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In the name of Allah, the most gracious, the most merciful 
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that become blind]. 
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Abstract 
Topic: Visualising the role of presynaptic calcium in hippocampal circuits using 

      a novel, genetically encoded calcium sensor 

Author: Ibrahim Mahmoud Al-Osta 

In this project we used a combination of electrophysiology and fluorescent 

imaging to monitor synaptic transmission and calcium signalling in synaptic 

terminals. The study as a whole intended to examine how presynaptic calcium 

contributes to normal synaptic transmission within different hippocampal 

neuronal pathways. To this end, we used a transgenic mouse strain known as 

SyG37 that stably expresses a calcium sensor, SyGCaMP2-mCherry that is 

expressed in subsets of CNS neurones under the control of the Thy1 promoter. 

Our findings indicate that this new ratiometric sensor, in the SyG37 mouse strain, 

provides an excellent tool for detecting neural activity in acute brain slices. First, 

we showed that evoked calcium transients can be detected in acute brain slices 

prepared from SyG37 mice where electrical activation of Schaffer collaterals or 

mossy fibres elicited large calcium transients in area CA1 and CA3, respectively. 

Using immunohistochemical techniques, SyGCaMP2-mCherry co-localised with 

presynaptic proteins such as Bassoon, VGLUT1 and VGAT, confirming that it is 

expressed presynaptically in both excitatory and inhibitory terminals. Blocking 

fast glutamatergic and GABA/Glycinerergic transmission reduced the size of 

calcium transients in CA1 and CA3 by only 25 and 20% respectively indicating 

that the majority of the signals originated from first order presynaptic terminals. 

Pharmacologically, manipulating the adenosine receptor signalling pathway 

showed that the actions of adenosine, via the A1 receptor subtype, were different 

in the CA3 region compared to those in CA1. Forskolin also caused a small, 

concentration dependent effect on SyGCaMP2 fluorescence in response to 

electrical stimulation within both CA1 and CA3 regions with pronounced effects 

on field potential recordings. Together, with this SyG37 strain of transgenic 

mouse, it is possible to detect neuronal activity with fast temporal and high spatial 

resolution without the need for pre-incubation with organic calcium dyes or 

invasive viral transduction procedures.  
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1 Chapter 1-General Introduction 

1.1 The importance of hippocampal function in memory 

Memories are believed to be formed deep within the brain. Many structures are 

involved in the complex process of encoding memories, however, how each 

structure contributes to this process is not fully known. One brain structure known 

to be involved in forming, sorting, and storing memories is the hippocampus. 

The hippocampus is a major component of our brains. Mammals have two 

hippocampi; each side of the brain has one hippocampus (O'Keefe and 

Dostrovsky, 1971, Eichenbaum, 1999, Bird and Burgess, 2008). In 1957, Scoville 

and Milner discovered that bilateral lesions to the human hippocampus led to a 

severe impairment of a type of memory that is required for everyday activities 

called episodic memory (Scoville and Milner, 1957). In the early 1970’s “place 

cells” were discovered leading to the idea that the hippocampus was involved in 

acquiring and maintaining a spatial representation of the external world (O'Keefe 

and Dostrovsky, 1971). Rats that had undergone selective lesions of the 

hippocampus following targeted injections of the excitotoxic neurotoxin ibotenic 

acid were unable to carry out tasks that required the utilization of contextual and 

spatial information (Jarrard, 1993). The discovery of hippocampal long-term 

potentiation (LTP) provided a possible synaptic mechanism for memory storage 

(Bliss and Lomo, 1973). In the CA1 region, LTP was shown to be dependent 

upon NMDA receptors (Collingridge et al., 1983). Local application of a selective 

N-methyl-D-aspartate receptor (NMDA-R) antagonist influenced both the

acquisition of spatial forms of memory and hippocampal LTP (Morris et al., 1986).

Induction of other forms of synaptic plasticity elsewhere in the brain may be

mediated by NMDARs  but not all forms of LTP require the activation of NMDARs

(for review see; Volianskis et al., 2015). Although the role of the CA1 region of

the hippocampus in spatial memory acquisition is well reported, other areas of

the hippocampus, and of course other brain regions, contribute to memory

acquisition and storage. Procedural memory, for example, appears to be largely

unaffected by hippocampal damage, indicating that other brain regions are

responsible for its acquisition and storage (Diana et al., 2007). Rolls (1996)
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suggested that the CA3 region is important for both episodic and spatial 

memories with the neocortex being necessary for later retrieval.  

Memory impairments that accompany aging and conditions such as 

Alzheimer's disease also highlight the crucial role of the hippocampus in 

memory formation. Cognitive function in normal ageing is associated with 

memory impairments that are linked with specific alterations in prefrontal and 

hippocampal synapses (Morrison and Baxter, 2012). Examples of these 

alterations include a reduction in synaptophysin immunoreactivity (synaptophysin 

is a presynaptic protein that participate in synaptic transmission) in the CA3 

lacunosum-moleculare layer of rats with spatial-learning impairment (Smith et al., 

2000), a decrease in postsynaptic density size of CA1 perforated synapses in 

spatial learning-impaired aged rats (Nicholson et al., 2004), a reduction in 

hippocampal NMDA and AMPA receptors (Shi et al., 2007), an alteration in the 

densities of  glutamate receptors in intact complexes of axospinous synapses of 

the hippocampus (Morrison and Baxter, 2012). However, there is no clear 

evidence on neuronal loss of the prefrontal and hippocampal synapses in the 

normal aging process (Rapp and Gallagher, 1996). Calcium influx through L-type 

calcium channels in aged hippocampal neurones is also increased, leading to 

prolonged hyperpolarization due to activation of calcium-sensitive potassium 

channels (Foster, 2007). Manipulation of dopamine levels is also directly related 

to ageing and cognition, where, blocking of dopamine (D1) receptors in young 

adults leads to a reduction in activation of frontal and parietal regions during a 

task of high-load working memory to levels similar to those seen in older adults 

(Fischer et al., 2010, Grady, 2012).  In Alzheimer's disease, the histological 

findings and the patterns of cell death suggests that the entorhinal cortex 

is significantly affected by the disease. The CA1 region and the subiculum 

are both heavily affected (De Leon et al., 1997, Rusinek et al., 2003) 

whereas the CA3 region and the dentate gyrus are relatively preserved 

(Small et al., 2011).  

Brickman et al. (2014) reported that the dentate gyrus (DG) may be a possible 

hippocampal region associated with age-related decline in memory. They found 

that the episodic memory decline in healthy older adults associated with the 

dentate gyrus (DG) can be improved using a high cocoa flavanol-containing diet. 
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However, this diet is not effective in Alzheimer-related memory decline, since, in 

Alzheimer’s disease, the neurones and memory circuits are already damaged 

(Busche and Konnerth, 2016). The hippocampus is a structure that is highly 

susceptible to damage and injury as a result of conditions such as medial 

temporal lobe epilepsy, ischemia, encephalitis and neurodegenerative conditions 

including, Alzheimer's disease (Chetelat and Baron, 2003). Therefore, its 

susceptibility to disease and its links to both LTP and memory make it a widely 

used model for disease and conditions that affect different types of short and 

long-term memory. Together with the fact that the hippocampus has a simple 

laminar structure, the hippocampus can be considered as a favourable model 

system suitable for studying memory, neuronal plasticity and the effects of ageing 

and degenerative conditions that affect memory formation. 

1.2 Introduction to hippocampal anatomy and connectivity 

The hippocampus is a popular brain structure used to study brain physiology 

because of its well-defined neuronal structure and importance for learning and 

memory. Figure 1.1 illustrates the main hippocampal regions which are the 

dentate gyrus (DG), the hippocampus proper (CA3, CA2 and CA1) and the 

subicular complex (presubiculum and parasubiculum) (for review see; Cappaert 

et al., 2015). The traditional trisynaptic circuit (EC-DG-CA3-CA1-EC) starts from 

axons that project from layer II of the entorhinal cortex (EC). These axons are 

received by neurones within the dentate gyrus and CA3 via the perforant 

pathway, which can be sub-divided into medial and lateral perforant pathways. 

The perforant path (PP) innervates the dentate gyrus as well as CA1 pyramidal 

neurones. The axons of granule cells within the dentate gyrus form mossy fibres, 

which supply both CA3 pyramidal cells as well as interneurons. CA3 is connected 

to CA1 neurones (the main output of the hippocampus) via the Schaffer-

collateral-commissural pathway. This pathway is so called because the CA1 

pyramidal neurones receive Schaffer collaterals (SC) from the ipsilateral 

hippocampus as well as associational commissural (AC) fibres from CA3 

neurones which are located in the contralateral hemisphere (Ramón y Cajal, 

1972, Rolls, 1996, Deng et al., 2010). Figure 1.1 shows the schematic diagram 

of the basic anatomy and neural circuitry of the rat hippocampus. 



Figure 1.1. A schematic diagram of the basic anatomy and neural circuitry 
of the rat hippocampus. 
A. The hippocampal formation. B. Basic hippocampal neural circuitry. The

traditional trisynaptic circuit (EC-DG-CA3-CA1-EC) starts from axons that project

from layer II of the entorhinal cortex (EC). These axons are received by neurones

within the dentate gyrus and CA3 via the perforant pathway, which can be sub-

divided into medial and lateral perforant pathways. The perforant path (PP)

innervates the dentate gyrus as well as CA1 pyramidal neurones. The axons of

granule cells within the dentate gyrus form mossy fibres supply both CA3

pyramidal cells as well as interneurons. CA3 is connected to CA1 neurones (the

main output of the hippocampus) via the Schaffer-collateral-commissural

pathway. CA1 receives direct input from EC layer III neurons through the TA

pathway. Abbreviations: CA-Cornu Ammonis, EC-entorhinal cortex, PP-

4 
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performant path, TA-temporoammonic pathway, LPP-lateral performant pathway 

and MPP- medial perforant pathway. Adapted from Deng et al. (2010) 

There is a direct connection between CA1 pyramidal neurones and layer III of the 

entorhinal cortex via the temporoammonic pathway (TA-CA1 pathway). The 

entorhinal cortex deep-layer neurones receive back-projections from CA1 

pyramidal neurones via subicular complex neurones which are considered as the 

last stage in the pathway. All these pathways are glutamatergic but there are also 

inhibitory GABA-ergic neurones intrinsic to the hippocampus that mediate 

feedback as well as feed-forward inhibition. The mossy fibres in the hilus receive 

projections from dentate granule cells and these dentate granule cells receive 

inhibitory and excitatory projections from the mossy cells (Rolls, 1996, Squire et 

al., 2004).  

Computational theories have suggested different functions in memory between 

the CA1 and CA3 hippocampal subfields. Rolls (1987) described a theory of the 

hippocampus where he suggested that the CA3 neurones operated as an auto-

association memory to store object and place memories (episodic memories). 

Behaviourally, it has been shown that the CA3 supports learning of arbitrary 

associations where space is a component, such as in spatial rapid one-trial 

learning, pattern completion, spatial short-term memory, and spatial sequence 

learning by associations formed between successive items. The granule cells in 

dentate gyrus support spatial pattern separation during learning (encoding) (the 

ability to differentiate one memory from other stored memories is called pattern 

separation (Moser et al., 2008), so, for each memory to be stored in the CA3 

cells, the mossy fibre pathway could act to set up different representations. He 

also suggested that the CA1 cells operate as a re-coder for the information 

recalled from the CA3 cells to a partial memory cue, and sets up associatively 

learned back-projections to the neocortex to allow information’s subsequent 

retrieval from the neocortex, and confirms the CA1 findings on consolidation. 

Therefore, the input from the entorhinal cortex to the DG via the perforant 

pathway is implicated in learning, the CA3 is implicated in retrieval from CA3, and 

the CA1 is implicated in retrieval after longer time intervals and in the temporal 

sequence memory for objects (Rolls, 1987). This theory was further developed 

to explain the clearer role of each hippocampal region in memory (for review see: 
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Kesner and Rolls, 2015). Lee et al. (2004) provided data in support of that the 

CA3 plays a crucial role in the rapid formation of representations of new 

spatiotemporal sequences (as is necessary for episodic memory), whereas CA1 

plasticity may be more important in comparing present experienced sequence 

information with stored sequences in the CA3 network, so it is proposed to play 

a role in matching the CA3 output with afferent input from the entorhinal cortex. 

Morphologically, in addition to the differences in the size of pyramidal cells in CA3 

and CA1, there is a clear difference in connectivity. The CA3 pyramidal cells 

receive a mossy fibre input from DG while CA1 pyramidal cells do not. In the CA3 

field, but not in CA2 and CA1, there is a narrow acellular zone, called the stratum 

lucidum, which is located just above the pyramidal cell layer; this layer is occupied 

by the mossy fibre axons (for review see: Cappaert et al., 2015). The CA1 area 

has another property distinct from the CA3 area where there is a pathway 

referred to as the temporoammonic (TA) or perforant path (pp) that directly 

connects layer III of the entorhinal cortical (EC) neurones to neurones of the CA1 

region (pp-CA1) (Witter et al., 1988). The other cortical input to the hippocampus 

originates from layer II of the EC and innervates the CA1 region via the DG and 

CA3. These two separate projections to the CA1 area are thought to play different 

roles. The Schaffer collateral-CA1 pathway is thought to transfer pre-processed 

information arising from the CA3 region, and the pp-CA1 synapses are thought 

to transfer unedited information directly to the CA1 area. The 

unedited information transferred via the pp-CA1 pathway might serve as a 

reference copy for newly stored information in the CA1 area, or support mismatch 

and/or error detection (Lisman and Otmakhova, 2001, Izumi and Zorumski, 2008, 

Aksoy-Aksel and Manahan-Vaughan, 2015).  Understanding how information 

flows within and between these brain circuits is one of the many unsolved 

mysteries of neuroscience. Communication between individual cells is primarily 

chemical in nature within these precise neural circuits. The fundamental step in 

this process is neurotransmitter release via exocytosis of neurotransmitter-filled 

synaptic vesicles. In the following paragraph, the presynaptic release site 

architecture, where these vesicles present, will be covered, in brief. 
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1.3 The presynaptic release site architecture. 

Neurotransmitter release is mediated by a calcium-dependent synaptic vesicular 

release process. This process involves vesicle docking, priming, fusion, 

endocytosis, and recycling (Li and Chin, 2003). In brief, at the presynaptic nerve 

terminal, synaptic vesicles filled with neurotransmitter are docked at an active 

zone. The maturation process of docked vesicles is called priming. When Ca2+ 

influx follows an action potential, these primed vesicles rapidly fuse with the 

presynaptic membrane to release their contents through the process of 

exocytosis. The membranes of the synaptic vesicle and their constituent 

vesicular proteins are recycled locally for future exocytosis through the process 

of endocytosis (Klenchin and Martin, 2000). The presynaptic molecular 

machinery of vesicle exocytosis involves proteins which play a crucial role in 

guiding vesicles to the active zone, retaining vesicles in place and sensing the 

Ca2+ influx as the trigger for exocytosis (figure.1.2). The entire story of the role of 

these identified proteins is still a major ongoing topic in neuroscience research 

(Li and Chin, 2003, Sudhof, 2013). 

The protein families which are involved in the fusion molecular machinery 

include: ATPase N-ethylmaleimide-sensitive factor (NSF), soluble N-

ethylmaleimide- sensitive factor attachment protein receptors (SNAREs), Rab 

GTPases, Munc18/Sec1, and the protein components of the exocytosis complex 

such as complexin, RIM, Munc 13 and synaptotagmin (Li and Chin, 2003). The 

SNARE family are small proteins with molecular masses of 10-35 kDa (Burri and 

Lithgow, 2004, Jahn, 2004). This protein family plays a role in the mechanisms 

of vesicle membrane fusion which include VAMP2/synaptobrevin, which is a 

vesicular SNARE (v-SNARE) and syntaxin 1 and SNAP-25 which are target 

membrane SNARES (t-SNAREs). The initial complex of a tetrahelical core of 

SNAREs is formed from domains of synaptobrevin, syntaxin-1 and SNAP-25. 

This complex is formed between the presynaptic membrane and the vesicle. 

Synaptobrevin and syntaxin allow presynaptic and vesicle membranes to be 

recognized to each other (Sudhof, 1995, Sutton et al., 1998, Martens and 

McMahon, 2008, Sudhof and Rizo, 2011).  
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Synaptotagmins-1 and 2 are vesicle proteins that have Ca2+ binding sites. They 

are thought to work as Ca2+ sensors that can start the process of exocytosis upon 

Ca2+ influx; there is no formation of a fusion pore without Ca2+ influx. In the 

absence of calcium, the 5 calcium binding sites on the C2A and C2B calcium 

binding domains of synaptotagmin are unbound and vesicle fusion is inhibited. 

Synaptotagmin does not seem to be directly involved in the vesicle fusion 

process; it is does, however, pull the presynaptic membrane and vesicle together 

to position them in close proximity to ease pore formation. SNARE gene 

disruption in mice leads to failure in neurotransmitter release which further 

explains the crucial role of SNARE proteins in synaptic vesicle exocytosis which 

is stimulated by Ca2+ influx (Washbourne et al., 2002, Kennedy and Ehlers, 

2011). Interestingly, however, whilst fast, synchronous release is prevented, 

spontaneous and asynchronous release were enhanced suggesting that at least 

one other protein exists within the presynaptic terminal that acts as a calcium 

sensor (Kennedy and Ehlers, 2011). Recently, neuronal polarity and axon 

differentiation were found to be regulated by Synaptotagmin 1 in cultured 

hippocampal neurones (Inoue et al., 2015). 

Rab3a is a member of a G protein family that consists of Rab3A, -3B, -3C, and -

3D. Rab3a has the ability to bind GTP and is activated by GDP/GTP exchange 

protein (Rab3 GEP). Rab3a is thought to be involved in the docking process by 

guiding vesicles to active zones (Tanaka et al., 2001). The Munc18-1, Sec/Munc 

(SM) protein family member, which seems to be important for membrane 

trafficking pathways and the binding of munc 18-1 to syntaxin through its N-

terminal Habc domain, is important for neurotransmitter release. Munc 18 

interacts with munc 13 to alter the conformational state of syntaxin allowing 

priming to take place (Verhage et al., 2000, Weimer and Richmond, 2005, Hu et 

al., 2011). 

