Debanne, 2008; Fan et al., 2005; Lopez-Rojas et al., 

2016). Our data did not indicate a change in HCN channels. However, the contribution of Ih 

is compartment specific and increases significantly with distance from the soma which 

limits the accuracy of somatic assessments of the voltage sag (Magee, 1998). 

Dendritic A-type currents are mediated by delayed rectifier K+ channels, mainly 

composed of the Kv4 subunit, which can bidirectionally modulate dendritic excitability by 

shaping EPSP and regulating AP backpropagation (Kim et al., 2005; Lee et al., 2011; 

Migliore, Hoffman, Magee, & Johnston, 1999; Ramakers & Storm, 2002; Sun et al., 2011). 

Changes in intracellular calcium concentration can trigger the modulation of A-channel. 

For example, calcium-dependent PKA activation results in Kv4.2 phosphorylation, which 

drives channel redistribution to the soma and dendritic shaft and a decrease in IA, while 

calcineurin blocks PKA-mediated phosphorylation, and CaMKII activation facilitates 

Kv4.2 surface expression which reduces intrinsic excitability (Anderson et al., 2000; 

Hammond et al., 2008; J. Kim et al., 2007; Lin et al., 2011; Varga et al., 2004). Thus, 

dendritic K+ channels may be modulated in response to changes in activity which regulates 

dendritic depolarisation and AP backpropagation, as well as the induction and expression of 

LTP (Chen et al., 2006; Watanabe, Hoffman, Migliore, & Johnston, 2002). Additionally, 

calcineurin has been described as a regulator of Ca2+ homeostasis due to its role in the 

activity-dependent downregulation of calcium influx through NMDARs and voltage 

dependent Ca2+ channels which could also contribute to the inhibition of LTP (Armstrong, 

1989; Burley & Sihra, 2001; Lieberman & Mody, 1994; Mansuy, 2003).  
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Increasing cell firing does not rescue LTP 

To test the hypothesis that the reduction in cell firing was driving the previously 

observed reduction in TBS-LTP, ordinary TBS delivered to Schaffer collaterals was paired 

with current-evoked APs. Under this condition, LTP was again strongly inhibited by prior 

priming with both HFS and TBS, suggesting that a reduction in cell firing is not necessary 

for the inhibition of TBS-LTP. Instead, the reduction in cell firing and the reduction in LTP 

may be regulated by a common mechanism or involve independent signalling cascades. For 

instance, an increase in Kv7 channel activity may prevent cell firing and bursting during 

LTP induction, as well as reducing overall depolarisation. Alternatively, endocannabinoid 

formation or calcineurin activation could downregulate excitability while also triggering 

other changes that are necessary for the induction of robust LTP, such as modulation of L-

VDCCs (Raymond & Redman, 2005).  

Another possibility is that priming induces cellular changes that counteract the 

effects of cell firing. An increase in IA for example not only reduces EPSP-spike coupling, 

and therefore overall AP firing, but also limits backpropagation of APs. Several studies 

have shown that postsynaptic burst firing is necessary for the induction of robust TBS-LTP 

(Pike et al., 1999; Raymond, 2008; Thomas et al., 1998). However, these studies did not 

discriminate between somatic AP firing and AP backpropagation, which is thought to serve 

as retrograde signal to detect the coincidence of synaptic input and cell firing, and is 

required for LTP induction (Golding, Staff, & Spruston, 2002; Markram, Lübke, Frotscher, 

& Sakmann, 1997; Stuart & Häusser, 2001). Dendritic input paired with bAP can trigger 

dendritic Ca2+ and facilitate the initiation of AP bursts at the soma (Larkum, Zhu, & 

Sakmann, 1999). It should be noted that the cells in our experiments were mildly 

depolarised during the delivery of the LTP inducing stimulus. This is an important 

consideration, because Na+ channel-mediated attenuation of bAP amplitudes is reduced at 
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more depolarised membrane potentials, resulting in stronger dendritic depolarisation (Jung 

et al., 1997). Thus, bAPs may contribute substantially to LTP induction under control 

conditions and any change in AP backpropagation may have a considerable effect on LTP 

induction. While GABAergic inhibition can also regulate the amplitude of bAPs, changes 

in inhibition could not easily be measured in the present study because cells were kept at a 

membrane potential close to the chloride reversal potential.  