Complexin (synaphin) is a cytoplasmic neuronal protein that has the ability to 

bind to the complex of SNARE proteins with high affinity and there is competition 

between complexins and synaptotagmins to bind to the SNARE protein complex. 

In the presence of Ca2+ synaptotagmin replaces complexin allowing the SNARE 

protein complex to bind to vesicle and presynaptic membrane to facilitate pore 
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formation. When there is no Ca2+ influx, complexin acts as neurotransmitter 

release inhibitor by clamping the SNARE protein complex and inhibiting vesicle 

fusion (Sudhof, 1995, Brose, 2008, Giraudo et al., 2009, Kennedy and Ehlers, 

2011). 

Synaptophysin (major synaptic vesicle protein p38; 38kDa) is a four 

transmembrane domains vesicular protein present in virtually all brain and spinal 

cord neurones (Wiedenmann and Franke, 1985, Südhof et al., 1987, Calhoun et 

al., 1996). This protein has unknown function; however, previous molecular 

studies have shown that synaptophysin plays a crucial role in synaptic functions 

including exocytosis, synapse formation and endocytosis of synaptic vesicles 

(Thomas et al., 1988, Eshkind and Leube, 1995, Spiwoks-Becker et al., 2001, 

Tarsa and Goda, 2002). Surprisingly, in synaptophysin (Evans and Cousin, 

2005), this is might be the reason for choosing to use it to create our sensor. The 

lack of an obvious phenotype was attributed to abundant expression of 

synaptophysin isoforms such as synaptogyrin or synaptoporin. Consistent with 

this, mice lacking both synaptogyrin and synaptoporin showed exacerbation in 

synaptic depression and delay in the replenishment of releasable synaptic vesicle 

pools (Janz et al., 1999, Kwon and Chapman, 2011). In disease, research has 

shown that synaptophysin elimination in mice creates behavioral changes such 

as impaired object novelty recognition, increased exploratory behavior and 

reduced spatial learning (McMahon et al., 1996, Schmitt et al., 2009). Most 

recently, Adams et al. (2017) found that synaptophysin is a target of β-Amyloid 

that regulates synaptic plasticity and seizure susceptibility in an Alzheimer's 

model, where they found a subtle yet critical role for synaptophysin in the synaptic 

vesicle cycle and the Alzheimer's disease etiology. Many mechanisms of how 

synaptophysin works have been proposed, for example, Rehm et al. (1986) 

suggested that there is a direct interaction between synaptophysin and the 

dynamin (a GTPase responsible for endocytosis in the eukaryotic cell) where 

dynamin only associates with synaptophysin in vivo after synaptobrevin enters 

the SNARE complex, suggesting that  synaptophysin plays a role in synaptic 

vesicle recycling by recruiting dynamin to the vesicle membrane. Gordon et al. 

(2011) found that synaptophysin is specifically required for sybII-pHluorin 

(Synaptobrevin 2- pHluorin) retrieval, while its absence slowed the retrieval of 
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other synaptic vesicle protein cargo. Thus synaptophysin is specifically required 

for synaptobrevin 2 retrieval during synaptic vesicle endocytosis. Recently, 

Rajappa et al. (2016), identified the key mechanisms mediating release site 

clearance for preventing cis-SNARE complex formation at the active zone. This 

could happen by self-assembly of exocytosed synaptobrevin 2 and 

Synaptophysin 1 by homo- and hetero-oligomerization into clusters (figure 1.2). 

They also found that loss of synaptophysin II induced frequency-dependent STD 

confirming the importance of synaptophysin in the release site clearance process 

during synaptic vesicle recycling. 

Figure 1.2. A schematic diagram of the proposed role of Synaptophysin 1 
in release site clearance process. 
For release site clearance, Syb2 is pushed away by NSF, which 

disassembles cis-SNARE complexes, and pulled by Syp1, which clusters Syb2 

dimers outside of the active zone (AZ). Loss of either one leads to accumulation 

of cis-SNARE complexes at sites of SV fusion, thereby perturbing its function, 

which results in short term depression. Syb2-Syp1 clusters in the peri-AZ and t-

SNARE clusters form stable domains in the active zone, thereby maintaining its 

integrity, whereas all other components diffuse freely. Abbreviations: Syp1-

Synaptophysin 1, Syb2- synaptobrevin 2, Stx1A- Syntaxin 1A, NSF- ATPase N-

ethylmaleimide-sensitive factor, SNARE-Soluble N-ethylmaleimide- sensitive 

factor attachment protein receptors. Adapted from Rajappa et al. (2016). 
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At the molecular level, there are many studies that have dealt with the function 

and the structure of presynaptic proteins. However, as yet, our understanding of 

the exocytosis process remains somewhat incomplete. Figure 1.3 summarizes 

the mechanism of synaptic exocytosis and its conserved protein components and 

the synaptic vesicle exocytosis at the molecular level. 
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Figure 1.3. A. The mechanism of synaptic exocytosis and its conserved 
protein components. 
Synaptic vesicle exocytosis unique components are written in red whereas fusion 

machinery protein components are shown in green. B. Synaptic vesicle 
exocytosis at the molecular level: (A) Docking of a synaptic vesicle to the 

active zone. In this stage, there is an interaction between the closed form of 

syntaxin 1 and Munc18. Bassoon, piccolo and the interaction between GTP 

bound Rab3A and RIM proteins are thought to be involved in this process. (B) 

A

B 
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Hydrolysis of GTP to GDP leads to dissociation of Rab3A from the Rab3A-RIM 

complex. Binding of RIM with Munc13 leads to activation of Munc13 to displace 

Munc18 from its site on syntaxin 1. This process leads to the conversion of 

syntaxin 1 from closed state to opened state. (C) The opened state of syntaxin 1 

permit to syntaxin 1 to be reunited with SNAP-25 and VAMP2 as a trans-SNARE 

complex, which bring the plasma membrane and synaptic vesicle in close 

proximity. (D) When there is no Ca2+ influx, Complexin acts as neurotransmitter 

release inhibitor by clamping the SNARE protein complex and inhibiting vesicle 

fusion. (E) In the presence of Ca2+, the synaptotagmin replaces complexin, and 

therefore, the SNARE protein complex then can bind vesicle and presynaptic 

membranes to put them in close proximity to facilitate pore formation. (F) 

Dissociation of cis-SNARE complex by NSF/a-SNAP will make the SNARE 

proteins ready to be involved in a new exocytosis cycle. Adapted from Li and Chin 

(2003). 

Many other proteins located at the presynaptic terminals. In this study, some of 

antibodies against them will be used in immunohistochemistry experiments. For 

example, bassoon is a presynaptic protein involved in the organisation of the 

neurotransmitter release site, and is specifically localised at the active zone. In 

cultured hippocampal neurones, bassoon was found to co-localise with 

glutamate receptor-1 (GLUR1) and GABAA receptors and, therefore, is 

considered to be a component of the active zone of both excitatory glutamatergic 

and inhibitory GABAergic synapses (Richter et al., 1999). The vesicular 

glutamate transporter 1 (vGLUT1), and the related vGLUT-2 are both highly 

important transporters for the uptake and storage of glutamate, and thus 

comprises the sole determinant for a glutamatergic phenotype. The vesicular 

glutamate transporter mediates glutamate uptake into the synaptic vesicles of 

excitatory neurones (Bellocchio et al., 2000, Ziegler et al., 2002). In the CNS, 

their expressions seem to be largely complementary. Together, they are currently 

considered as the best markers for glutamatergic nerve terminals and 

glutamatergic synapses. VGLUT1 is preferentially expressed in the neocortex 

and hippocampus, while vGLUT2 mainly occurs in the thalamus (Herzog et al., 

2006). The vesicular GABA transporter (VGAT) is responsible for the uptake and 

storage of gamma-aminobutyric acid (GABA) and glycine by synaptic vesicles in 

the central nervous system (McIntire et al., 1997, Chaudhry et al., 1998b).  
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Therefore, VGAT is currently considered as a good marker for GABAregic 

inhibitory nerve terminals. 

Postsynaptic density (PSD) is a postsynaptic marker, however, it can be used in 

IHC experiments, where the absence of co-localisation with this protein can be 

used to confirm a presynaptic locus of any target protein. PSD95 is the most 

abundant scaffolding protein, almost exclusively located in the postsynaptic 

density (PSDs) of neurones. PSD95, which is a member of the membrane-

associated guanylate kinase (MAGUK) family, interacts with the cytoplasmic tail 

of NMDA receptor subunits and potassium channel clusters to regulate synaptic 

plasticity associated with NMDA receptor signalling (Hunt et al., 1996, Garner et 

al., 2000, Kim and Sheng, 2004, Chen et al., 2011). 

1.4 Regulation of neurotransmitter release by synaptic 

receptors 

There are many receptors (metabotropic and ionotropic families), which are 

involved in neurotransmitter release modulation. Ionotropic receptors affect 

release mainly by changing the membrane potential; in contrast, most 

metabotropic receptors are coupled to G proteins and modulate release by an 

interaction between calcium channels and G protein βγ-subunits (Frerking and 

Wondolowski, 2008). The possible mechanisms for modulation include Ca2+

channel inhibition, vesicle release complex regulation or by activation of 

presynaptic ion channels. Sometimes, all of these mechanisms are recruited 

simultaneously (Miller, 1998). Therefore, presynaptic receptors represent a wide 

class of molecules that can influence synaptic transmission with a high degree of 

synapse-specificity (Wang, 2008). Thanawala and Regehr (2013) suggested that 

neuromodulators that regulate presynaptic voltage-gated calcium channels 

(VGCCs) regulate both the probability of vesicular exocytosis (p) and the effective 

size of the readily releasable pool (RRP). Therefore, neurotransmitter release 

and synaptic strength are profoundly dependant on presynaptic calcium 

channels. In the following section, a number of receptors that have been reported 

to play a role in neurotransmitter release modulation will be discussed briefly. 

https://en.wikipedia.org/wiki/Neuron
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1.4.1 Glutamate Receptors 

Glutamate receptors play a role in modulating pre- and post-synaptic neuronal 

Ca2+ influx and postsynaptic activity. Because of the importance of these 

receptors, both pre and postsynaptic glutamate receptors will be discussed 

briefly. Glutamate receptors can be classified into: G-protein-coupled (GPCR; 

metabotropic) and ionotropic (ligand-gated ion channels) receptors. GPCRs 

initiate a series of intracellular signalling events within postsynaptic neurones 

upon activation whereas ionotropic receptors gate ion channels leading to 

conductance changes such that the postsynaptic neuronal polarization state will 

be altered. Metabotropic glutamate receptors (mGluRs) are a group of GPCRs 

that act via second messenger pathways. These receptors can be subdivided 

into Group I mGlu receptors (mGlu1 and mGlu5), group II (mGlu2 and mGlu3) 

and group III receptors (mGlu4, mGlu6, mGlu7 and mGlu8). These receptors can 

indirectly modulate postsynaptic ion channels (Bortolotto et al., 1999, El 

Moustaine et al., 2012). Group I mGlu receptors influence calcium signalling 

through phospholipase C (PLC), whereas group II and group III receptors have 

inhibitory effects on adenylyl cyclase. In the hippocampus, group I mGluRs are 

mainly postsynaptic, whereas group II (mGluR2) and most of group III mGluRs 

are mainly localized to presynaptic neurones. Moreover, mGluR2, mGluR7a, and 

mGluR7b were identified in mossy fibre terminals, whereas Schaffer collateral 

terminals were labelled only for mGluR7a (Shigemoto et al., 1997, Hinoi et al., 

2001). 

Ionotropic glutamate receptors (GluRs) are subdivided into three main types: N-

methyl-D-aspartic acid (NMDA), α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), and kainate receptors. Glutamate has a high 

affinity to all of them (Palmada and Centelles, 1998, Erreger et al., 2004, 

Meyerson et al., 2014). In the CNS, fast excitatory synaptic transmission is 

mediated in large part by AMPA receptors. AMPA receptors conduct sodium and 

potassium ions, however, depending on the composition of their subunits, they 

can be permeable to Ca2+ as well (Gouaux, 2004). NMDA receptors are non-

selective ion channels; NMDA receptors have the ability to conduct Na+, K+ and 

Ca2+ only when the Mg2+ block within the channel is removed when the cell is 

sufficiently depolarized. The ligand gating in NMDA receptors requires co-

http://www.ncbi.nlm.nih.gov/books/n/neurosci/A2251/def-item/A2815/
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activation by two ligands: glutamate and either D-serine or glycine. These 

receptors have a large capacity to increase Ca2+ concentration within the 

postsynaptic neuron, which then works as a second messenger in more 

downstream signalling pathways and processes. These properties of NMDA 

receptors are widely thought to be the basis of information storage at synapses 

(Purves, 2008). The NMDA receptor antagonist AP5 (2-amino-5-phosphono-

valerate) can be used to differentiate between AMPA/kainate and NMDA 

responses. The EPSPs produced by AMPA/kainate receptors are faster and 

short-lasting than the those produced by NMDA receptors (Purves, 2008). 

Kainate receptors are permeable to sodium and potassium ions but they have a 

low permeability for calcium (Ferrer-Montiel and Montal, 1996, Sun et al., 2009). 

Kainate receptors are located both at presynaptic and postsynaptic terminals and 

can be either metabotropic or ionotropic. Presynaptic metabotropic kainate 

receptors are responsible for suppression of release probability during postnatal 

development (Lauri et al., 2006). Interestingly, kainate receptors are only 

expressed presynaptically at CA3 cell terminals. These receptors are involved in 

release probability modulation (Jane et al., 2009, Riebe, 2010). Kainate receptors 

act as modulators of synaptic transmission. They have pre- and postsynaptic 

effects and their function is not fully understood. The kainate receptor agonist, 

kainic acid, can induce seizures through GluK2 subunit activation; therefore, it is 

a favorable target for the development of new antiepileptic therapeutics 

(Contractor et al., 2011, Fritsch et al., 2014).  

General mechanisms of action of the above glutamate receptors can be 

summarized as follows: presynaptic metabotropic glutamate receptors generally 

depress neurotransmitter release by activating K+ conductance, inhibiting 

Ca2+ channels, modulating the levels of cyclic AMP or by modulating the 

exocytotic machinery. They can also increase neurotransmitter release by 

activating calcium-induced calcium release. Whereas, presynaptic ionotropic 

glutamate receptors often facilitate neurotransmitter release and have short-lived 

effects. They achieve this through mechanisms that involve the direct modulation 

of calcium channels, the depolarization of the nerve terminal, the induction of 

calcium-induced calcium release from internal stores, the direct influx of 

https://en.wikipedia.org/wiki/Glutamate
http://www.ncbi.nlm.nih.gov/books/n/neurosci/A2251/def-item/A2771/
http://www.ncbi.nlm.nih.gov/books/n/neurosci/A2251/def-item/A2672/
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calcium through the receptor channel, or the synthesis of nitric oxide (for review 

see: Engelman and MacDermott, 2004, Pinheiro and Mulle, 2008). There is a big 

difference between the actions of ionotropic and GPCRs receptors on 

presynaptic terminals; for example, ionotropic receptors activate within a few 

milliseconds whereas, GPCRs might act in the order of seconds or minutes. 

These differences in activation can lead to different temporal regulation of 

neurotransmitter release (Kidd et al., 2002). Ionotropic and GPCRs receptors can 

also differ in their desensitization characteristics. Ionotropic receptors desensitize 

over widely variable time courses, whereas, GPCRs desensitize within seconds 

of agonist activation (Luttrell and Lefkowitz, 2002). In addition, ionotropic  and 

GPCRs receptors that respond to the same agonist can have markedly different 

affinities (Siegel, 2005). 
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1.4.2 Voltage gated calcium channels 

Voltage-gated calcium channels (VGCCs), also called voltage-dependent 

calcium channels (VDCC) are a group of ion channels that are highly sensitive to 

changes in membrane potential. They contribute to many physiological functions 

in excitable cells including transmission at the neuromuscular junction, synaptic 

transmission and hormonal secretion to name but a few. According to their 

voltage dependence, single-conductance kinetics and their pharmacological 

sensitivity, VGCCs can be classified into L (Cav1.1, Cav1.2, Cav1.3 and Cav1.4), 

N (Cav2.2), P/Q (Cav2.1), R (Cav2.1) and T-types (Cav3.1, Cav3.2, and Cav3.3) 

(Reuter, 1996, Voglis and Tavernarakis, 2006). L-type ion channels are activated 

by high-voltage threshold. They are involved in a form of NMDAR-independent 

LTP that occurs within the mossy fibre pathway (Kapur et al., 1998). 

Administration of an antagonist to L-type calcium channels (nimodipine) inhibits 

this NMDA-independent LTP and leads to loss of memory in animals receiving 

chronic administration of nimodipine (Veng et al., 2003). L-type VGCC current is 

highly increased in the hippocampal CA1 neurones of aged rats. Moreover, L-

type VGCC are also highly expressed in aged and Alzheimer’s patients 

suggesting that these channels might be involved in both learning and memory 

processes as well as in pathological and physiological neurological conditions 

where plasticity and memory are affected (Thibault and Landfield, 1996, Voglis 

and Tavernarakis, 2006). T-type calcium channels are activated at a low-voltage 

threshold and this property enables them to contribute to bursting activity in 

various brain regions. P-, Q- and R-type of VGCCs are also involved in the 

neurotransmitter release process and as such contribute to various forms of 

synaptic plasticity. LTP induction at the hippocampal mossy fibres pathway 

requires a presynaptic calcium rise but its expression is independent of 

postsynaptic calcium currents. R-type calcium channels are not involved in fast 

neurotransmitter release in general, but they are involved in synaptic LTP, most 

notably within the mossy fibre pathway (Dietrich et al., 2003).  
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1.4.3 Adenosine receptors 

Adenosine is a purine nucleoside widely found in nature that plays an important 

role in biological processes such as in energy transfer (ATP and ADP), signal 

transduction (cAMP) and as a neuromodulator believed to play a role in 

suppressing arousal and promoting sleep (Buckingham, 1987, Huston et al., 

1996, Belardinelli and Pelleg, 2012). In the CNS, adenosine modulates synaptic 

responses via A1 and A2A receptors, which mainly localize at excitatory glutamate 

synapses (Rebola et al., 2003a, Rebola et al., 2003b, Rebola et al., 2005). A1 

receptors are the most abundant G protein-coupled receptors in the brain that 

suppress synaptic transmission and therefore, control basal network activities 

(Dunwiddie and Masino, 2001), whereas A2A receptors play essential roles in 

some forms of synaptic plasticity (Rebola et al., 2008). A2B and A3 receptors are 

located mainly peripherally and are involved in processes such as immune 

responses and inflammation (For review see, Sheth et al., 2014). Adenylate 

cyclase is the primary second messenger target of all adenosine receptor 

subtypes. Adenylate cyclase is either activated or inhibited depending on the 

stimulated receptor type. A1 and A3 receptors are coupled to Gi and their 

activation results in a decrease of cAMP levels, a decrease of transient 

Ca2+ conductance and an increase of K+ conductance. Whereas adenosine 

A2A and A2B receptor subtypes increase cAMP levels as they are coupled to the 

Gs subunit (Sperlágh and Sylvester Vizi, 2011, Sheth et al., 2014). In the 

hippocampus, adenosine mediates its inhibitory effect on synaptic transmission 

via A1 receptors (Bruns et al., 1987b). Adenosine acts presynaptically (via A1 

receptors) to decrease the release of neurotransmitters such as glutamate 

(Dunwiddie, 1985) and postsynaptically via an increase in a potassium 

conductance’s (Gerber et al., 1989, Thompson et al., 1992). Gundlfinger et al., 

(2007), using imaging and electrophysiological techniques, demonstrated that 

adenosine has a direct inhibitory effect on presynaptic calcium channels to 

modulate transmission at the hippocampal mossy fibre synapse (Gundlfinger et 

al., 2007). Many studies have suggested that extracellular adenosine can be 

elevated via several pathways, including exocytosis (Klyuch et al., 2012), 

transport (Lovatt et al., 2012) and enzymatic breakdown of extracellular 

nucleotides (Mi and Jackson, 1998). Endogenous adenosine is released 
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metabolically from active brain cells by adenosine triphosphate (ATP) 

degradation such that it is then generated extracellularly (Kase et al., 1999). By 

means of bidirectional nucleoside transporters, normally, intra and extracellular 

adenosine concentrations are kept in equilibrium (Deckert et al., 1988). The 

concentration gradient between the cytosol and the extracellular space is the 

determinant of the direction of adenosine transport. Several enzymes can 

regulate the intracellular level of adenosine, for example, phosphorylation of 

intracellular adenosine by adenosine kinase keeps the intracellular concentration 

low. Released adenine nucleotide in the extracellular space is rapidly hydrolysed 

by ecto-nucleotidases to form adenosine. That is why the basal extracellular 

levels of adenine nucleotides are low. Ecto-5'-nucleotidase is a nucleotide 

catabolizing enzyme which is abundant in the central nervous system 

(Richardson et al., 1987, Zimmermann et al., 1993, Pak and Yetkin, 2014). The 

imbalance in adenosine concentrations is an indicator of many health problems 

where adenosine levels are drastically elevated during metabolic stress, seizures 

(During and Spencer, 1992), epilepsy (Gouder et al., 2003, Boison, 2012) and 

hypoxia or ischemia (Winn et al., 1981) with the consequence of profound 

inhibition of synaptic transmission and neuronal excitability (Pak and Yetkin, 

2014). Figure 1.4 summarizes the adenosine cycle between cytosolic and 

extracellular compartments. 
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Figure 1.4. Schematic diagram of adenosine metabolism.  
Extracellular adenosine concentrations can be increased via intracellular sources 

(synthesis from intracellular dephosphorylation of ATP, ADP or AMP by 5’-

nucleotidases and hydrolysis of SAH), transport of extracellular cAMP followed 

by its hydrolysis, or rapid hydrolysis of released nucleotides by ecto-

nucleotidases. The balance between intra- and extracellular concentrations of 

adenosine is obtained by bidirectional transport through equilibrative nucleoside 

transporter (ENT). Once in the extracellular space, adenosine can act via two 

high affinity receptors (the A1 and A2A receptors) and two low-affinity receptors 

(A2B and A3 receptors). Adenosine metabolisation to inosine occurs intra- and 

extracellularly through local adenosine deaminase activity. Intracellularly 

adenosine can also be metabolized through AK-mediated phosphorylation to 

AMP. Abbreviations: ABC: ATP-binding cassette transporter; AC: adenylate 

cyclase; ADA: adenosine deaminase; ADP: adenosine 5′-diphosphate; AK: 

adenosine kinase; AMP: adenosine 5′-monophosphate; ATP: adenosine 5′-

triphosphate; cAMP: cyclic AMP; PDE: phosphodiesterase; SAH: S-adenosyl-L-

homocysteine. Sourced from Marro et al. (1997), Park and Gupta (2013), Rombo 

et al. (2016). 
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1.4.4 Potassium channels 

Potassium channels are a group of potassium conducting ion channels that can 

be classified as voltage-gated (Kv), inwardly rectifying, tandem pore domain and 

those which are modulated by intracellular calcium called calcium-activated 

potassium channels (KCa). There are three types of calcium activated potassium 

channels: small-conductance calcium-activated potassium channels (SKs = 

KCa2.1, KCa2.2 and KCa2.3), large (big)-conductance, calcium-activated 

potassium channels (BKs = KCa1.1) and intermediate conductance channels (IK 

= KCa3.1) that seem to be the least studied of all of the channels (Wei et al., 2005, 

Alexander et al., 2015). In CA1 hippocampal neurones, (SKs) are localized at 

presynaptic terminals and in their activated state they have the ability to modulate 

postsynaptic potentials by increasing potassium efflux and, therefore, 

hyperpolarizing the membrane after an action potential (Faber et al., 2005). 

Hippocampal LTP can be enhanced by blocking SKs while it is diminished by SK 

over expression (Hammond et al., 2006). BKs, on the other hand are generally 

located in both post- and presynaptic compartments of hippocampal pyramidal 

neurons (Sailer et al., 2006). They are involved in neuronal excitability and the 

contractility of smooth muscle. BKs are dual regulated through intracellular Ca2+ 

and membrane voltage. BKs have a negative-feedback effect on membrane 

depolarization through membrane hyperpolarization by their modulation by 

calcium influx (Furukawa et al., 2008, Yuan et al., 2010).  

1.4.5 GABA Receptors 

GABA also has a substantial impact on neurotransmitter release. It is a common 

inhibitory neurotransmitter in the adult mammalian brain. There are three types 

of GABA receptors; GABAA and GABAC receptors are inotropic, whereas GABAB 

receptors are metabotropic. GABA receptors play an inhibitory role on 

postsynaptic cells, either by increasing chloride ion conductance (ionotropic 

GABA receptors) or by blocking Ca2+ channels or by activation of K+ channels 

(GABAB) which leads to hyperpolarization (Purves, 2008). There is a specific 

GABAA receptor subtype (containing α5-subunit) which is highly expressed in 

hippocampal CA1-CA3 regions. Mice lacking the GABA-Aα-5 subunit showed a 
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decrease in inhibitory currents of postsynaptic neurones and increase in the 

capacity of spatial learning. These findings suggest a role for GABAA receptors 

in hippocampal synaptic plasticity (Collinson et al., 2002). Furthermore, activation 

of postsynaptic GABAB receptors results in second messenger modulation 

through inhibition of adenylyl cyclase activity. Mutation of S783 in GABAB 

receptors led to deficits in memory consolidation and long-term spatial memory 

and so enhancing of GABAB receptor signalling could be a good target for 

enhancement of memory (Terunuma et al., 2014). 

1.5 Ca2+ and its role in synaptic transmission. 

The complex networks of neurones and glial cells in our brains are connected via 

around one hundred trillion synapses (Squire, 2013). The major excitatory 

neurotransmitter at these synapses is glutamic acid, which is released from 

presynaptic terminals to exert its effects on postsynaptic cells to influence 

neuronal function and synaptic plasticity (McEntee and Crook, 1993, Meldrum, 

2000, Kennedy and Ehlers, 2011). Neurotransmitter release is mediated by a 

calcium-dependent synaptic vesicular release process. As mentioned above, this 

process involves vesicle docking, priming, fusion, endocytosis, and recycling. At 

rest, neurotransmitters are stored in presynaptic vesicles. A few of these vesicles 

are concentrated at the "active zone" (a zone in a presynaptic terminal where a 

neurotransmitter is released). Most presynaptic vesicles are held in a protein 

matrix near the active zone that includes actin and synapsin-I (Kennedy and 

Ehlers, 2011). When there is enough neuronal excitation, an action potential will 

be generated along neuronal axons and the depolarisation of the presynaptic 

terminal will trigger calcium entry into the presynaptic terminal. Calcium influx is 

a crucial step in the exocytotic process. The increase in calcium ion concentration 

primarily arises from Ca2+ influx via voltage-gated Ca2+ channels (Zucker and 

Regehr, 2002).  Ca2+ influx may then trigger further Ca2+ release from intracellular 

stores including the mitochondria and the endoplasmic reticulum and for these 

ryanodine receptors (RyRs) or inositol trisphosphate receptor (InsP3Rs) play an 

important role. Whereas rapid and substantial increases in presynaptic calcium 

trigger transmitter release, smaller changes in the residual calcium concentration 

within the terminal have a major role in modulating transmitter release. Residual 
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presynaptic calcium is well known to modulate forms of short-term transmitter 

release including paired-pulse facilitation at many different synapses within the 

central nervous system (see Zucker and Regehr, 2002 for a review on 

presynaptic plasticity).  

In the central nervous system, there are three known modes of neurotransmitter 

release; synchronous release, asynchronous release, and evoked release.  If the 

presynaptic bouton is invaded by an action potential, transmitter release will 

occur synchronously within several milliseconds or occur asynchronously and 

lasts for tens of milliseconds to tens of seconds. Spontaneous release occurs in 

the absence of presynaptic depolarization (Kaeser and Regehr, 2014). 

Synchronous release is well defined and involves a synaptic vesicle’s readily 

releasable pool, voltage-gated Ca2+ channels, a fast Ca2+ triggering mechanism 

and a tight coupling between the primed vesicle, the Ca2+ sensor, and the Ca2+ 

channel. The major Ca2+ sensors for synchronous release are synaptotagmins 1, 

2, and 9, but Ca2+ sensors for asynchronous release have not been completely 

identified (Kaeser and Regehr, 2014). All of these three modes of transmitter 

release appear to involve the canonical SNARE proteins synaptobrevin 

2/VAMP2, syntaxin-1 and SNAP-25. Further multiple alternative molecular 

mechanisms may be involved in asynchronous and spontaneous release. 

Synchronous, asynchronous release and a significant portion of spontaneous 

release depend on Ca2+ (Chung and Raingo, 2013, Kaeser and Regehr, 2014).  

Under resting conditions, Ca2+ sparks, a tonic levels of Ca2+ in the presynaptic 

pulsatile or milieu release of Ca2+ from internal stores, can potently regulate 

neurotransmitter release (Llano et al., 2000). Even in the absence of presynaptic 

action potentials, nerve terminals manifest brief bursts of high fusion activity, 

clearly deviating from the low frequency, random nature of spontaneous release 

(Abenavoli et al., 2002). The fluctuations in intracellular Ca2+  typically trigger 

these presynaptic bursts (Glitsch, 2008), although some studies suggest that 

resting neurotransmitter release also strictly relies on intracellular Ca2+ without 

these large Ca2+ fluctuations (Xu et al., 2009). In contrast to the steep 

Ca2+ dependence of evoked transmission, spontaneous neurotransmitter release 

displays close to linear Ca2+ dependence. This suggests that at low 
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Ca2+ concentrations, Ca2+ signalling may selectively impact spontaneous release 

but not evoked release (Ramirez and Kavalali, 2011).  

It is worth mentioning that the transmitter release could also occur through a 

Ca2+-independent, carrier mediated process. The best example of this type is the 

case for synaptic transmission between photoreceptors and second order 

neurons of the vertebrate retina. The proposed mechanism for this type of 

transmitter release is that by lowering extracellular Ca2+, Ca2+ influx through 

voltage-activated Ca2+ channels can be promoted via a modification of surface 

potential of plasma membranes (Piccolino et al., 1999). In general, calcium is 

involved in the conversion of the action potential (electrical signal) into 

neurotransmitter release (chemical signal) and so calcium can be considered as 

a controller of electrochemical transduction. Factors that affect both peak and 

residual presynaptic calcium concentration within the terminal have a huge 

potential to influence synaptic signalling and plasticity. 

1.6 Ca2+ and its role in neurodegenerative diseases 

Cytosolic calcium levels are major sources of influence for synaptic activity. 

Calcium levels can be modulated through extracellular calcium influx via VGCCs 

or calcium permeable ionotropic receptors such as the NMDAR. Calcium can 

also come from intracellular sources including mitochondria or the endoplasmic 

reticulum and for this RyRs or InsP3Rs play an important role. De-regulation or 

failure of calcium homeostasis is central to the calcium hypothesis of ageing as 

well as in neurodegenerative diseases such as Alzheimer’s disease. Factors that 

affect calcium homeostasis, including changes in the expression levels of calcium 

binding proteins, alteration of mitochondrial function and NMDAR or AMPAR 

activities are all disrupted in the neurodegenerative conditions. In AD, α-

Synuclein and Aβ-peptides as building blocks for senile plaques, can form 

channels which can be permeable to calcium ions at the plasma membrane 

(Marambaud et al., 2009). 

In AD, the activities of glutamate receptor agonists are increased and there is 

evidence of reduced protein levels of NMDAR subunits NR1, NR2A and NR2B. 

NMDAR subunit phosphorylation is also reduced in AD. Therefore, these 

abnormalities may be involved in cognitive impairments (Sze et al., 2001, Mota 
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et al., 2014). It also has been observed that calcium is overloaded in dendritic 

spines in neurones adjacent to amyloid plaques (Kuchibhotla et al., 2008). 

Moreover, the frequency of spontaneous calcium transients is increased in 

neurones adjacent to amyloid plaques as well (Busche et al., 2008). Properly 

controlled Ca2+ flux through the plasma membrane is crucial for the normal 

function of neurones. Hence drugs that influence Ca2+ regulation represent a 

potentially viable treatment neurodegenerative disease. For example, nimodipine 

(L-type Ca2+ channel blocker), memantine (NMDA open channel blocker) both 

showed significant beneficial effects in AD patients (Mattson, 2007). The majority 

of published studies about the calcium effect on aging have primarily focused on 

post-synaptic processes since measuring presynaptic calcium is extremely 

difficult. A better understanding of early presynaptic compensatory mechanisms 

could be a crucial step in the discovery of novel AD therapies of aimed to improve 

cognitive function before starting of neuronal loss. 

1.7 Calcium measurement during synaptic signalling 

Calcium ions play a crucial rule in a large number of different physiological 

processes and over the past few decades various methods have been devised 

for calcium detection. Electrophysiological methods and bioluminescent probes 

are two examples of older methods employed for calcium ion detection. Today, 

the most widely used calcium detection methods are based on fluorescent 

bioproteins. In the following sections, there will be a brief introduction to non-

optical and optical techniques used for neuronal calcium detection.  

1.7.1 Electrophysiology as a non-optical technique for 

monitoring Ca2+ in synaptic signalling. 

Electrophysiological techniques are non-optical methods that have been used to 

assess calcium signalling in neurones. Intracellular calcium changes can be 

estimated by recording the current changes through the plasma membrane that 

are generated by calcium-dependent ion channels and transporters. Associated 

conductance changes are considered to be very sensitive indicators of local 

calcium flux however the correlation between these calcium currents and signals 

from fluorescent calcium indicators are often very poor (Takahashi et al., 1999, 
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Bennett and Guthrie, 2003). For example, calcium current activation is generally 

transient, reaching a peak while there is a continued increase in fluorescent 

signal from optical calcium sensors (Takahashi et al., 1999). Calculation of the 

intracellular ion concentration using this method is still impossible because this 

depends highly on the effects of intracellular buffering. Moreover, it is necessary 

to collect information from more than one cell, therefore, researchers have 

developed an automated patch clamp methods for that reason (Benitah et al., 

2002).  Patch clamping up to 16 cells simultaneously on a planar array to record 

ion channel function has been developed as well (Bennett and Guthrie, 2003). 

Calcium-selective electrodes represent another non-optical technique that can 

be used to measure calcium ion concentrations potentiometrically. This method 

is used to calibrate calcium solutions and can be used to calibrate fluorescent 

indicators signals in vivo. However, there is a large gap between the response 

time to changes in free calcium of these electrodes (0.5-1s) and the response 

time to changes in free calcium of a fluorescent indicator (ms scale) (Gründig and 

Krabisch, 1989, Ammann, 2013). However, electrophysiology can be used as an 

experimental tool to determine the locus of action of experimentally tested drugs, 

where, paired-pulse ratio can be used as indicator of presynaptic changes. 

1.7.1.1 Paired-pulse ratio as an indicator of presynaptic 

changes. 