AP backpropagation induces Ca2+ influx in dendritic spines through activation of R- 

VDCC which have previously been shown to mediate AP-induced inhibition of LTP 

(Christie, Eliot, Ito, Miyakawa, & Johnston, 1995; Yasuda et al., 2003). Yasuda and 

colleagues showed that postsynaptic AP firing and the associated depolarisation is 

sufficient to activate L-VDCCs, which in turn triggers a depression of R-VDCCs (Yasuda 

et al., 2003). This resulted in localised changes in calcium signalling in dendritic spines, 

and inhibition of subsequent LTP induction. A similar mechanism may account for the 

metaplastic inhibition of TBS-LTP observed in our experiments and, given that R-VDCCs 

contribute to the degree of depolarisation induced by bAPs, it may explain why restoring 

somatic AP generation did not rescue TBS-LTP induction.  

Conclusions 

Different patterns of priming by somatic current injections can trigger distinct 

changes in membrane properties that might contribute to the previously described reduction 

in cell firing and TBS-LTP inhibition, providing support for the hypothesis that TBS 

priming and HFS priming engage different signalling cascades. However, the identity of 

ion channels contributing to the decrease in the EPSP amplitude/slope ratio in response to 

TBS priming, or the increase in the mAHP in response to HFS priming was not investigated 

and thus remains unclear. Furthermore, it is not known how a change in the mAHP relates 

to the degree of subsequent LTP induction because the properties of the after-potential were 
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measured in separate groups of cells, not used for LTP experiments. Nevertheless, these 

findings suggest that TBS priming and HFS priming can decrease somatic and dendritic 

excitability respectively which might drive, or at least contribute to, the metaplastic 

inhibition of TBS-LTP. Because LTP could not be restored by pairing synaptic stimulation 

with somatic current injections, it is more likely that priming inhibits TBS-LTP through a 

decrease in orthodromically generated depolarisation or voltage-dependent Ca2+ influx 

evoked by bAP, rather than via a reduction in somatic AP generation per se.   
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CHAPTER 6 

GENERAL DISCUSSION 

Introduction 

Action potential firing is the output signal for most neurons in the central nervous 

system resulting from the integration of multiple different input signals. It is therefore 

important to understand how AP firing itself regulates neurophysiological processes. 

Although, in vivo, cell firing is typically preceded by synaptic activity, spontaneous spikes 

can occur (Mercer, Bannister, & Thomson, 2006; Papatheodoropoulos, 2008; Wong & 

Prince, 1978). Furthermore, APs backpropagate into the dendrites both in vitro and in vivo, 

which can trigger short-term or long-term changes in synaptic efficacy, excitability and 

firing rate (Buzsáki et al., 1996; Kamondi et al., 1998; Larkum et al., 1999; Markram et al., 

1997; Stuart, Spruston, et al., 1997; Williams & Stuarty, 2004). This way AP firing may not 

only modulate plasticity induction, but may also affect the induction of future plasticity at 

synapses that were not previously activated, as has been shown many times (Bukalo et al., 

2013; Dudek & Fields, 2002; Hulme et al., 2012; Yasuda et al., 2003). However, for 

unknown reason, there have been inconsistencies in the nature of the AP-induced 

metaplasticity effects in the hippocampus, which this thesis aimed to address. 

Throughout this thesis several different metaplasticity effects have been described. 

Specifically, we found that priming by antidromic stimulation with TBS but not HFS 

facilitated TBS-LTP, which was dependent on the magnitude of LTP induced in control 

cells. In contrast, in single cells both TBS priming and HFS priming inhibited TBS-LTP. 