Synaptic transmission efficiency is not a fixed parameter but it can be regulated 

positively and negatively according to ongoing presynaptic activity (Regehr, 

2012). The paired-pulse ratio (i.e. the ratio of the amplitude of the first response 

to the second; PPR) can be used as an experimental tool to determine the locus 

of action of externally applied drug or an intrinsic neuromodulator. If the drug was 

interacting at the presynaptic site and changing the way the presynaptic neuron 

acts when it receives an action potential, then there will be a change in the way 

the presynaptic terminal responds to a paired pulse stimulus and therefore, there 

will be a change in PPR accordingly. This change in PPR after a drug treatment, 

indicates that the drug may be acting at the presynaptic terminal. Paired-pulse 

facilitation, as an example of STP, is due to calcium accumulation in the 

presynaptic terminals. If there is some residual calcium from the first pulse at the 
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time of the second pulse, this will lead to greater peak calcium concentration that 

can cause more vesicles to be released at the time of the second pulse than by 

a single pulse (Zucker, 1987, Tank et al., 1995, Regehr, 2012). It should be noted 

that the residual calcium concentration is several orders of magnitude smaller 

than that required to trigger release which indicates that proteins involved in 

release modulation are likely to be different from those responsible for triggering 

release. Paired pulse depression (PPD) is also due to the presynaptic 

mechanism where changes in the quantum content affect this phenomenon 

(Jensen et al., 1999), This is consistent with the residual calcium hypothesis 

(Zucker, 1987) where Debanne et al., (1996)  concluded that PPD results from a 

decrease in quantal content, perhaps due to that readily releasable vesicles 

undergo short-term depletion (Debanne et al., 1996). On the other hand changes 

in the post-synaptic neuronal membrane potential (size of the quantum) do not 

affect PPR (Wilcox and Dichter, 1994, Ivanova et al., 2002). While these 

electrophysiological methods are advancing in terms of their ability to measure 

calcium ion concentration, the fluorescent bioproteins and fluorescent probes are 

still more widely used. 

1.7.2 Monitoring Ca2+ in synaptic signalling using Optical 

techniques. 

Optical techniques for measuring calcium use calcium indicators that have the 

ability to change their fluorescence properties when they bind to Ca2+ ions. There 

are two main classes of calcium indicators: chemical (organic dye) indicators and 

genetically encoded calcium indicators (GECIs) (Stosiek et al., 2003). In addition 

to these two methods, autofluorescence imaging can also be used to detect 

changes in calcium-dependent processes.  

1.7.2.1 Synthetic fluorescent calcium indicators 

Electrophysiological methods are associated with various difficulties outlined 

above and so the more widely used technology used to detect cytosolic Ca2+ 

levels utilizes chemical indicators whose fluorescent response changes in the 

presence of calcium ions (Tsien et al., 1982). These dyes have the ability to 
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chelate Ca2+ and upon chelation, they change their fluorescent properties in a 

way that is directly proportional to the free [Ca2+] in the sample. These chemical 

indicators are a group of dyes based on the structures of well-known calcium 

chelators such as EGTA or BAPTA which bind and chelate calcium ions with high 

selectivity. The cell permeable forms of these dyes are the acetoxymethyl ester 

forms that have the ability to perfuse into the cell freely after a long incubation 

period. Once the dyes enter inside the cell, these acetoxymethyl esters turn into 

the de-esterified form which are less permeable and are therefore maintained 

inside the cells for the duration of the experiment (Gee et al., 2000). These 

indicators include indo-1, Calcium Green-1, fura-2, fluo-3 and fluo-4, etc. See 

table 1.1 for high affinity calcium indicators. Recently, Tada et al., (2014), 

demonstrated a new BAPTA-based fluorescent calcium indicator, Cal-520. This 

dye yields calcium transients with large amplitudes and high SNR in different 

neural subsets, which are reliably, sufficient to detect single APs in the intact 

brain (Tada et al., 2014). In this study we used fluo-4 AM as a control for our 

genetically encoded sensor. Fluo-4 has Ca2+ affinity at KD~345 nM, and its 

absorption maximum is shifted ~12 nm compared to fluo-3, making it more 

suitable for 488 excitation using an argon laser. Fluo-4 has many advantages 

such as, it is brighter at a lower dye concentration, less phototoxic, has very low 

background absorbance and it requires shorter incubation times (Gee et al., 

2000, Paredes et al., 2008). 
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Table 1.1. High affinity calcium indicators. 
Adapted from Paredes et al. (2008). 

Indicator Kd for 

Ca2+(nM) 

Excitation (nm), emission 

(nm) 

Notes Reference 

Calcium Green-1 190 490 ex, 531 em Single wavelength [39,40] 

Fluo-3 325 506 ex, 526 em Single wavelength [41,42] 

Fluo-4 345 494 ex, 516 em Single wavelength [43–45] 

Fura-2 145 363/335 ex, 512 em Dual excitation/single 

emission 

[39,46,47] 

Indo-1 230 488 ex, 405/485 em Single excitation/dual 

emission 

[47] 

Oregon Green 488 

Bapta-1 

170 488 ex, 520 em Single long wavelength [48] 

Fura-4F 0.77 336/366 ex, 511 em Ratiometric 

excitation/single emission 

[49] 

Fura-5F 0.4 336/363 ex, 512 em Ratiometric 

excitation/single emission 

[50] 

Calcium Crimson 185 590 ex, 615 em Single long wavelength [39] 

X-Rhod-1 0.7 580 ex,602 em Single 

excitation/emission 

[51,52] 

According to Paredes et al (2008), and others, a major disadvantage of chemical 

calcium indicators is that the cellular localization of Ca2+ indicators cannot be 

easily controlled or specifically targeted to a particular organelle. In addition, 

chemical indicators tend to compartmentalize and are eventually extruded from 

the cell during long experiments. Moreover, at times of compartmentalization into 

cellular organelles, they are rendered inaccessible in the cytoplasm (Del Nido et 

al., 1998, Gee et al., 2000, Paredes et al., 2008, Russell, 2011). Therefore, it was 

necessary to create advanced technology that can precisely and accurately 

detect small changes in [Ca2+] in situ. The most recent advances in calcium 

detection technology are photoproteins that can generate signals in the presence 

of Ca2+.  

1.7.2.2 Autofluorescence 

Intrinsic signals can also be used to measure calcium indirectly as an index of 

neuronal activity. There are autofluorescent molecules, such as flavoproteins, 

within excitable tissue that have the ability to change their fluorescence 
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properties when they bind to Ca2+ ions (Fein and Tsacopoulos, 1988). Neuronal 

excitation does not produce clear optical signals by itself. However, activity-

dependent aerobic energy metabolism facilitation has fast dynamics (Fein and 

Tsacopoulos, 1988, Vanzetta and Grinvald, 1999) and produces changes in 

intrinsic, optical signals. It is known that endogenous fluorescence changes are 

due to intracellular energy metabolism because endogenous substances that 

have fluorescence such as NADH and flavoproteins are involved in oxygen 

metabolism. For example, high levels of flavin adenine nucleotide (FAD) in the 

brain cause a green fluorescence emission with a peak at approximately 520 nm 

in the presence of blue light (Kunz and Gellerich, 1993, Frostig, 2009). 

Enhancement of the metabolism of mitochondrial energy converts the reduced 

form to the oxidized form of flavoproteins and this is associated with an increase 

in green fluorescence (Chance et al., 1979). The increase in green fluorescence 

of intrinsic proteins can be used to monitor neural activity, since the relationship 

between aerobic energy metabolism and neural activity is correlated with 

changes in intracellular calcium, which plays a crucial role in neural functions 

described previously, including synaptic transmission and the induction of neural 

plasticity (Frostig, 2009). Kwan et al. (2009) suggested that there are distinct 

intrinsic emissions obtained from tissues of AD transgenic models. It is possible 

that these endogenous intrinsic emission signals could help to contrast and 

distinguish between normal and neurodegenerative tissues. Therefore, intrinsic 

signals may provide useful and important information about the onset and 

progression of disease mechanisms.  

1.7.2.3 The fluorescent proteins 

The other optical technique that is now widely used for measuring calcium uses 

genetically encoded calcium indicators (GECIs). Since the discovery of the green 

fluorescent protein (GFP), there has been a widespread use of it in cell biological 

research (Tsien, 1998). GFP traditionally refers to the protein (26.9 kDa) first 

isolated from the jellyfish Aequorea victoria. This protein produces 

green fluorescence when exposed to light in the blue-ultraviolet range 

(Prendergast and Mann, 1978, Tsien, 1998). Fluorescent protein-based 

Ca2+ indicators are Ca2+-sensitive fluorescent or luminescent proteins that can 
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be expressed in specific subsets of target cells in the tissue, by the use of specific 

promoters (Miyawaki et al., 1997, Hasan et al., 2004, Heim, 2005). Using 

molecular biology and transgenic techniques, these proteins were then, non-

invasively, genetically targeted and expressed in specific cells and cellular 

compartments. These fluorescent proteins were then mutated to produce a 

widely differing spectral emission properties (Heim et al., 1994, Tian and Looger, 

2008, Tian et al., 2012). Fluorescent protein chimeric constructs and Ca2+-

binding proteins such as calmodulin and troponin-C were engineered yielding cell 

targetable Ca2+ indicators. Some of these new generation fluorescent protein 

Ca2+ indicators were designed with two different GFP mutants; e.g. cyan 

fluorescent protein (CFP) and yellow fluorescent protein (YFP) based on changes 

in Fluorescence Resonance Energy Transfer (FRET) efficiency upon 

Ca2+ binding (For review see: Russell, 2011). Since GFP was discovered, at least 

17 different forms of fluorescent protein based calcium sensor have been 

developed, ranging from the Cameleons (Miyawaki et al., 1997), Camgaroo, 

Pericams (Baird et al., 1999), and the GCaMP family (Nakai et al., 2001, Dana 

et al., 2014). 

1.7.2.3.1 Thy1 as a neuron specific expression promoter. 

There are many promoters can be used to target expression specifically to 

neurones, one of them is Thy1 promoter. The antigen Thy-1, also called 

CD90 (Cluster of Differentiation 90), was the first T cell marker to be discovered, 

by Reif and Allen in 1964 (Reif and Allen, 1964). Due to its prior identification in 

thymocytes, it is named Thy-1; THYmocyte differentiation antigen 1 (Ades et al., 

1980). In mice, there are two alleles: Thy1.1 and Thy1.2. The only difference 

between them is that the amino acid at position 108 in Thy-1.1 is an arginine, 

whereas in Thy-1.2 promoter is glutamine. Thy 1.2 is expressed by most mice 

strains (Ades et al., 1980), predominantly in neurons (Kemshead et al., 1982), 

where, ELISA reports have shown that the highest concentrations of Thy1 protein 

in the striatum and hippocampus. The mouse thy1 promoter "Neuron specific" 

has been used to drive neuronal forced expression of proteins e.g. in transgenic 

animal models of Alzheimer's disease, mutated Amyloid precursor protein (APP) 

was preferentially directed to the neuronal cells (Moechars et al., 1999).  As the 
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Thy-1 gene expression has been extensively characterized in transgenic mice 

(Gordon et al., 1987) and the expression of heterologous genes in the CNS have 

been driven by Thy-1 gene (Aigner et al., 1995, Campsall et al., 2002). Therefore, 

in this study, The Thy-1.2 expression cassette was used to drive strong 

constitutive expression of SyGCaMP2-mCherry sensor, specifically in the 

neurons of the SyG transgenic mice. 

1.7.2.3.2  GCaMP family sensors 

The genetically encoded calcium indicator (GCaMP) is the first variant of a 

protein family that was initially developed by Junichi Nakai (Nakai et al., 2001) 

and based on a fusion of GFP, calmodulin (CaM), and M13 (a domain of myosin 

light chain kinase). Upon calcium binding, conformational changes through this 

complex interaction induce a subsequent structural shift in the fluorophore of an 

attached FP leading to an increase in fluorescence (Nakai et al., 2001). In the 

absence of calcium, due to chromophore protonation by water, these fluorescent 

proteins will be in a reduced fluorescent state.  Binding of Ca2+ to the calmodulin 

results in solvent pathway removal and therefore, rapid chromophore de-

protonation, and bright fluorescence (Wang et al., 2008, Akerboom et al., 2009). 

The GCaMP family of calcium indicators have, through several rounds of genetic 

engineering, become particularly popular (see figure 1.5). One of the first useful 

variants was GCaMP2 which was engineered from its predecessor to be stable 

at mammalian body temperatures (Tallini et al., 2006). It is created by 

subsequent mutation of GCaMP1.6 at A206K and the plasmid leader sequence 

RSET was added to the N-terminal segment of the M13 peptide (Tallini et al., 

2006). GCaMP2 was later targeted to specific sub-cellular compartments to 

detect even small Ca2+ signals in specific cellular compartments such as 

vesicular membrane proteins - synaptophysin; SyGCaMP2 (Dreosti et al., 2009a) 

and isoforms of adenylate cyclase; GCaMP2-AC8 (Willoughby et al., 2010). 

Tethering GCaMP2 to synaptic vesicles by fusion to 4 transmembrane domain 

vesicular protein synaptophysin, led to the development of SyGCaMP2 that has 

two advantages over existing cytoplasmic GECIs in detecting the electrical 

activity of neurones: the presynaptic location which is very close to the location 

of voltage gated Ca2+ channels and the linear response to change in intracellular 
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calcium concentration over a wide range of spike frequencies. This linearity 

arises because SyGCaMP2 detects the brief calcium transient passing through 

the presynaptic compartment rather than changes in bulk calcium concentration 

(Dreosti et al., 2009a).  Moreover, SyGCaMP2 provides a good SNR and it has 

the ability to even detect a single action potential, which its parent (GCaMP2) 

cannot (Dreosti et al., 2009a).  
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Figure 1.5. Schematic diagram of the development of the GCaMP family 
fluorescent protein calcium sensors. 
Adapted from Okorocha (2016). 
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1.7.2.3.3 SyGCaMP2-mCherry as a new fluorescent protein 

calcium sensor 

Ratiometric imaging offers the opportunity to measure the absolute concentration 

of intracellular ions reliably in the face of numerous confounding factors including 

differences in cell diameter and optical properties of the imaging setup (Thestrup 

et al., 2014, Cho et al., 2017). Over the last few years, Professor Hartell’s lab has 

developed a series of fluorescent protein-based sensors that are designed to 

allow the direct, real-time visualisation and quantification of presynaptic calcium 

signalling, transmitter release and vesicle reuptake. In this study we used a strain 

of transgenic mice called SyG37. These mice express a sensor called 

SyGCaMP2-mCherry under control of a Thy1-2 promotor. SyGCaMP2 is a fusion 

of GCaMP2 to the vesicular protein synaptophysin (Dreosti et al., 2009b). This 

calcium sensor is located on the intracellularly facing terminus of synaptophysin. 

SyGCaMP2 was modified by attaching the red fluorescent protein mCherry and 

the Thy1-2 promotor used to target expression to neurones (figure 1.6). The 

addition of mCherry served two purposes. The first was to facilitate the 

identification of presynaptic terminals because GCaMP2 on its own displays very 

weak fluorescence at low calcium concentrations (Dreosti et al., 2009a). The 

second was to allow a ratiometric calibration of the sensor such that the calcium 

dependent change in GCaMP2 can be expressed as a proportion of the amount 

of sensor expressed. This can be estimated from the fluorescence level of 

mCherry using the fluorescent intensity ratio (F.I.R) equation as the following: 

𝐹𝐹. 𝐼𝐼.𝑅𝑅 =
𝐹𝐹(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2)− 𝐹𝐹(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2)
𝐹𝐹(𝑚𝑚𝑚𝑚ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)− 𝐹𝐹(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
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Figure 1.6. Schematic diagram of the SyGCaMP2-mCherry sensor. 
A. shows the presynaptic location of the sensor. B. left panel shows the schematic

diagram of the SyGCaMP2-mCherry sensor components; the synaptic vesicle,

vesicular transmembrane protein, synaptophysin, the GCaMP2 and mCherry.

Right panel shows the crystal structure of GCaMP2 where the cpEGFP on the

left and the Calmodulin + M13 molecules on the right. C. Shows the mean

responses to 20 AP, 20 Hz at 20 V collected from 9 ROIs placed within the

stratum radiatum of the CA1 hippocampal region were plotted against time. A

monochromator (Till Photonics, Germany) was synchronised with image capture

such that it alternated rapidly between 470 ± 10 nm and 560 ± 10 nm excitation

wavelengths to record an interleaved image stack of emitted fluorescence

measured at wavelengths of 520 ± 20 nm and 620 ± 25 nm as “green” and “red”

images, respectively; for this, a dual band emission filter (Chroma Technology)

was used. Right panel in B is adapted from (Wang et al., 2008).



38 

Optical techniques for measuring calcium have numerous advantages over 

electrophysiological recordings. First, there is minimal tissue damage because 

there is no physical contact of the tissue with an electrode. Second, confocal and 

two-photon laser scanning microscopy can be used to explore fine neuronal 

structures deep in living tissue. Third, multiple active sites in neurones can be 

monitored at the same time (Siegel and Lohmann, 2013). Moreover, In 

electrophysiological recordings, differentiation between pre- and postsynaptic 

responses requires an application of further statistical analysis that require more 

time and effort (Sims and Hartell, 2005). Despite certain limitations of GECIs, 

such as reduced dynamic range and limited range of affinities, they have certain 

distinct advantages as their ability to be targeted to particular sub-cellular 

compartments by fusing the sensor to a protein of interest. 
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1.8 Aims and Objectives 

The over-arching aim of developing the transgenic strains of mice described in 

this thesis was to examine how presynaptic calcium contributes to normal 

synaptic transmission in different circuits within the hippocampus. It was 

therefore necessary to first confirm that the expression of SyGCaMP2-mCherry 

was indeed presynaptic as we had predicted. Immunohistochemical (IHC) 

methods were also used to examine the tissue distribution of antigens of interest. 

Therefore, we performed double labelling for mCherry in combination with a 

variety of synapse-specific markers to establish first whether the sensor was 

expressed selectively in presynaptic terminals – as predicted – and, second, 

which type of synapse the SyGCaMP2-mCherry was expressed in. This study 

also required an evaluation of the suitability of the mouse model for measuring 

presynaptic calcium activity. Therefore, we decided to use a range of different 

methods of measuring neuronal activity and presynaptic calcium signalling for 

comparison. This included the SyGCaMP2-mCherry sensor (within our SyG37 

mouse model), the organic calcium indicator fluo-4, in combination with 

electrophysiological recordings and pharmacological manipulation. Therefore, 

the first aim was to examine the effects of pharmacological manipulations that 

are known to affect synaptic transmission through presynaptic effects and to 

establish whether these manipulations led to an associated change in 

SyGCaMP2 fluorescence. We chose to examine the effects of the receptor 

blockers AP5, DNQX and picrotoxin that were used to block NMDA, AMPA and 

GABA receptors, respectively. The purpose of blocking these receptors was to 

distinguish between calcium signals originating from the first synaptic terminals 

in the pathway, namely the SCs pathway in the CA1 region of the hippocampus 

and mossy fibre terminals in recordings made from the CA3 region. This was 

necessary because although SyGCaMP2-mCherry is expressed selectively in 

presynaptic terminals, we are unable to distinguish between the sources of 

calcium signals in polysynaptic pathways which contain presynaptic terminals but 

in cells that are postsynaptic to the first synaptic relay. 

Having established what proportion of the total signal originated from the first set 

of synaptic terminals, we then examined the effects of adenosine, an agonist at 

adenosine receptors, as this has been shown to reduce synaptic transmission at 
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both CA1 and CA3 synapses through presynaptic processes (Wu and Saggau, 

1994). Next, we examined the effects of the adenosine receptor subtype 1 

antagonist DCPCX in the presence of adenosine in both the presence and 

absence of the postsynaptic blockers (picrotoxin, AP5 and DNQX). Having 

characterised how these pharmacological manipulations altered SyGCaMP2 

fluorescence in response to activity at CA1 and CA3 hippocampal regions, we 

next examined what mechanisms are responsible for shaping calcium signals. 

Therefore, the second aim was to examine whether forskolin, a promotor of 

adenylyl cyclase activity combined with rolipram, a type IV phosphodiesterase 

inhibitor (Otmakhov et al., 2004) altered presynaptic calcium within the 

hippocampus. Forskolin has been shown to induce potentiation within the 

hippocampus at both CA1 and CA3 although in very different ways. Forskolin is 

known to enhance spontaneous transmitter release in many brain regions as well 

as facilitating potentiation within the CA1 region and we wished to find out first 

whether forskolin induced changes in synaptic strength within CA1 and second, 

whether these were associated with changes in presynaptic calcium signalling. 

Shaw and Hartell (unpublished results) have previously found that forskolin 

enhances baseline calcium levels within presynaptic terminals in hippocampal 

cultures.  
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2Chapter 2: Materials and methods 

2.1 Experimental animals used in this study 

Wild type mice (C57 Blk6) and two transgenic mouse lines (SyG14 and SyG37) 

were used in this study. SyG37 strain of these transgenic mice expresses a 

sensor called SyGCaMP2-mCherry under control of a Thy1-2 promotor. 

SyGCaMP2 (a gift from Lagnado) is a fusion of GCaMP2 to the vesicular protein 

synaptophysin (Dreosti et al., 2009b). This calcium sensor is located on the 

intracellularly facing terminus of synaptophysin. SyGCaMP2 was modified by 

attaching the red fluorescent protein, mCherry. The Thy1.2 promoter was used 

to target expression of this sensor specifically to neurones. SyGCaMP2-mCherry 

sensor was made, by Dr Mariusz Mucha as described below. Using the site 

directed mutagenesis with primers

F5’CAAATGATGACAGCGAAGGCAGCGGCCGCGACTCTAG and

R5’CTAGAGTCGCGGCCGCTGCCTTCGCTGTCATCATTTG, the STOP codon 

(TAA) located at the 3’ end of the SyGCaMP2 coding sequence was substituted 

with alanine coding GCA. To clone 0.7kb mCherry, coding sequence and 

primers; F5’GCGGCCGCTATGGTGAGCAAGGGCGAGGA,

R5’GCGGCCGCTTACTTGTACAGCTCGTCCATGC was used at the NotI 

restriction site located directly downstream of the mutated STOP codon. Single 

nucleotide (T) was inserted between the NotI site and the START codon at the 5’ 

end of the forward primer, to avoid a “frame-shift” of the mCherry coding 

sequence caused due to cloning into the NotI site (for more details see; 

Okorocha, 2016). The integrity and orientation of these clones were verified by 

restriction analysis and DNA sequencing, and the SyG mice were then bred in 

the animal house of the University of Leicester. See appendix 1, for SyGCaMP2-

mCherry cloning vehicle.  

2.2 Genotyping using polymerase chain reaction (PCR) 

Ear snips from the SyG14 and SyG37 mouse colonies were collected as 

necessary and the genotypes of samples verified by PCR. Genomic DNA 

extraction involved incubating ear snips in 70 μl 0.05 M NaOH and then heating 

with a heating block to 95°C for 20 minutes followed by subsequent neutralisation 
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with 7 μl of 1 M Tris-HCL at pH 7.5. Extracted DNA was then analysed by PCR 

using 2x ReddyMix (ThermoFisher Scientific; USA) and the following primers: 

SyGCaMP2 forward primer (5’-CGACAACCACTACCTGAGCA) and SyGCaMP2 

reverse primer (5’GAACTTCAGGGTCAGCTTGC). The Cmah (cytidine 

monophospo-N-acetyl-neurmanic acid hydroxylase) forward primer 

(5’CAGCTTGCTTATCACGTGTG) and Cmah reverse primer 

(5’TGGTGCTCACGTCTAACTTC) were used as controls to ensure that DNA had 

been recovered from the samples. PCR tubes were placed in the PCR machine 

(Techne-TC.512; Bibby Scientific, UK) that was set to a SyGCaMP2 protocol, 

which consisted of 5 minutes at 94°C to heat and activate the polymerase 

followed by 30 seconds (denature DNA) on 35 cycles of 94°C, 30 seconds 

(anneal primers to DNA) at 60°C, 30 seconds (elongation) at 72°C and, finally, 

one round of 5 minutes (final elongation) at 72°C. PCR products were stained by 

SYBR® safe DNA gel stain (Invitrogen; U.K.) and separated by 3% agarose gel 

electrophoresis and then visualised under a blue light source.  

2.3 mCherry detection using western blotting 

Wild type, SyG14 and SyG37 mice (3–8 weeks old) were used for these 

experiments. All experiments were conducted according to the Scientific 

Procedures Act, 1986. Animals were placed in a small box and provided with 

100% oxygen and anesthetised with isoflurane until they were no longer 

breathing. Once this was verified, they were quickly decapitated; the brains were 

immediately removed and tissue samples were homogenised in lysis buffer (10% 

Triton X-100, 5 M NaCl, 0.1% SDS, 1 M tris, 0.5%, phosphatase inhibitor cocktail-

3 (Sigma-Aldrich; U.K) and cOmplete™ Roche protease inhibitors, pH 8 (Roche 

Diagnostics; Switzerland). Samples were mixed with equal volumes of 2x 

standard loading buffer (50% glycerol, 10% SDS, 1% bromophenol blue and 5% 

2-mercaptoethanol) and denatured at 100°C for 5 min. 35 μl of sample protein

per lane were separated by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE; 12% gel, 180 V for 90 min) and then transferred

(15-30 V overnight at room temperature) onto an Immobilon-P PVDF transfer

membrane. A three-colour protein ladder (10 μl per lane; Prism Ultra Protein

Ladder - 10-180 kDa) was used adjacent to the sample lanes to check protein



43 

transfer onto the PVDF membrane, and later to determine the molecular weights 

of detected bands. Membranes were blocked for 30 minutes at room temperature 

using 5% dry skimmed milk in PBS-T with 0.1% Tween-20 (PBS-T; pH 7.6). 

Membranes were then incubated for 1 hour at room temperature with primary 

antibody diluted in PBS-T containing 5% dry skimmed milk. The primary 

antibodies used were goat anti-mCherry (AB0040-200; 1:2,000; Sicgen, 

Portugal) and guinea pig anti-vGlut-1 (135 304; 1:5000; Synaptic Systems, 

Germany). After 1 hour, membranes were washed 3x for 10 min in PBS-T and 

incubated with horse radish peroxidase-coupled secondary antibodies; donkey 

anti-goat (sc-2020; 1:5000; Santa Cruz Biotechnology, U.S.A.) and rabbit anti-

guinea pig (61-4620; 1:4000; ThermoFisher Scientific, U.S.A.) in PBS-Tween 

with 5% dry skimmed milk for 1 hour at room temperature, followed by washing 

3 x for 10 min. The visualisation was performed by Western Blotting Luminol 

Reagent detection and detected with Amersham hyperfilms and hyper-processor 

(GE Healthcare Ltd, U.K). The X-ray film images were scanned, saved in PDF 

format and then FIJI software (ImageJ-1.49O, National Institute of Health, USA) 

was used to measure the relative signal intensities of the bands on the Western 

blots. 

2.4 SyGCaMP2-mCherry expression in SyG37 mouse’s brain 

slice. 

For SyGCaMP2-mCherry expression analysis, SyG37 and WT adult mice (3–8 

weeks old) were deeply anesthetised with isoflurane as previously described. 

The brains were immediately removed and 400 μm-thick coronal slices were 

prepared on a Microslicer™ DTK-1000 (Dosaka-EM; Japan) and stored in 

artificial cerebrospinal fluid gassed with 95% oxygen:5% carbon dioxide and 

stored at room temperature for at least 1 hour to recover from the cutting process. 

The aCSF composition was, in mM: 120 NaCl; 2.7 KCl; 2.5 CaCl2.2H2O; 25 

NaHCO3; 1.2 NaH2PO4; 1.2 MgSO4.7H2O and 11 D-glucose. A slice was then 

transferred to a recording chamber perfused with carbogenated aCSF containing 

a saturated solution of calcium (5 mM) at a rate of > 1 ml/min at room 

temperature. Once imaging was started the perfusion was stopped to prevent the 

slice from moving. These slices were then imaged using a custom epifluorescent 
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microscope built around a Scientifica Slicescope with Nikon FNI epifluorescence 

attachment and equipped with an optiMOS Scientific CMOS Camera (QImaging; 

Surrey, Canada) and controlled by Igor Pro software. A CoolED pE-4000 

(CoolLED Ltd; U.K.), a universal illumination system for fluorescence microscopy, 

was used to control individual wavelengths. The excitation wavelengths were 470 

± 10 nm and 550 ± 10 nm to record images of emitted fluorescence measured at 

wavelengths of 520 ± 20 nm and 620 ± 25 nm as green and red images 

respectively; for this, the single band filter sets ET-EGFP (FITC/Cy2) and ET-

mCherry, Texas Red® (Chroma Technology; U.S.A.) were used. To identify the 

different regions of the brain in the slice, a Nikon Plan (4X/0.20 NA) water 

immersion lens was used and images collected for the whole brain slice. To allow 

the software to recognise images during tiling and stitching, the individual images 

were taken in a systematic manner to form a panoramic image, with evenly 

spaced overlaps between each image. The panoramic images were then 

analysed using FIJI (ImageJ-1.49O) software. The same brightness adjustments 

were performed using the adjust brightness/contrast, unsharp mask features and 

the illumination profile of the individual images was flattened to allow direct 

comparison between SyG37 and WT mice (Ferreira and Rasband, 2012, 

Bankhead, 2014). 

2.5 Immunohistochemistry 

For immunohistochemistry experiments, mice were deeply anesthetised with 

intraperitoneal sodium pentobarbital and transcardially perfused with normal 

saline containing protease inhibitors, followed by 4% paraformaldehyde in 

phosphate buffer. After perfusion, the brains were removed and post-fixed 

overnight at 4OC and then rinsed three times in tris-HCl and incubated for 12h in 

20% sucrose in tris-HCl of pH 7.2. The brains were removed and cut into two 

hemispheres. Each hemisphere was embedded in Surgipath FSC 22 clear 

freezing medium (Leica Biosystems; UK) in the desired orientation and fast 

frozen in liquid nitrogen. Transverse hippocampal slices of 10-20 μm thickness 

were obtained from SyG37 and wild-type mice using a Bright cryostat-OTF-5040 

(Bright Instruments, UK). For autofluorescence quenching, slices were incubated 

in 0.1 M glycine in PBS for 1 hour and washed with 0.1 M NH4Cl in PBS for one 
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minute. Slices were then incubated for 1 hour at room temperature in TBS with 

0.1% Triton X-100 (TBS-T) and 10% normal goat serum (NGS) or donkey serum. 

Slices were then incubated in primary antibodies in tris-buffered saline with Triton 

X-100 (TBS-T) and 10% NGS overnight at 4oC. Slices were rinsed in TBS,

incubated with secondary antibodies, then rinsed in TBS and mounted on super-

frost glass slides (VWR International, U.K.). Sections in which primary antibodies

were omitted were considered as controls. The primary antibodies used were

anti-vGLUT1 guinea pig polyclonal (135 304; 1:1000; Synaptic Systems,

Germany), anti-mCherry goat polyclonal (AB0040-200; 1:1000; Sicgen,

Portugal), anti-bassoon rabbit polyclonal (141002; 1:1000; Synaptic Systems,

Germany), anti-PSD95 rabbit polyclonal (ab18258; 1:1000; Abcam, U.K.), and

anti-vGAT mouse monoclonal (131011BT; 1:1000; Synaptic Systems, Germany).

The secondary antibodies used were goat anti-guinea pig Alexa Fluor 488

(1235789; 1:2000; Life Technologies, USA), donkey anti-goat Alexa Fluor-594

(1180089; 1:2000; Life Technologies, USA), donkey anti-rabbit Alexa Fluor-488

(1387792; 1:2000; Thermo Fisher Scientific, USA), and goat anti-mouse Alexa

Fluor-546 (1787787; 1:2000; Thermo Fisher Scientific, USA). The sections were

examined with a Zeiss LSM 7 MP multiphoton microscope (Carl Zeiss

Microscopy GmbH, Jena, Germany) equipped with green and red fluorescence

filter sets, magnified with a (x20, 0.8 NA) water immersion lens using ZEN 2009

software. Series of images from hippocampal slices were taken in the axial plane

(z-stacks) at a pixel resolution of 1024x1024 and a stack of at least five images

was ultimately created. For Hoechst stain experiments, the slices were imaged

using a custom-built epifluorescent microscope equipped with an optiMOS

Scientific CMOS Camera (QImaging; Canada) and controlled using Igor Pro

software. A Nikon Intenslight C-HGFI (Nikon Limited, U.K), was used as a light

source. The excitation wavelengths were 470 ± 10 nm and 550 ± 10 nm to record

images of emitted fluorescence measured at wavelengths of 520 ± 20 nm and

620 ± 25 nm as green and red images, respectively; for this, the single band filter

sets ET-EGFP (FITC/Cy2) and ET-mCherry, Texas Red® (Chroma Technology;

U.S.A.) were used. To image the whole hippocampus and to identify the different

regions of the hippocampus in the slice, a Nikon Plan Apo (x4/0.2 NA) and a

Nikon NIR Apo (x60/1.0 NA) lens were used. Sets of images collected by both
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microscopes were then processed using FIJI. Brightness adjustments were 

performed using the adjust brightness/contrast and unsharp mask subtraction 

features and for protein co-localisation, dual-stained images were co-localised 

using the colour merge channels feature (MBF-ImageJ/plugins; written by Tony 

Collins) in the FIJI software (ImageJ-1.49O) (Collins, 2007, Brettle and 

Carmichael, 2011, Dunn et al., 2011). 

2.6 Slice preparation and maintenance for imaging and 

electrophysiology experiments. 

Mice were anesthetised with isoflurane according to the Schedule 1 protocol 

described above. The brains of mice (3–8 weeks old) were immediately removed 

so that 400 μm thick transverse slices could be prepared and stored in artificial 

cerebrospinal fluid bubbled with carbogen prior to use. A slice was then 

transferred to a recording chamber and perfused with carbogenated aCSF at a 

rate of > 1 ml/min at room temperature (25-28 Co , as the laser is worming up the 

chamber). For fluo-4 calcium indicator experiments, a small amount of fluo-4 AM 

was dissolved in DMSO and 20% Pluronic F-127 to yield a dye concentration of 

5 mM, after which a borosilicate glass patch pipette was filled with 0.5 μl dye 

solution and 4.5 μl aCSF. Under visual control, when the pipette reached the 

desired depth, the dye was applied to the stratum radiatum of area CA1 using 

gentle positive pressure. Following dye loading, the pipette was removed and the 

slice left for an hour to ensure complete de-esterification of the dye (Eichhoff et 

al., 2010) and to obtain a stable maximal fluorescence level in stained cells 

(Stosiek et al., 2003). Fluorescence was then imaged from the stratum radiatum 

of the CA1 area, approximately 500 μm from the injection site (for more details 

see; Wu and Saggau, 1994). 
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2.7 Imaging data acquisition and analysis 

Because of the diversity and complexity of this step, we have divided this 

paragraph into two sections; data acquisition and data analysis. 

2.7.1 Imaging data acquisition. 

An Olympus BX50WI upright microscope equipped with a QuantEM EMCCD 

camera (Photometrics, USA) was used in experiments to visualise signals from 

brain slices (see figure 2.1). To identify the different regions of the hippocampus 

in the slice, an Olympus (LUMPlanFI x20/0.5 NA) water immersion lens was 

used. Slices were placed under the microscope and held in place using a harp 

which consisted of a flattened silver ring with thin nylon strands glued to one side. 

Slices were stimulated using a glass capillary electrode with a carefully broken 

tip to increase the resistance to around 2–3 MΩ when filled with aCSF. The 

electrode was connected to an isolated stimulator (Digitimer, UK) which was used 

to control the stimulus pulse width and stimulus intensity. A micromanipulator 

was used to place the stimulating electrode in between the CA3 and CA1 areas 

to stimulate SCs fibres. A recording electrode (2-3 MΩ), also filled with aCSF but 

not broken, was placed in the stratum radiatum of the CA1 region. Fluorescence 

recordings and electrophysiological field potential recordings were taken from the 

same field of view. In MF-CA3 pathway experiments, stimulating electrodes were 

placed in the stratum granulosum of the dentate gyrus and the recording 

electrode was placed in the stratum lucidum of CA3. A monochromator (Till 

Photonics, Germany) was synchronised with image capture such that it 

alternated rapidly between 470 ± 10 nm and 560 ± 10 nm excitation wavelengths 

to record an interleaved image stack of emitted fluorescence measured at 

wavelengths of 520 ± 20 nm and 620 ± 25 nm as “green” and “red” images, 

respectively; for this, a dual band emission filter (Chroma Technology) was used. 