But when LTP was induced by HFS (in single cells), HFS priming enhanced LTP while 

TBS priming had no effect. Thus, the experimental technique used, as well as the pattern of 
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both priming activity and LTP induction plays a role in regulating the expression of 

subsequently induced LTP.  

Antidromic priming and single cell priming trigger opposing metaplasticity effects 

One interesting finding described in this thesis was the opposing regulation of 

subsequent LTP triggered by the antidromic activation of a group of cells (Chapter 3) 

compared to single-cell priming with somatic current injections (Chapter 4 and 5). The 

constraints of extracellular recordings meant that the number of APs fired by the cells of 

interest could not be assessed and it is possible that cells fired less (or more) in response to 

antidromic stimulation than somatic current injection, or that antidromically primed cells 

were not the same as those that were recorded from during the LTP experiment. Although 

the former explanation cannot be ruled out, the available data do not support this being a 

fundamental issue. Firstly, no relationship between the number of APs fired during priming 

and the degree of TBS-LTP was found in single cells. And, secondly, it would be somewhat 

unlikely that a difference in the number of APs fired would induce a metaplasticity effect in 

the opposite direction to that found in single cells. Nevertheless, it could easily be 

investigated either by systematically varying the number of APs fired during priming, or by 

conducting intracellular recordings of antidromic stimulation. The latter may also further 

elucidate the relationship between different types of priming activity and LTP induction. 

An alternative explanation for the difference in metaplasticity effects found between 

experiments using field recordings versus intracellular recording is that the type of neuronal 

activity generated by antidromic stimulation is mechanistically distinct from that 

represented by somatic current injections. Antidromic firing, also known as ectopic AP 

firing, has been suggested as a mechanism for the generation of SPW-R which are 

important for the consolidation of memories and enable the induction of synaptic plasticity 
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(Bukalo et al., 2013; Buzsaki, 2015; Jahnke, Timme, & Memmesheimer, 2015; Sadowski et 

al., 2016). Evidently, antidromic APs are shaped differently to spikes elicited by somatic 

current injections. They lack spike-after potentials but instead display a slow decay back to 

the resting membrane potential which may modulate the shape of the Ca2+ signal triggered 

by membrane depolarisation  (Schmitz et al., 2001).  

A second, but perhaps related, issue is the possibility that cells firing simultaneously 

within a group of neurons conveys different information and could thus trigger different 

signalling cascades than cell firing in isolation. Besides full-sized APs, antidromic 

stimulation can evoke fast pre-potentials, or spikelets, which can be observed during spatial 

exploration in vivo (Epsztein, Lee, Chorev, & Brecht, 2010; Kandel & Spencer, 1961; 

Schmitz et al., 2001). Spikelets may represent activity of nearby cells which are coupled via 

axonal gap junctions allowing, neurons to detect network activity (Mercer et al., 2006; 

Schmitz et al., 2001). Due to their ability to sustain high frequencies (up to 500 Hz), 

spikelets may enable the spread of high-frequency oscillations across neuronal assemblies 

(Kandel & Spencer, 1961; Schmitz et al., 2001). Importantly, spikelets can trigger APs in 

CA1 pyramidal cells which promotes synchronised firing and may contribute to the 

modulation of place fields in vivo (Epsztein et al., 2010; Mercer et al., 2006; Schmitz et al., 

2001). Single cell firing on the other hand may represent noise rather than functionally 

relevant activity (Faisal, Selen, & Wolpert, 2008). Thus, bulk antidromic stimulation 

enables fast spread of activity across neural assemblies which may be functionally distinct 

from single cell orthodromic AP firing and could therefore modulate subsequent synaptic 

plasticity differently. As mentioned earlier, one simple way of investigating the effects of 

different types of priming is to conduct intracellular recordings and prime cells using bulk 

antidromic stimulation prior to LTP induction.  
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Metaplasticity in single cells 

Priming single cells by somatic current injections to induce postsynaptic APs 

triggered distinct metaplasticity effects, depending on both the pattern of priming and the 

LTP induction paradigm. While both HFS priming and TBS priming inhibited TBS-LTP, 

there was a difference between priming protocols in their effect on HFS-LTP. Here, HFS 

priming facilitated LTP but TBS priming did not change the degree of this type of LTP. 