For transgenic mice experiments, the imaging protocol was as follows: image 

pixel binning was x2, digital gain was 400 and the exposure time was 80 ms. The 

protocol used for these experiments was to stimulate synaptic pathways with 

10/20 stimuli at a rate of 20 Hz and at 20 V. For Fluo-4 experiments, only a 470 

± 10 nm wavelength was used as this is a single wavelength calcium indicator. 

Therefore, the imaging protocol was as follows: image pixel binning was x4, 
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digital gain was 400 and the exposure time was 30 ms. Recordings were taken 

at 5 minute intervals and stable baseline recordings for 15-20 min were obtained 

before applying drugs. During this time, at least three image stacks were 

collected. Images were saved on a computer at a 256×256 pixel density as TIFF 

format files for analysis. In CA1 region experiments, a NMDA-dependant long-

term potentiation could arise as a result of this type of repeated stimulation, so 

the selective NMDA receptor antagonist DL-AP5 (Collingridge et al., 1983) was 

added to the aCSF in all experiments to prevent this phenomenon.  

Figure 2.1. An Olympus upright fluorescent imaging microscope equipped 
with a QuantEM EMCCD camera and connected to an electrophysiology 
system.  
Figures show the whole recording system, including: A. A peristaltic perfusion 

pump and carbogen gas line; B. stimulating and recording electrodes, 

micromanipulator, perfusion chamber, QuantEM EMCCD camera; C. the 

stimulator, the light source Polychrome II (Photonics), the data acquisition-
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NIDAQ-board break out box (CA-1000) (National Instruments), electrophysiology 

system; patch clamp amplifier (HEKA; Germany) connected to imaging system; 

and D. two PCs for monitoring and controlling imaging and electrophysiology 

experiments. 

2.7.2 Imaging data analysis. 

Igor Pro software and Microsoft Excel were used to analyse imaging experiment 

data. The first step in the data analysis was splitting the interleaved image stacks 

into two separate stacks; one for GCaMP2 and the other for mCherry. Because 

it was difficult to accurately assess background fluorescence for ratiometric 

imaging, only the GCaMP2 images were analysed and used in this study (see 

chapter 6). Regions of interest (ROI) were selected according to the various 

strata within the hippocampus, and the absolute fluorescence was obtained for 

each image in the stack using batch analysis routines written in Igor Pro. A bleach 

compensation routine was applied with a double-exponential function to help 

compensate for the bleaching that occurred during data acquisition. After bleach 

compensation, and to allow clearer visualisation of fluorescence responses, the 

mean value of fluorescence prior to stimulation (F0) and the fluorescence at any 

given time (F) were calculated. The peak (F/F0) fluorescence was measured and 

a value of 1 subtracted to give the change in fluorescence from baseline. Any 

subsequent change in absolute fluorescence could be expressed as a proportion 

of (F/F0) plotted against relative time. To compare the responses over time, data 

from up to nine separate ROIs were averaged and plotted against time, and the 

peak amplitudes of the responses, the initial slope, the area under the curve and 

the decay time constant, tau (τ), of the peak F/F0 response was obtained and 

compared in order to observe any changes in the basic kinetics of calcium 

signalling. Data were normalised by taking percentages of means of peak 

amplitudes so that changes in relative fluorescence could be detected across 

these experiments. In some cases, three different image sets were extracted 

from different collection periods. As an example; baseline, drug and wash out 

were plotted using the Igor software to provide a visual indication of any drug 

effects. A similar methodology was used for all experiments, and the example 
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illustrated in figures 2.2 and 2.3 demonstrates how the imaging data were 

recorded and analysed. 

Figure 2.2. Schematic diagram of the SyGCaMP2 fluorescence trace. 
Figure shows a schematic diagram of the responses to electrical stimulation 

collected from ROI placed within a target place within the collected image and 

then plotted against time. The excitation wavelength was 470 ± 10 nm to record 

an emitted SyGCaMP2 fluorescence measured at 520 ± 20 nm as “green”. Using 

Igor pro software, the peak amplitude, the initial slope, AUC and the decay of the 

SyGCaMP2 fluorescence can be extracted from these curves.  
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Figure 2.3. Imaging data analysis steps using Igor Pro software. 
As an example, only SyGCaMP2 images were analysed in here. A shows the 

positions of nine regions of interest (ROls) positioned within the CA1 hippocampal 

area, which were later arranged into three groups and averaged. ROIs 1, 4 and 

7 were grouped in the SR-close to stratum lacunosum moleculare, whilst ROIs 2, 

5 and 8 were grouped in the stratum radiatum and ROIs 3, 6 and 9 in the SR-

close to the pyramidal cell layer. The small diagram in black is for the whole 

hippocampus with red squared area for CA1 region. The small diagram is for the 

hippocampus and the red boxed area is CA1 area. B and C show raw data and 

the subsequent effect of application of bleach compensation. D and E show the 

absolute fluorescence measurements from each ROI and the data expressed as 

F/F0 over image number and time, respectively. Figure F shows the averaged 

data of three ROIs for the SR-close to stratum lacunosum moleculare (Av close 

to SLM), stratum radiatum (Av SR) and SR-close to pyramidal cell layer (Av close 

to PCL). The asterisk in A indicates the top of the stimulating electrode. Arrows 

indicate the beginning of the period of electrical stimulation (stimulus intensity 
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was 20 V, stimulus number = 20 stimuli at a fixed frequency (20 Hz). SR: stratum 

radiatum; PCL: pyramidal cell layer. The scale bar in A is 100 µm 

2.7.3  Imaging of individual synaptic boutons within the CA1 

region and puncta analysis (Puncta experiments). 

Transverse slices (400 μm thick) obtained from SyG37 transgenic mice were also 

used in this set of experiments. As before, slices were transferred to a recording 

chamber perfused with carbogenated aCSF at a rate of > 1 ml/min at room 

temperature. Slices were then stimulated using a glass capillary electrode with a 

carefully broken tip. A micromanipulator was used to place the stimulating 

electrode between the CA3 and CA1 area to stimulate SCs fibres. The CA1 area 

was examined with a Zeiss LSM 7 MP multiphoton microscope equipped with a 

(x20, 1 NA) water immersion lens (Zeiss; U.K) and coupled to a Mai-Tai HP-

Sapphire-pulsed laser (Spectra-Physics, USA). Images were acquired using Zen 

2009 software (Zeiss) at intervals of 110 ms, under the control of an Arduino Uno 

programmed using a sequencer program running under Igor pro software. The 

intention was to record only GCaMP2 fluorescence. The following imaging 

protocol was as follows: the laser was tuned to 920 nm and set to 22% power, 

the pixel resolution was 512 x 64, and the zoom was at 3. A band emission filter 

500-550 nm was used (Chroma Technology, USA). The protocol used for these

experiments was to stimulate the synaptic pathway with 20 stimuli at a rate of 20

Hz at 50 V with a pulse width of 200 μs. Recordings were taken at 5 minute

intervals and stable baseline recordings for 15-20 min were obtained before

applying drugs. During this time, at least three images were collected and saved

on the computer.

Single bouton responses were analysed using Igor Pro. Averages of images

taken before stimulation were used to create F/F0 images using averages of

images taken during stimulation at the maximum intensity tested of 40V. This

revealed the position of boutons that responded at this maximum intensity. These

locations were then used to define 3x3 pixel ROIs that just circumscribed these

single, responding boutons. These ROIs were used to measure responses at the

other intensities tested along with a separate group of neighbouring ROIs that

were used to measure the background fluorescence. As a control, we drew a
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number of regions of interest around regions of identical size where there was no 

response. The absolute fluorescence was obtained by subtracting the average 

fluorescence from the control ROIs from each puncta’s fluorescence (figure 2.4). 

Figure 2.4. Puncta analysis steps using Igor Pro software. 
A. shows a GCaMP2 image of area CA1 responding to bursts of 20 stimuli

delivered at 20 Hz at an intensity of 50 V  with individual puncta identified with

green regions of interest centred on puncta that were responsive to stimulation

and non-responsive regions of interest shown in red. B. shows traces of control

red puncta and selected green puncta. Black arrows indicates the beginning of

the stimulation period. The scale bar in A is 10 μm.

2.8 Electrophysiological recordings 

Evoked synaptic field potentials (fEPSPs) were recorded using a patch clamp 

amplifier (HEKA, Germany) linked to an analogue-to-digital converter (National 

Instruments, U.K.) and custom-programmed acquisition software (WinLTP 

version-2.01, U.K.). This software was used to trigger imaging experiments that 

were controlled using a separate computer running custom procedures written 

by Prof. Nick Hartell in Igor Pro (v6.34A; Wavemetrics, USA). Synaptic fEPSP 
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were filtered at 3 kHz, digitized at 20 kHz and stored on a PC. To compare 

between electrophysiology and imaging experiments, the tip of the recording 

electrode was placed in the centre of the imaging field. While the electrical 

stimulation was delivered, the image stack was recorded. This was repeated at 

5-minute intervals over the course of the experiment. Drugs were applied only

after recording a stable baseline for about 15-20 min.

Electrophysiological data were analysed using WinLTP (Anderson and

Collingridge, 2007). The initial slopes and amplitudes of N2 component of

fEPSPs (and N1 components in puncta experiments) were measured (see figure

2.5) for the entire duration of the experiments and normalised to a 15 min

baseline and expressed as the mean ± SEM. Between periods where imaging

data were being collected (i.e., 10/20 pulses delivered at 20 Hz and 20 V stimulus

intensity), pairs of stimuli separated by 50 ms were applied every 10 seconds and

the electrophysiogical signals recorded. This was to evaluate the ongoing

synaptic strength of the synaptic pathways. The ratio of the amplitude or slope of

the second pulse to the first is called the paired-pulse ratio, and changes in this

ratio can be used to reveal a synaptic change with a presynaptic origin (Xu-

Friedman and Regehr, 2004, Regehr, 2012, Yang and Calakos, 2013). The

magnitudes of any drug effects were calculated by comparing the average size

of the fEPSCs in control, drug and wash-out periods.
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Figure 2.5. Schematic diagram of a field potential recording. 
Figure shows a schematic diagram of a typical fEPSP recording. The first, smaller 

deflection is the fibre volley (N1) which corresponds to the action potentials 

evoked by the stimulation. The action potentials will subsequently promote 

release of transmitter in the presynaptic terminals, leading to the second larger 

deflection (N2) which is the postsynaptic potential. A custom-programmed 

acquisition software (WinLTP version-2.01, U.K.) was used to measure the peak 

amplitude and the initial slope of both N1 and N2 components. 

2.9 Reagents 

The following reagents were purchased from Sigma-Aldrich (Gillingham, U.K.): 

NaCl, CaCl2.2H2O, KOH, tris acetate-EDTA buffer, glycerol, agarose, 

phosphatase inhibitor cocktail-3, DNQX, picrotoxin, 2-mercaptoethanol, SDS, dry 

skimmed milk, donkey serum, DMSO, Dulbecco’s phosphate-buffered saline, 

paraformaldehyde, pluronic® F-127, Tween-20 and Triton-X 100. Reagents 

obtained from R&D Systems (Minneapolis, U.S.A) were DMSO, DL-AP5, 

forskolin, rolipram, adenosine, DCG-IV and DPCPX. Reagents obtained from 

VWR International (Lutterworth, U.K.) were NaH2PO4, NaHCO3 and 

MgSO4.7H2O. Fluo-4-acetoxymethyl ester (fluo-4-AM), sucrose, D-glucose, 

normal goat serum, tris-base and KCl were obtained from Fisher Scientific 

(Loughborough, U.K.). Polyvinylidene fluoride (PVDF) transfer membrane was 

purchased from Millipore, Ltd. (Watford, U.K.). ReddyMix PCR master mix was 

obtained from ThermoFisher Scientific (New Jersey, U.S.A.). COmplete™, Mini 
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Protease Inhibitor Cocktail was obtained from Roche Diagnostics (Basel, 

Switzerland). Acrylamide/bis-acrylamide stock solution (30%, w:v) was supplied 

by National Diagnostics, Ltd. (Hessle, U.K.). Luminol Reagent detection was 

obtained from Santa Cruz (California, U.S.A.). Pentobarbitone sodium 20% w/v 

solution was obtained from Animalcare, Ltd. (York, U.K.). PKI (14-22) amide 

(myristoylated) was obtained from Enzo Life Sciences (Exeter, U.K.). Prism ultra-

protein ladder was obtained from Abcam (Cambridge, U.K.). Isoflorane (IsoFlo®) 

was obtained from Abbott Laboratories (Chicago, U.S.A.). Bromophenol Blue 

was obtained from Amersham Biosciences (GE Healthcare, Ltd., Chalfont, U.K.). 

Cmah R, Cmah F, SyGCaMP2 R, SyGCaMP2 F and SYBR® safe DNA gel stain 

were obtained from Invitrogen (Paisley, U.K.).  

2.10 Statistics 

Excel, Igor and GraphPad Prism 7 (GraphPad, USA) software were used to carry 

out basic statistical analyses. Data in each experiment were normalised to 

baseline, then pooled together and expressed as mean ± SEM. Unless stated 

otherwise, the time points used in the statistical tests are as the following: 

adenosine and forskolin experiments, -5, 25, 55, 75 minutes; synaptic blocking 

experiments, -5, 15, 30, 45, 70 minutes. Statistical significance was tested using 

unpaired t test, Mann-Whitney U-test, one-way ANOVA, followed by Dunnett's 

test, Kruskal-Wallis with Dunn's test post hoc correction or two-way ANOVA, 

followed by Sidak’s post hoc test; p values of 0.05 were considered significant 

and are indicated with asterisks with *, ** or *** according to the level of 

significance. For co-localisation analysis, a Pearson correlation coefficient was 

calculated for the co-variation of fluorescence from pairs of antibodies along lines 

drawn through immunohistochemically stained sections. 
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3 CHAPTER 3- CHARACTERISATION OF THE 
EXPRESSION OF SYGCAMP2-mCHERRY IN SYG 
TRANSGENIC MOUSE LINES. 

3.1 Introduction 

In the first part of this study, we characterised and evaluated the suitability of two 

different strains of transgenic mouse. We began by exploring and identifying the 

individual genotype of animals in our mouse colonies using the polymerase chain 

reaction (PCR) technique. Having established that the DNA for the SyGCaMP2-

mCherry construct was present using PCR, it was then important to confirm that 

the SyGCaMP2-mCherry sensor was properly created and expressed. For this, 

we first used Western blot analysis to confirm the presence of mCherry. Having 

established that SyG37 mice contain the genetic code for mCherry and 

expressed a protein that was recognised by an antibody to mCherry, we then 

examined the fluorescence expression levels for mCherry and SyGCaMP2 in 

acute coronal slices from the SyG37 mouse line. We then attempted to confirm 

that the expression of SyGCaMP2-mCherry was indeed presynaptic, as 

predicted. For this, we undertook a series of immunohistochemical (IHC) studies 

to determine, in more detail, the cellular and subcellular expression patterns of 

the SyGCaMP2-mCherry sensor using an antibody raised against mCherry. We 

performed double labelling for mCherry in combination with a variety of synapse-

specific markers to establish first whether the sensor was expressed selectively 

in presynaptic terminals – as predicted – and, second, which type of synapse the 

SyGCaMP2-mCherry was expressed in.  

3.2 Results 

3.2.1 Gene Amplification by PCR 

Identification of an individual genotype for animals is important for proper 

maintenance of transgenic mouse lines and in reducing the number of animals 

that need to be used during research. Monitoring the transgenic status of the 

mice can be achieved using the PCR technique by analysing small amounts of 

DNA extracted from tissues obtained from ear snip or tail biopsies of young 
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rodents. DNA doubling occurs in every PCR cycle, leading to an exponential 

amplification of the target gene and, therefore, genotype is judged by the 

differential bands produced with flanking primers, which are designed to 

distinguish between wild-type (-WT) and transgenic (+TG) alleles by amplicon 

length (Mullis et al., 1987, Bartlett and Stirling, 2003). An example of the 

genotype check is shown in figure 3.1, where the genotyping of two mouse lines, 

SyG14 and SyG37 is determined by the differential bands on a gel. In this case, 

primers were designed so that each mouse can be represented by two potential 

bands; the first band represents the control DNA (Cmah), while the second band 

represents the DNA for the SyG mouse construct. Samples with two bright bands 

(red coloured, +/+) indicate a positively genotyped mouse, whereas samples with 

only one bright band with the second band missing (black coloured, +/-) indicate 

a negatively genotyped mouse. The first two bands in each gel represent a 

control positive mouse that was already tested in a previous genotyping 

experiment. 

Figure 3.1. Typical examples of PCR genotyping for detection of a 
transgene from mouse ear snips from both SyG14 and SyG37 colonies.  
Each mouse is represented by two lanes; the first lane is the control DNA while 

the second lane is the DNA for the SyG mouse construct under test. Samples 

with two bright lanes (red coloured, +/+) indicate a positively genotyped mouse, 

whereas a sample with one bright lane and a missing second lane (black 

coloured, +/-) indicate a negatively genotyped mouse (WT). 
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3.2.2 Western Blotting 

PCR can be used to detect whether a target gene is present within a tissue 

sample but it does not reveal whether the gene of interest has been successfully 

expressed as a protein. The Western blot (protein immunoblot) is an antibody-

based analytical technique widely used in molecular biology to detect 

specific proteins in samples of tissue homogenate or extract. Gel 

electrophoresis is first used to separate proteins according to their molecular 

weight and then they are transferred to a membrane where they are stained 

with antibodies specific to the target protein (Towbin et al., 1979). As mentioned 

previously, our sensor, SyGCaMP2, was modified by attaching the red 

fluorescent protein mCherry to make the SyGCaMP2-mCherry sensor. 