Due to time constraints, the different mechanisms mediating these effects were not 

specifically investigated in this thesis. Nevertheless, intrinsic changes were unique to each 

priming pattern, suggesting that different patterns of postsynaptic firing may trigger distinct 

intracellular signalling cascades.  

Different patterns of priming  

Neurons are highly tuned to the pattern of postsynaptic activity, and the propagation 

of APs both into the dendrites and along the axon is limited at high-frequencies, due to Na+ 

channel inactivation and changes in Na+ and K+ channels respectively (Callaway & Ross, 

1995; Feng et al., 2014; Jensen & Durand, 2007, 2009; Jung et al., 1997). This is an 

important neuronal feature which might contribute to observed differences between priming 

protocols. Active propagation of signals and the spread of membrane depolarisation, and 

thus the spread of the Ca2+ signal, triggered by HFS priming and TBS priming is likely to 

differ. The importance of Ca2+ in regulating synaptic and intrinsic plasticity is well 

established, and the temporal and spatial patterns of Ca2+  signals play an important role in 

determining its precise effects on plasticity (Cormier, Greenwood, & Connor, 2001; 

Dolmetsch, Pajvani, Fife, Spotts, & Greenberg, 2001; Sabatini, Oertner, & Svoboda, 2002). 

Differences in the Ca2+ response to TBS priming and HFS priming may thus be an 

important target for future studies.  
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The results of the present study suggest that HFS priming downregulates somatic 

excitability through an increase in the mAHP, while TBS priming diminished dendritic 

excitability. Together with studies reporting more efficient backpropagation of APs in 

response to firing at lower frequencies (Callaway & Ross, 1995; Spruston et al., 1995), it is 

likely that the amplitude of the Ca2+ signal in the distal dendrites is greater for TBS priming 

than HFS priming, while the Ca2+ response after HFS priming may be restricted to the 

somatic/perisomatic region, resulting in compartment-specific changes in excitability. 

Nevertheless, changes in somatic ion channel such as Kv7, which contribute to the mAHP, 

can also affect synaptic integration and AP backpropagation and thus LTP induction (Hu et 

al., 2007; Shah et al., 2008).  

TBS priming selectively inhibits TBS-LTP 

TBS priming inhibited the induction of TBS-LTP and reduced cell firing during its 

induction, but it did not affect the induction of HFS-LTP. Analysis of intrinsic properties 

before and after priming, showed a (TBS) priming-induced downregulation of dendritic 

excitability, as measured by changes in the EPSP amplitude/slope ratio. This change might 

involve modulation of dendritic potassium channels which also mediate the 

backpropagation of APs into the dendrites. An attenuation of bAP may provide an 

explanation why restoring AP firing during LTP induction (pairing EPSPs with somatic 

spikes) did not rescue TBS-LTP induction. However, this was not directly tested as part of 

this thesis. 

The metaplastic inhibition of TBS-LTP we observed was similar to the effect 

reported by Yasuda et al. (2003) who found bAP-induced LTP inhibition in association 

with a depression of R-VDCCs in dendritic spines. Given the priming-induced excitability 

changes described in this thesis, R-VDCCs are unlikely to be the sole driver of our 

metaplasticity effect as a depression of these channels affects Ca2+ transients in dendritic 
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spines only (Yasuda et al., 2003). But involvement of R-VDCCs may provide an 

explanation for the difference in metaplastic regulation of TBS-LTP and HFS-LTP. 