Therefore, we decided to test for mCherry expression levels in three different 

mouse lines: WT (as a control), and SyG14 and SyG37 mice. The vesicular 

Glutamate transporter 1 (VGlut1), which is widely expressed within the CNS (Ni 

et al., 1995, Kaneko et al., 2002), was used as a positive control. vGLUT1, was 

expressed as a protein with a size of 60 kDa in each of the three different mouse 

lines (figure 3.2A). Only the SyG37 mice displayed a band with a size of 27 kDa. 

This band, representing mCherry, was completely absent in SyG14 animals. For 

better data visualisation, mCherry expression levels were normalised to vGLUT1 

expression levels and plotted in figure 3.2. These experiments clearly confirm 

that the SyG14 mouse model is either entirely lacking in or, at best, contains 

undetectable levels of the SyGCaMP2-mCherry sensor. 
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Figure 3.2. Assessment of SyG14 and SyG37 mice by Western blot 
analysis of mCherry protein expression.  
A. A band with a molecular weight of 27kDA that reacted to the mCherry antibody

was detected in SyG37 but not in SyG14 or WT mice. VGlut1 (60 kDa), used as

a positive control was expressed in all three groups. B. The bar chart showing

mCherry protein expression levels normalised to VGlut1 levels in WT, SyG14 and

SyG37 mouse lines; n = 3.

3.2.3 SyGCaMP2-mCherry expression in SyG37 mouse’s brain. 

Having established that SyG37 and SyG14 mice contain the genetic code for 

mCherry but that only SyG37 mice expressed a protein that was recognised by 

an antibody to mChery, we then examined the fluorescence expression levels for 

mCherry and SyGCaMP2 in acute coronal slices from the SyG37 mouse line. 

The SyG14 mouse line was not tested here as we have shown and we will show 

later that fluorescence levels for mCherry and SyGCaMP2 in SyG14 mice are 

indistinguishable from age matched WT animals indicating that neither 

fluorescent protein appears to be expressed. Brains from young, SyG37 and WT 

mice were cut into 400 μm-thick slices which were perfused with aCSF containing 
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a saturating concentration of calcium (5 mM) to maintain maximal fluorescence 

levels of GCaMP2 during image acquisition. The excitation wavelengths were 

470 ± 10 nm and 550 ± 10 nm to record images of the emitted fluorescence 

measured at wavelengths of 520 ± 20 nm and 620 ± 25 nm as green 

(SyGCaMP2) and red (mCherry) images, respectively. Figure 3.3-B shows 

fluorescence expression patterns in coronal sections of the brains from a young, 

SyG37 positive animal. The yellowish colour in the merged images of the SyG37 

mouse indicates that GCaMP2 (green) and mCherry (red) are both generally 

expressed in same places (co-localised). Ratio images from SyG37 show 

GCaMP2: mCherry fluorescence ratio which might give an idea of calcium levels. 

A WT mouse of the same age was used as a control. Images were collected 

using identical light intensities, camera exposure settings and illustrated using 

identical brightness and contrast settings. Under these conditions, the 

fluorescence levels were clearly very much lower in the WT mouse (figure 3.3A). 

Figure 3.4 shows that mCherry expression was present throughout the brain of 

SyG37 positive mice. Within the hippocampus, mCherry and SyGCaMP2 

expression was particularly evident in the DG, CA3, CA1 and subiculum. 

mCherry expression was also present shown in the layers of the cortex, 

amygdala and in thalamic nuclei. 



62 

Figure 3.3. Fluorescence images of acute coronal brain slices from a 
SyG37 positive mouse showing the expression patterns of the 
SyGCaMP2-mCherry sensor in direct comparison with a WT mouse.  
Left panel shows coronal images of the whole brain of the WT mouse (control). 

Images were constructed from arrays of sub-images that were flattened to adjust 

for uneven illumination and stitched together. Middle panel shows similar image 

of the whole brain taken from a SyG37 mouse, illustrating the widespread 

distribution of both GCaMP2 (green) and mCherry (red). Right panel shows the 

magnified view (white box) in the middle panel. Merged images show an overlay 

of GCaMP2 and mCherry fluorescence. Ratio images show GCaMP2: mCherry 

fluorescence ratio which might give an idea of calcium levels.  Merged and ratio 

images from WT mouse shows images where the brightness was increased 

(scaled) as it is difficult to make any observations when the brightness of all the 

images were the same. Excitation was at 470 nm, 550 nm and emission was at 

525 ± 50 nm and 620 ± 60 nm for GCaMP2 and mCherry, respectively. CTx, 

Cortex and HP, Hippocampus. The mouse brain was cut at about 2.15 mm 

posterior to bregma. 
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Figure 3.4. Fluorescence images of acute coronal brain slices of a SyG37 
mouse showing the expression patterns of mCherry in different brain 
regions.  
Panel A shows a stitched image of the same coronal slice from a SyG37 mouse 

shown in figure 3.3 indicating widespread distribution of mCherry. B, C, D and E 

are expanded views from panel A illustrating the expression patterns in the 

cerebral cortex, hippocampal regions (dentate gyrus, CA3, CA1, subiculum), 

thalamus and amygdala, respectively. The scale bars represents 1 mm in A and 

300 μm in B-E. 
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3.2.4 Immunohistochemistry 

We next undertook a series of immunohistochemical (IHC) studies to determine, 

in more detail, the cellular and subcellular expression patterns of the SyGCaMP2-

mCherry sensor using an antibody raised against mCherry. This technique was 

first described in the mid-1930s, and the first study of such was published in the 

mid-1940s (de Matos et al., 2010). We performed double labelling for mCherry in 

combination with a variety of synapse-specific markers to establish first whether 

the sensor was expressed selectively in presynaptic terminals – as predicted – 

and, second, which type of synapse the SyGCaMP2-mCherry was expressed in. 

In order to generate reproducible and reliable immunohistochemical data, an 

antibody test matrix was undertaken in order to establish the optimal conditions 

for fixation, as well as the optimal dilutions for each primary and associated 

secondary antibody. The following sections describe in detail the 

immunohistochemical data that were collected to determine the SyGCaMP2-

mCherry localisation; for this, antibodies against specific proteins were applied 

to sections of WT and SyG37 mouse hippocampus. It is worth mentioning that 

the following IHC experiments have repeated several times with different fixatives 

and different buffer saline (phosphate and tris-base buffer saline) and then the 

results were imaged using both microscopes (one and multi-photon microscope), 

just to confirm IHC data. 

3.2.4.1  Validation of antibody expression in hippocampal 

slices. 

All the secondary antibodies used in this study were commercially available and 

had previously been assessed for use in immunohistochemical studies but we 

needed to determine the staining specificity of the primary antibodies. 

Transverse brain slices from the SyG37 mice (for anti-mCherry experiments) and 

from WT mice (for the other primary antibodies) were incubated with primary 

antibodies. The primary and secondary antibodies used in this project were as in 

table 3.1. Sections in which the primary antibodies were omitted were considered 

as controls. The reason for using antibodies against mCherry was to increase the 
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fluorescence intensity during labelling as fluorescent proteins tend to lose some 

of their fluorescence following fixation. 

Table 3.1. The primary and secondary antibodies used in this project. 
Single and multi-photon excitation and emission wavelengths. Cited from Franke 

et al. (2014) 

Primary antibodies Marker of Secondary antibodies Single Photon 

Ex (nm) 

Multi Photon 

Ex (nm) 

Em 

(nm) 

Goat Anti-mCherry SyGCaMP2-

mCherry sensor 

marker 

Donkey anti-goat 

Alexa Fluor-594 

590 780 618 

Rabbit Anti-

Bassoon 

Presynaptic 

marker 

Donkey anti-rabbit 

Alexa Fluor-488 

495 720 519 

Rabbit Anti-PSD95 Postsynaptic 

marker 

Donkey anti-rabbit 

Alexa Fluor-488 

495 720 519 

Guinea pig Anti-

vGlut1 

Excitatory 

neuronal marker 

Goat anti-guinea pig 

Alexa Fluor 488 

495 720 519 

Mouse Anti-vGAT Inhibitory neuronal 

marker 

Goat anti-mouse 

Alexa Fluor-488 

495 720 519 

The results of these experiments are shown in figure 3.5. mCherry was 

expressed in all hippocampal regions of SyG37 mice and showed a strong 

punctate distribution. At high magnification, labelling for mCherry was not 

observed in cell bodies but showed a clear punctate expression that was 

particularly pronounced around the dark areas within the pyramidal cell layer of 

area CA1, which presumably represent unstained cell bodies (figure 3.5; first 

row). Bassoon staining was also widespread throughout the hippocampus. 

Higher magnification images also showed a punctate staining similar to that of 

mCherry (figure 3.5; second row). PSD95 staining showed a similar pattern of 

staining to that of Bassoon and mCherry at low magnification. At high 

magnification, labelling for PSD95 was subtly different and although punctate, 

and largely absent from cell bodies, there was evidence of some staining in 

dendrites, consistent with a post-synaptic expression (figure 3.5; third row). 

VGLUT1 staining was also punctuate (figure 3.5, fourth row) and clearly evident 

around the dark areas that presumably represent cell bodies in area CA1. The 

fifth row of figure 3.5 shows an example of VGAT staining which was again 

punctuate and outside cell  bodies. For the control slides shown in column D, only 
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the secondary antibodies were added. In the absence of the primary antibodies, 

only low levels of non-specific staining were present as shown by ensuring that 

the fluorescence acquisition and image presentation conditions were identical. In 

the case of mCherry staining, the background fluorescence was slightly more 

obvious but it is important to remember that mCherry is fluoresce and this 

remained even after fixation. These experiments provide confirmation of the 

specificity of the antibodies used.  
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Figure 3.5. Fluorescent labelling of hippocampal area CA1 using 5 
different primary antibodies against; mCherry, bassoon, PSD95, vGLUT1 
and vGAT.  
Panels A, B and C show the expression patterns of the primary antibodies used 

against different synaptic proteins; mCherry, bassoon, PSD95, vGLUT1 and 

vGAT at different magnification levels. Inset in B shows the magnified image of 

the boxed area in A, whereas, inset in C shows the magnified image of the boxed 

area in B. Panel D shows a control slice stained with secondary antibodies only. 

PCL, pyramidal cell layer; SR, stratum radiatum. The scale bars in panels A, B, 

C and D are 100 µm, 30 µm, 10 µm and 10 µm, respectively.  



68 

3.2.4.2 Dual staining of anti-mCherry and a nuclear stain, 

Hoechst-33342, in hippocampal slices of SYG37 

mouse. 

If SyGCaMP2-mCherry is expressed presynaptically, we would not expect it to 

be expressed in the cell bodies as suggested from the results shown in figure 

3.5. This was further confirmed by co-staining mCherry with the nuclear stain 

Hoechst 33342 (Latt and Stetten, 1976). Immunostaining showed that there was 

no mCherry labelling in wild-type mouse hippocampal slices. However, cell nuclei 

in all layers of the hippocampus could be detected (figure 3.6-A). mCherry 

immunostaining revealed expression in SyG37-positive mouse hippocampal 

slices (figure 3.6-B) and images taken at higher magnification showed that 

labelling for mCherry was never observed in cell bodies. There was a clear 

evidence of punctate expression around the Hoechst-stained areas within the 

pyramidal cell layer (figure 3.6-C). 
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Figure 3.6. Comparison of Hoechst 33342 staining and mCherry 
immunohistochemistry in SyG37 and WT mouse hippocampal slices.  
Panel A shows labelling for anti-mCherry in WT mouse hippocampal slices with 

an overlay of Hoechst 33342 staining (blue). Panel B shows labelling of anti-

mCherry in a SyG37 mouse. Panel C shows a higher magnification image of the 

region highlighted in panel B. Images were collected with a custom-made 

epifluorescent microscope equipped with 4X and 60X objectives (Nikon) and a 

set of suitable filters. The scale bars for panels A and B were 1 mm, and for C 

was 10 µm.  
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Figure 3.7 compares mCherry expression in SyG37 mice in different regions of 

the hippocampus at different magnifications. Expression was punctate in all 

regions of the hippocampus including CA1, CA3, DG and subiculum. mCherry 

was not present in cell bodies but puncta were present around the cell bodies. 

From these data, we conclude that mCherry is not present in cell bodies and is 

at least consistent with a presynaptic expression. However, further evidence is 

required before we can conclude that the sensor is expressed presynaptically. 

Figure 3.7. mCherry localisation within different hippocampal regions of a 
SyG37 mouse.  
Panels A, B and C show mCherry is expression in hippocampal regions CA1, 

CA3, DG and subiculum, at different magnifications. Inset in B shows the 
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magnified image of the boxed area in A, whereas, inset in C shows the magnified 

image of the boxed area in B. The scale bars for panels A, B, and C represent 

100 µm, 30 µm and 10 µm, respectively.  

3.2.4.3 Dual staining of anti-mCherry and anti-bassoon in 

hippocampal slices from SyG37 mice. 

To better verify that SyGCaMP2-mCherry was expressed in presynaptic boutons, 

a series of double labelling experiments were undertaken combining labelling for 

anti-mCherry with anti-bassoon. In cultured hippocampal neurones, bassoon was 

found to co-localise with glutamate receptor-1 (GLUR1) and GABAA receptors 

and, therefore, is considered to be a component of the active zone of both 

excitatory glutamatergic and inhibitory GABAergic synapses (Richter et al., 

1999). Figure 3.8 shows that their relative distributions were similar and that there 

was a clear co-localisation of mCherry and bassoon labelling in the stratum 

radiatum of CA1 hippocampal area. A correlation of green and red fluorescence 

along line profiles drawn through puncta showed a very high correlation between 

mCherry and Bassoon (figure 3.8-D). This suggests that mCherry, and by 

inference the SyGCaMP2-mCherry sensor, was expressed in presynaptic 

terminals. It should be noted that bassoon was distributed more widely than 

mCherry, suggesting that mCherry was not expressed in all presynaptic 

terminals. 
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Figure 3.8. Co-localization of mCherry and bassoon in hippocampal area 
CA1 of a SyG37 mouse.  
Panels A, B and C show different magnifications of double staining (anti-mCherry 

and anti-bassoon) of horizontal sections from hippocampal area CA1 of a SyG37 

mouse. Inset in B shows the magnified image of the boxed area in A, whereas, 

inset in C shows the magnified image of the boxed area in B. The overlay shows 

that mCherry is co-localised with bassoon in many but not all puncta. D illustrates 

fluorescence values extracted from lines drawn through punctate regions of the 

magnified images in B. To the right are graphs showing the relationship between 

bassoon and mCherry along with the Pearson correlation. The scale bars for 

panels A, B, and C represent 100 µm, 30 µm and 10 µm, respectively. 

Abbreviations: SR- stratum radiatum, PCL-pyramidal cell layer. 
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3.2.4.4 Dual staining of anti-mCherry and anti-PSD95 in 

hippocampal slices of SyG37 mice. 

Postsynaptic density protein 95 (PSD95) is the most abundant scaffolding protein 

almost exclusively located in the postsynaptic density (PSDs) of neurones (Hunt 

et al., 1996, Garner et al., 2000, Kim and Sheng, 2004, Chen et al., 2011). We 

next co-stained hippocampal slices from SyG37 positive mice for mCherry and a 

specific antibody against PSD95 (figure. 3.9). PSD95 expression was also 

punctate, however, unlike bassoon which co-localised very clearly with mCherry, 

PSD95 expression was much less obviously co-localised. The higher 

magnification images shown in figure 3.9 demonstrate that PSD95 did not co-

localisation with mCherry in the stratum radiatum of area CA1. A correlation of 

green and red fluorescence along line profiles drawn through puncta showed a 

very little overlap between mCherry and PSD95. This is Likely due to the low 

signal-to-noise ratio in the magnified images and the strong background, the 

synaptic staining could not be very clearly detected. Generally, these results 

further confirming a presynaptic localisation of the SyGCaM2-mCherry sensor to 

hippocampal synapses formed by SCs to CA1 pyramidal cells (figure. 3.9).  

https://en.wikipedia.org/wiki/Neuron
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Figure 3.9. Dual staining of mCherry and PSD95 in hippocampal area CA1 
of a SyG37 mouse.  
Panel A shows double staining of anti-mCherry and anti-PSD95 of horizontal 

sections from hippocampal area CA1 of a SyG37 mouse. Panels B and C show 

selected portions of panel A magnified to show the punctate nature of staining. 

The overlay (right panel) shows an absence of co-localisation between the 
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mCherry and Anti-PSD95 labelled sides. E, illustrates fluorescence values 

extracted from lines drawn through punctate regions of the magnified images in 

B. To the right are graphs showing the relationship between PSD95 and mCherry

along with the Pearson correlation. The scale bars for panel A is 100 µm, B is 30

µm and 5 µm for C and D panels.

3.2.4.5 Dual staining of anti-mCherry and anti-vGLUT1 in 

hippocampal slices of SyG37 mice. 

The vesicular glutamate transporter 1 (vGLUT1) mediates glutamate uptake into 

the synaptic vesicles of excitatory neurones (Bellocchio et al., 2000, Ziegler et 

al., 2002). In the CNS, vGLUT1 and vGLUT2 are, together, currently considered 

the best markers for glutamatergic nerve terminals and glutamatergic synapses 

(Herzog et al., 2006). Therefore, a series of combined labelling experiments for 

mCherry with vesicular vGLUT1 were performed to identify whether our sensor 

is expressed in excitatory neurones. Figure 3.10 showed possible co-localisation 

of SyGCaMP2-mCherry with vGLUT1 in the hippocampal slices, demonstrating 

that mCherry was present in glutamatergic excitatory presynaptic terminals. 

Moreover, mCherry was not expressed in all anti-vGLUT1 stained terminals, 

indicating that mCherry might be expressed in a different neuronal subset of 

excitatory neurones or inhibitory neurones. 
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Figure 3.10. Co-localisation of mCherry and vGLUT1 in hippocampal area 
CA1 of a SyG37 mouse.  
Panels A, B and C show different magnifications of double-stained (anti-mCherry 

and anti-vGLUT1) horizontal sections taken from the hippocampal area CA1 of a 

SyG37 mouse. The overlay (right panel) shows co-localisation between mCherry 

and anti-vGLUT1-labelled terminals. D illustrates fluorescence values extracted 

from lines drawn through punctate regions of the magnified images in B. To the 

right are graphs showing the relationship between vGLUT1 and mCherry along 

with the Pearson correlation. The scale bars for panels A, B, and C represent 100 

µm, 30 µm and 10 µm, respectively. 
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3.2.4.6 Dual staining of anti-mCherry and anti-vGAT in 

hippocampal slices of SyG37 mice. 