Because R-VDCCs are typically activated by bAPs (Christie, Eliot, et al., 1995), a 

depression of these Ca2+ channels may exert greater control on LTP that relies on AP 

backpropagation. Although bAPs were not assessed as part of this research project, control 

cells fired many more APs during LTP induction with TBS than HFS and more somatic AP 

generation should, in theory, result in more bAPs as well. Thus, it is plausible that HFS-

LTP would be less affected by a depression of R-VDCC, if these channels were indeed 

involved. The contribution of R-VDCCs may be another target for future studies. However, 

the key hypothesis for such an effect is that priming triggers a decrease in AP 

backpropagation. Thus, one of the initial targets may be an investigation of how bAPs are 

affected by priming. Additionally, it should be investigated how different types of LTP 

induction are affected by bAPs. It is well established that TBS-LTP (or similar patterns) 

require burst firing during the induction of LTP (Pike et al., 1999; Raymond, 2008; Thomas 

et al., 1998). Although evidence for a role of APs (and consequently bAPs) for HFS-LTP is 

still lacking in single cells, the size of the population spike in field electrophysiology is not 

related to the magnitude of LTP induced with HFS suggesting that AP firing is not needed 

for LTP induction (McNaughton et al., 1978).  

Bidirectional metaplasticity induced by HFS priming 

As for TBS priming, high-frequency postsynaptic activity, inhibited TBS-LTP. 

However, HFS-LTP was facilitated by this type of priming activity. An increase in the 

mAHP might explain the reduction in TBS-LTP as discussed previously (Chapter 5), but 

the mechanistic changes contributing to the facilitation of LTP were not further investigated 

as part of this research study and remain unclear. It is theoretically possible, however, that 

HFS priming triggers the activation of signals which are either specifically required for the 
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induction of robust HFS-LTP (e.g., PKA), or are common to both types of LTP but are not 

sufficient to overcome other changes that limit the induction of TBS-LTP. An additional 

difference between TBS-LTP and HFS-LTP (other than the stimulation pattern) that might 

contribute to the difference in metaplasticity is the magnitude of LTP expressed in control 

cells which was much larger for TBS-LTP. However, HFS primed cells still expressed 

more LTP when it was induced with HFS than with TBS, making it unlikely that the 

difference in control LTP magnitude was the critical factor determining the direction of the 

metaplasticity effect. Nevertheless, the metaplastic regulation of LTP of different 

magnitudes may be further elucidated in future studies.  

An interesting target for further investigations of our phenomenon is the 

endocannabinoid system. It has already been shown that postsynaptic firing (50 Hz burst, 

repeated at 5 Hz or continuous 20 Hz trains) induces a presynaptic depression of 

GABAergic inhibition, attributable CB1R activation, although it is unclear whether high-

frequency firing has the same effect (Pitler & Alger, 1992; Younts et al., 2013). 

Endocannabinoid formation in Younts et al., 2013 and other studies was mediated by 

calcium influx through L-VDCC and, given the pivotal role of L-VDCCs in the modulation 

of the mAHP, activation of these channels is likely to occur in response to HFS priming, 

although this was not directly tested as part of this thesis (Di Marzo et al., 1994; Younts et 

al., 2013). Endocannabinoid-mediated suppression of inhibition (DSI) has previously been 

shown to facilitate subsequent LTP induction and may thus account for AP-induced 

facilitation of LTP (Chevaleyre & Castillo, 2004). However, while both cell firing-induced 

suppression of inhibition (via endocannabinoids) and endocannabinoid mediated facilitation 

of LTP have been shown, the combination of these two effects has not yet been explored.  

A change in GABAergic inhibition may also provide an explanation for the diverse 

regulation of LTP induced by the different induction protocols. Under control condition, 

TBS takes advantage of GABAB-mediated suppression of GABAA currents (due to the 
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inter-burst interval) which promotes depolarisation during the delivery of TBS (Pacelli et 

al., 1989; Stäubli et al., 1999). But this is not the case for HFS. Therefore, a change in 

inhibition may have a greater influence on HFS-LTP than TBS-LTP, where GABAergic 

inhibition becomes substantially reduced anyway. One argument against this theory, 

however, is that TBS priming did not facilitate HFS-LTP but should also trigger DSI (based 

on findings by Younts et al., 2013). It is possible, however, that reduced dendritic 

excitability in response to TBS priming (as described in Chapter 5) counteracts the changes 

in inhibition, thus resulting in unchanged plasticity overall. Unfortunately, GABAergic 

inhibition could not be accurately assessed because cells were held close to the Cl- reversal 

potential and, hence, GABAA-mediated potentials were minimal.  

BCM model 

The experiments conducted as part of this thesis directly tested the assumption of 

the BCM model that priming (i.e., a period of increased postsynaptic activity) should 

increase the threshold for LTP induction (i.e., reduce LTP; Bienenstock et al., 1982). 

Although the priming induced inhibition of TBS-LTP in single cells seemingly supports the 

notion of the BCM model, no simple linear relationship between the number of APs and the 

degree of LTP induction was found. Regardless, factors other than postsynaptic activity per 

se appear to affect the regulation of future LTP. Both the pattern of postsynaptic firing and 

the pattern of presynaptic activity (represented by the method of LTP induction), as well as 

the stimulus initiating the APs, are important factors that should be considered for future 

models of plasticity and metaplasticity. 

A further prediction made by the BCM model is that the plasticity threshold is 

shifted globally (i.e., cell wide). This was not directly investigated in this thesis, but given 

the intrinsic changes induced by TBS priming and HFS priming, whether the metaplasticity 
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effect is cell-wide may again depend on the priming pattern. HFS priming was associated 

with an increase in the mAHP which may induce a more global change due to its effect on 

somatic depolarisation. TBS priming on the other hand was associated with reduced 

dendritic excitability would most likely have a graded effect on LTP depending on the 

location of change and pathway of interest. Ion channel composition and distribution 

changes throughout CA1 pyramidal neurons which influences active or passive signal 

propagation and region-specific reliance on specific channels (Magee, 1998).  For example, 

LTP induced in more proximal dendrites is less affected by the inhibition of VDCC than 

LTP induced in distal apical dendrites where Ca2+ influx through VDCCs is necessary 

(Isomura, Fujiwara-Tsukamoto, Imanishi, Nambu, & Takada, 2002). It would therefore be 

of interest whether LTP in other parts of the dendritic arbor are equally affected by previous 

cell firing. If the inhibition of TBS-LTP did indeed rely on changes in bAPs, then LTP in 

other dendritic regions (e.g., stratum oriens) may be affected differently by previous 

postsynaptic activity.  

Implications and behavioural relevance 

Different patterns of firing may be functionally significant to the animal as they are 

related to distinct behavioural states. Theta-burst activity is generally favoured for LTP 

induction in the plasticity field because this type of activity mimics, in certain ways, the 

firing patterns occurring in vivo and hippocampal burst firing has been associated with 

learning (Otto et al., 1991; Sneider et al., 2006). High-frequency firing on the other hand 

may represent pathological levels of activity, although this has not been proven. Despite 

TBS being regarded as a more naturalistic pattern, it is still substantially different to true 

firing patterns in the hippocampus. Pyramidal cells firing rates are typically < 1 Hz and the 

occurrence of theta-bursts is less frequent and more irregular and burst have fewer pulses 



122 

 

 

 

than those that were tested in the present study (Csicsvari, Hirase, Czurko, Mamiya, & 

Buzsaki, 1999; Sneider et al., 2006). It would be interesting to test how actual patterns of 

place cell firing, recorded from an animal in vivo, regulate LTP induction.  

But regardless of the behavioural relevance of the priming pattern, it has now been 

demonstrated several times (including in this thesis) that postsynaptic cell firing induces a 

shift in the threshold for LTP induction which may have important functional implications. 

Our results suggest that previous cell firing strongly inhibits TBS-LTP. Although it may be 

difficult to translate single cell effects to behavioural events, this type of homeostatic 

regulation of plasticity may protect cells from toxic levels of activity or stabilise recently 

learned experiences. The most well defined homeostatic plasticity mechanism, synaptic 

scaling, has been described in vivo and is thought to keep the network stable through cell 

autonomous processes (Echegoyen, Neu, Graber, & Soltesz, 2007; Hengen et al., 2016; 

Turrigiano, Leslie, Desai, Rutherford, & Nelson, 1998). Although, synaptic scaling is 

typically thought of as a slowly developing global change in excitability (Turrigiano et al., 

1998), our metaplasticity effect could be functionally similar and restore firing rates to 

prevent overexcitation and keep network function stable.  

Alternatively, postsynaptic activity may provide a signal that a given cell 

experienced a relevant event (strong enough to generate cell firing) which may temporarily 

downregulate plasticity to prevent interference with recently encoded information. 

Learning-induced metaplasticity can inhibit subsequent LTP induction and, in humans, 

reduce learning of a new task in favour of retention of a previously learned skill (Cantarero 

et al., 2013; Lebel, Grossman, & Barkai, 2001; Quinlan, Lebel, Brosh, & Barkai, 2004). 

Thus, a metaplastic downregulation of LTP may serve as a stabilising mechanism. Given 

the relevance of theta-frequency activity for the encoding of memories (Otto et al., 1991; 

Sederberg et al., 2003; Weiss, Müller, & Rappelsberger, 2000), it is possible that theta-

pattern activity is recognised as a memory-encoding event and is inhibited in previously 
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activated neurons. This may be particularly strong if the synapses involved in the two 

events (i.e., priming and LTP induction) are distinct from one another. Since AP firing 

during priming was not synaptically driven in the present study, the synapses stimulated 

during LTP induction would be considered distinct from the first depolarising event. It is 

difficult to ascribe continuous 100 Hz firing with any behavioural relevance because it does 

not naturally occur in the hippocampus, but it may simply represent noise or represent 

pathological levels of activity and thus lack regulation. However, it is worth noting that 

most of the evidence connecting theta pattern activity to memory formation relates to 

network oscillations and may not be directly translatable to theta-burst stimulation or theta-

burst firing. Moreover, the ‘memory competition’ hypothesis is in contradiction with the 

synaptic tagging and capture model which has received extensive experimental support 

(Dudek & Fields, 2002; Frey & Morris, 1997; Sajikumar, Li, Abraham, & Xiao, 2009). 

Interestingly though, one study found that TBS-LTP is not sensitive to synaptic tagging 

(Sreedharan Sajikumar & Korte, 2011). Additionally, synaptic competition is possible, but 

may only occur if the availability of plasticity proteins is limited (Fonseca, Nägerl, Morris, 

& Bonhoeffer, 2004).    

Our results also suggest that, at least for more a naturalistic pattern (i.e., TBS), the 

method of AP generation played an important role in determining the direction of the 

metaplasticity effect. Although alternative explanations such as failure to sufficiently prime 

relevant neurons must be ruled out, the possibility that ectopic AP firing involving a group 

of neurons induces the opposite effect to single cell firing is intriguing. It has been 

suggested that it is the synchrony of ensemble activity rather than individual firing rates 

that is relevant for the modulation of activity (Buzsáki et al., 1996; Kamondi et al., 1998). 

Thus, the bidirectional regulation of plasticity could represent the perceived relevance of 

different types of activity. That is, increased firing of neural assemblies (as mimic by 

antidromic stimulation) favours plasticity. Although the theories discussed here are, of 
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course, highly speculative, cell-firing induced regulation of synaptic plasticity may have 

some important functional implications.  

Conclusions  

AP firing regulates future LTP in complex ways, with the degree and direction of 

the effects depending on the pattern of firing, the method of LTP induction, and the 

experimental technique employed. The diverse regulation of LTP in response to small 

changes in the experimental paradigm highlights the need for a deeper understanding of 

different activity patterns and their relevance to changes in synaptic efficacy, which is 

rarely considered in plasticity research. Although no mechanisms for the described effects 

could be definitively identified, an increase in the mAHP induced by HFS priming may 

indicate a change in axo-somatic ion channel currents while the reduction in EPSP 

amplitude/slope ratio induced by TBS priming indicates a reduction in dendritic excitability 

that may involve changes in dendritic voltage-dependent ion channels. Both priming 

protocols may thus reduce postsynaptic depolarisation through changes in Ca2+ influx in 

response to synaptic stimulation or AP firing. Because of the central role of Ca2+ in 

triggering synaptic plasticity and metaplasticity mechanisms, differences in the profile of 

the Ca2+ signals induced by different patterns of cell firing may provide crucial information 

regarding the signalling cascades triggering the metaplasticity effect and may thus provide 

an interesting target for future studies.  
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APPENDIX A 

INDIVIDUAL PLOTS OF AP ROPERTIES 

 

 

 

 

Figure A. 1. Current-evoked spike thresholds did not change in response to priming. (A) AP 

threshold change in response to TBS priming (left; n = 8) or HFS priming (right; n = 8). Data points 

for each cell represent an average of three trials. Horizontal bars indicate the change for each cell. 

The bold bar indicates group M. (B) group M + SEM before and after TBS priming (left), or HFS 

priming (right). APs were fired in response to depolarising current pulses. Threshold was 

determined as the point where voltage change was 5 % of the maximum slope. See Chapter 5 for 

more details.  
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Figure A. 2. Current-evoked peak amplitude did not change in response to priming. (A) The 

amplitude of the peak voltage deflection before and after priming. TBS priming (left; n = 8); HFS 

priming (right; n = 8). Data points for each cell represent an average of three trials. Horizontal bars 

indicate the change for each cell. The bold bar indicates group M. (B) group M + SEM before and 

after TBS priming (left), or HFS priming (right).  
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Figure A. 3. Current-evoked AP half-width did not change in response to priming. (A) AP half-

width change in response to TBS priming (left; n = 8) or HFS priming (right; n = 8). Data points for 

each cell represent an average of three trials. Horizontal bars indicate the change for each cell. The 

bold bar indicates group M. (B) group M + SEM before and after TBS priming (left), or HFS 

priming (right).  
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Figure A. 4. Synaptic spike threshold did not change in response to priming. (A) AP threshold 

change in response to TBS priming (left; n = 7) or HFS priming (right; n = 6). Data points for each 

cell represent an average of three trials. Horizontal bars indicate the change for each cell. The bold 

bar indicates group M. (B) group M + SEM before and after TBS priming (left), or HFS priming 

(right). Threshold was found by increasing stimulation strength until cell fired ̴ 50 % to a given 

stimulation strength. Threshold value was then determined as the point where voltage change was 5 

% of the maximum slope. See Chapter 5 for more details.  
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Figure A. 5. Synaptic spike peaks did not change in response to priming. (A) The amplitude of the 

peak voltage deflection before and after priming. TBS priming (left; n = 7); HFS priming (right; n = 

6). Data points for each cell represent an average of three trials. Horizontal bars indicate the change 

for each cell. The bold bar indicates group M. (B) group M + SEM before and after TBS priming 

(left), or HFS priming (right).  
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Figure A. 6. Synaptic spike half-widths did not change in response to priming. (A) AP half-width 

change in response to TBS priming (left; n = 7) or HFS priming (right; n = 6). Data points for each 

cell represent an average of three trials. Horizontal bars indicate the change for each cell. The bold 

bar indicates group M. (B) group M + SEM before and after TBS priming (left), or HFS priming 

(right).  

 