We next examined whether SyGCaMP2-mCherry was expressed in inhibitory 

neurones of presynaptic terminals by double staining with mCherry and vGAT. 

The vesicular GABA transporter (vGAT) is responsible for the uptake and storage 

of gamma-aminobutyric acid (GABA) and glycine by synaptic vesicles in the 

central nervous system and can be used as a marker for inhibitory nerve 

terminals (McIntire et al., 1997, Chaudhry et al., 1998b). Figure 3.11 showed 

possible co-localisation of mCherry and vGAT labelling in area CA1 of the 

hippocampal area, demonstrating that mCherry is present in GABA/glycine-

inhibitory presynaptic terminals as well.  
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Figure 3.11. Co-localisation of mCherry and vGAT in the hippocampal CA1 
area of a SyG37 mouse.  
Panels A, B and C show different magnifications of double-stained (anti-mCherry 

and anti-vGAT-1) horizontal sections taken from the CA1 hippocampal area of a 

SyG37 mouse. At higher magnification, within the pyramidal cell layer, co-

labelling for anti-mCherry and anti-vGAT showed a clear punctate expression 

around cell bodies and the merged image exhibited possible co-localisation. D 

illustrates fluorescence values extracted from lines drawn through punctate 

regions of the magnified images in B. To the right are graphs showing the 

relationship between vGAT and mCherry along with the Pearson correlation. The 
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scale bars for panels A, B, and C represent 100 µm, 30 µm and 10 µm, 

respectively. 
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3.3 Discussion 

3.3.1 mCherry was expressed in the SyG37, but not in SyG14, 

mouse line. 

SyG-mice were screened for SyGCaMP2 gene sequences by PCR of genomic 

DNA obtained from ear snip lysates according to the methods described above. 

The PCR technique allowed us to determine the genotype of two mouse lines: 

SyG14 and SyG37 where both lines were positive (figure 3.1). Using the WB 

technique, we found that only the SyG37 mouse line displayed a band at the 

protein size expected for mCherry; 27 kDa (figure 3.2). But work performed by 

another member of the lab (Dr Roisin Thomas) showed that the SyG37 mouse 

line displayed a band at the protein size expected for the whole sensor (between 

100 and 110 kDa). This might be because of the too harsh conditions during the 

Western blot experiment that made the mCherry protein became separated from 

the entire sensor. Nevertheless, the mCherry band was completely absent in 

SyG14 animals, despite the fact that both mouse lines were healthy with no 

apparent behavioural abnormality and were born at the expected Mendelian rate 

in terms of PCR product. These results clearly confirm that the SyG14 mouse 

model was lacking in, or had undetectable levels of the SyGCaMP2-mCherry 

sensor. These results are consistent with our imaging data collected from area 

CA1 of SyG14 and SyG37 mice (see Chapter 4), where SyG14 mice responded 

in a similar manner to WT mice in terms of their fluorescence signals. The 

question arises as to why the PCR technique was able to determine the genotype 

of two mice lines, but the Western blot technique failed to detect mCherry protein 

expression and, therefore, the SyGCaMP2-mCherry sensor in the SyG14 mouse 

line. Modulation or failure of gene expression at any of many different stages is 

possible from DNA-RNA transcription to post-translational modification of a 

protein. Final gene product stability is also crucial to gene expression levels, 

where a low expression level could be due to an unstable product. In the case of 

the SyG14 mouse line, there are many possibilities as to why mCherry remained 

undetected, including, but not limited to, possible errors in RNA splicing (Berget, 

1995, Scotti and Swanson, 2016), failure of the mCherry protein to fold into the 

intended well-defined three-dimensional structure which usually produces 
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inactive proteins (Selkoe, 2003) or post-formation protein degradation (Peters et 

al., 1994, Lodish, 2004). 

Low gene expression levels in the world of genetically modified animals seems 

to be common. Caroni, 1997, who generated a Thy-1 promoter, noted that 

expression patterns differ considerably among transgenic lines due to the strong 

genetic context sensitivity of the expression construct. Accordingly, he found that 

about a fifth of the transgenic lines only displayed a quite generalised expression 

in neurones (Caroni, 1997). In agreement with Caroni (1997), Chen et al. (2012), 

and others, found that all founder lines that have been generated under Thy1-

control differed in levels and patterns of expression. The Thy1-driven transgene 

is often stochastically and differentially expressed in subsets of neurones in 

different transgenic lines due to the strong transgenic position effect of the 

variegation bulb (Feng et al., 2000, Heim, 2005, Young et al., 2008, Chen et al., 

2012, Dana et al., 2014). Chen et al. (2012) then decided to focus only on the 

two mouse lines that have the highest levels of transgene expression, the Thy1-

GCaMP2.2c line and the Thy1-GCaMP3 line. Although, in the central nervous 

system, the transgene expression in these two lines was widespread, there were 

some notable differences between the two lines. For example, high expression 

in the olfactory bulb was observed in Thy1-GCaMP3 mice, but not Thy1-

GCaMP2.2c mice.  

The reasons for these differences in transgene expression and this loss of 

function are unknown, though there are many possibilities that might explain 

them. One theory supposes that the use of the combination of calmodulin-M13 

as a calcium-binding domain could be responsible for the modification or 

inactivation of probes encountered in certain expression systems (Heim, 2005).  

Imaging data from experiments in Drosophila flies, however, did not confirm this 

hypothesis (Reiff et al., 2005). Hasan et al. (2004) attribute this problem to 

genetic factors such as gene silencing (Redberry, 2006), which is the ability of a 

cell to prevent the expression of a certain gene, or the formation of protein 

precipitates in inclusion bodies (Hasan et al., 2004), since this problem is most 

likely due to intrinsic protein properties as the targeting tag proteins used 

originate from non-mammalian species (Gradinaru et al., 2010, Madisen et al., 

2015). 
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For more explanation, when genes are knocked out, they are completely 

removed from the genome of the organism and, thus, have no expression. In 

contrast, when genes are silenced, which is considered a gene knockdown 

mechanism, their expression is reduced by at least 70% but is not completely 

eliminated (Hood, 2004, Mocellin and Provenzano, 2004, Deng et al., 2014). 

From the above, one could support the idea of the gene-silencing theory because 

the integrity and the orientation of the clones of SyG14 had already been verified 

by restriction analysis and DNA sequencing (Muscha and Hartell-unpublished 

observations). Therefore, one could argue that the SyG14 mouse line has 

expressed a SyGCaMP2-mCherry gene that can be detected by PCR; however, 

this expressed gene could not be translated to the target protein, and the Western 

blot subsequently failed to detect it. Many studies support this postulation, 

mentioning that there is a lack of any strict correlation between gene expression 

and protein levels (Guo et al., 2008, Gingold and Pilpel, 2011, Payne, 2015). It is 

worth mentioning that the SyG14 mouse definitely used to work. Looking at older 

data, the responses to stimulation were large and possibly larger than those with 

SyG37. Therefore we think that we lost the sensor expression when the mice 

were moved to the new animal unit because we bred from a restricted line and 

at that time, there must have been a mutation in the DNA, since the DNA is still 

there but expression is lost. This is most likely caused by a mutation which 

prevented the DNA being transcribed or prevented protein folding/expression so 

badly that the antibody to mCherry failed to recognise the protein. Therefore 

transgene expression in mice is unpredictable and always needs to be examined 

and confirmed experimentally.  

3.3.2 Expression patterns and expression levels of SyGCaMP2-

mCherry in SyG37 mouse brain. 

Since Western blot experiments failed to detect mCherry protein expression in 

the SyG14 mouse line, this mouse line was excluded from anatomical and 

immunohistochemical experiments (figure 3.2). Initially, the fluorescence 

expression patterns of SyGCaMP2 and mCherry in the SyG37 mouse line were 

explored (figure 3.3). Live coronal slices of SyG37 and WT mice where perfused 

with aCSF containing a saturating concentration of calcium to ensure that 
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GCaMP brightness would be maximal, and subsequently examined using 

standard single photon epifluorescence. The SyG37 mouse model showed a 

typical Thy1.2-promotor transgene expression distribution where the expression 

was observed in cortex and hippocampal areas. Cortical layers 4/5 showed 

strong fluorescence, as did the hippocampal regions DG, CA3, CA1 and 

subiculum. While, the highest expression was typically seen in the thalamus, 

expression can be also seen in the hypothalamus (figure 3.4). The yellowish 

colour in the merged images of SyG37 mice reveal the pattern of expression in 

both GCaMP2 (green) and mCherry (red) was very similar, demonstrating that 

GCaMP2 and mCherry are linked and essentially expressed in the same places; 

co-localised (figure 3.3). Care was taken to flatten the illumination pattern across 

each of the images that comprised the final stitched montages but the slices 

moved slightly during image acquisition and so there are some differences in 

fluorescence that were caused by images moving. What is very clear, however, 

is that the fluorescence levels were very much lower in WT mice, indicating that 

SyGCaMP2-mCherry expression is strongly expressed in SyG37 mice (figure 

3.3-left panel).  

3.3.3 Immunohistochemical characterisation of SyGCaMP2-

mCherry sensor in the SyG37 mouse model. 

Further morphological characterisation was performed using 

immunohistochemical methods to confirm whether the sensor was expressed in 

presynaptic terminals as predicted and, if so, whether it had any preferential 

expression in excitatory or inhibitory synapses.  

3.3.3.1 Antibody validation 

All the antibodies used in this study are commercially available and have 

previously been assessed in both Western blot and immunohistochemistry 

experiments. With Western blot, they showed bands at the anticipated molecular 

weights, with no sign of non-specific binding or cross-reactivity being observed 

(See the following references in the same order for anti-VGAT, anti-PSD95, anti-

mCherry, anti-vGLUT1 and anti-Bassoon: Chakrabarti et al., 2007, Guo et al., 
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2009, Falkner et al., 2016, Chen et al., 2017, Thakar et al., 2017). In this project, 

we validated two of these primary antibodies ourselves, vGLUT1 and mCherry, 

using Western blots (figure 3.2). All the antibodies used in this study showed a 

reasonable degree of specificity in immunohistochemistry experiments at least in 

as much as we observed little if any non-specific binding of the secondary 

antibodies (figure 3.5). We were not in a position to verify selectivity using 

knockout mice except for mCherry for which WT mice can be considered an 

equivalent of a KO for SyG37 mice (figure 3.6). Some background fluorescence 

was apparent in all of the experiments, even in the absence of a primary antibody, 

although this was relatively small (figure 3.5). Brightness levels were carefully 

matched so that it is possible to compare non-specific background from 

fluorescence arising from primary antibody binding. In the case of mCherry, 

images from control slides without primary antibody were still quite bright 

suggesting that either the antibody was not very selective or that a significant 

amount of mCherry fluorescence was still present even after fixation (figure 3.5). 

The greatest challenge we faced in the immunohistochemistry experiments was 

the expression of autofluorescence in our slides, which makes IHC experiments 

very difficult as they had to be repeated many times using different protocols. The 

most common sources of autofluorescence are NADPH and flavins in biological 

structures such as mitochondria and lysosomes; moreover, collagen and elastin 

can also contribute to autofluorescence in the extracellular matrix; therefore, 

autofluorescence interferes with the detection of specific fluorescent signals, as 

the emission wavelength of the autofluorescent substance can be visible from 

425 to 700 nm (Georgakoudi et al., 2002, Zipfel et al., 2003, Monici, 2005, 

Menter, 2006, Yang and Honaramooz, 2012). Autofluorescence can also be 

induced by the fixation step, particularly when we use aldehydes as a fixative 

because they react with amines to generate fluorescent products (Brock et al., 

1998, Chen and Barkley, 1998). Therefore, using quenching agents such as 

glycine and ammonium chloride might be helpful in the reduction of the strong 

autofluorescence background. With these caveats in mind, these data show that 

all the primary antibodies used in this study were specific and thus suitable for 

the investigation of the localisation of the SyGCaMP2-mCherry sensor in brain 

slices by immunostaining.  

https://en.wikipedia.org/wiki/Collagen
https://en.wikipedia.org/wiki/Elastin
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3.3.3.2 SyGCaMP2-mCherry is expressed in SyG37 mouse 

hippocampal slices but not in WT mouse slices. 

The expression patterns of SyGCaMP2-mCherry were examined in SyG37 and 

WT mice, the latter as a control, using immunohistochemical approaches with an 

antibody raised against mCherry. In order to confirm that the SyGCaMP2-

mCherry sensor was expressed presynaptically, we first confirmed that it was not 

expressed in the cell bodies by co-staining of mCherry with the nuclear stain 

Hoechst 33342 (Latt and Stetten, 1976); the reason for choosing the Hoechst 

33342 dye in particular is that it shows a considerable Stokes shift between the 

excitation and emission spectra (Excitation at 350 nm and emission at 461 nm) 

that makes it useful in multi-staining experiments (Haugland et al., 2005). 

Immunostaining also showed that there was no labelling for mCherry in wild-type 

mouse hippocampal slices (figure 3.6-A). In contrast, immunostaining showed 

mCherry expression in SyG37 mouse hippocampal slices with a clear punctate 

expression around but never inside the Hoechst-stained areas (figure 3.6-B & C). 

mCherry was shown to be expressed throughout the hippocampus of SyG37 

mice with a strong punctate expression, suggesting a presynaptic distribution. 

Puncta were clearly observed in CA1, CA3, DG and subiculum (figure 3.7), 

indicating that they can be used to investigate all of the pathways within the 

hippocampus that make up the trisynaptic pathway from the entorhinal cortex to 

the subiculum. Labelling for mCherry showed a clear expression around cell 

bodies within the pyramidal cell layer. The location around cell bodies might 

suggest expression in the inhibitory terminals that tend to form in such regions 

(Megıás et al., 2001, Spruston, 2008).  

https://en.wikipedia.org/wiki/Nanometer
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3.3.3.3 SyGCaMP2-mCherry co-localises with the presynaptic, 

excitatory and inhibitory marker proteins, in the CA1 

hippocampal area of SyG37 mice.  

Having characterised mCherry’s localisation and expression in the SyG37 mouse 

hippocampus, a series of double-labelling experiments were performed with 

mCherry and specific synaptic markers (Bassoon, VGluT1 and vGAT). Bassoon 

is a presynaptic protein involved in the organisation of the neurotransmitter 

release site, and is specifically localised at the active zone. In cultured 

hippocampal neurones, bassoon was found to co-localise with glutamate 

receptor-1 (GLUR1) and GABA (A) receptors and, therefore, is considered to be 

a component of the active zone of both excitatory glutamatergic and inhibitory 

GABAergic synapses (Richter et al., 1999). The vesicular glutamate transporter 

1 (vGLUT1), and the related vGLUT-2 are both highly important transporters for 

the uptake and storage of glutamate, and thus comprises the sole determinant 

for a glutamatergic phenotype. The vesicular glutamate transporter mediates 

glutamate uptake into the synaptic vesicles of excitatory neurones (Bellocchio et 

al., 2000, Ziegler et al., 2002). In the CNS, their expressions seem to be largely 

complementary. Together, they are currently considered as the best markers for 

glutamatergic nerve terminals and glutamatergic synapses. VGLUT1 is 

preferentially expressed in the neocortex and hippocampus, while vGLUT2 

mainly occurs in the thalamus (Herzog et al., 2006). The vesicular GABA 

transporter (VGAT) is responsible for the uptake and storage of gamma-

aminobutyric acid (GABA) and glycine by synaptic vesicles in the central nervous 

system (McIntire et al., 1997, Chaudhry et al., 1998b).  As illustrated in figures 

3.8, 3.10 and 3.11, the merged images show an extensive co-localisation of 

mCherry and bassoon, vGLUT-1 and vGAT labelling in the hippocampal slices, 

respectively, directly demonstrating that mCherry was present in presynaptic 

terminals in both, excitatory and inhibitory terminals. However, bassoon labelling 

was distributed more broadly than mCherry labelling, suggesting that mCherry 

was strictly confined to the active zone but was not expressed in all presynaptic 

terminals. It is worthwhile noting that Zander et al. (2010) found that immunogold 

double-labelling revealed coexistence of vGLUT1, vGLUT2, and VGAT in mossy 
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fibre terminals of the hippocampal CA3 area which might explain the co-

localisation of our sensor with both vGLUT1 and VGAT presynaptic proteins.  

3.3.3.4 SyGCaMP2-mCherry does not co-localise with the 

postsynaptic marker protein, PSD95, in the 

hippocampal CA1 area of SyG37 mice.  

We also examined mCherry and postsynaptic density protein (PSD95) co-

localisation to confirm that our sensor was expressed presynaptically in excitatory 

synapses, but not postsynaptically. PSD95 is the most abundant scaffolding 

protein, almost exclusively located in the postsynaptic density (PSDs) of 

neurones. PSD95, which is a member of the membrane-associated guanylate 

kinase (MAGUK) family, interacts with the cytoplasmic tail of NMDA receptor 

subunits and potassium channel clusters to regulate synaptic plasticity 

associated with NMDA receptor signalling (Hunt et al., 1996, Garner et al., 2000, 

Kim and Sheng, 2004, Chen et al., 2011). Our results show the absence of co-

localisation between mCherry and anti-PSD95 labelled spins in the hippocampal 

slices, where PSD95 labelling is particularly dense in dendrites of pyramidal 

neurones in the stratum radiatum of area CA1 (figure 3.9). These data confirm 

our findings that mCherry is not localised in the dendrites of the pyramidal cells 

of area CA1, and indicate its presynaptic location. 

3.4 Conclusion 

The results presented in this chapter have provided a description of the 

expression and localisation of the SyGCaMP2-mCherry sensor in the SyG37 

mouse hippocampus. WB data showed that the SyG14 mouse model seemed to 

either be completely lacking in, or have otherwise undetectable levels of the 

SyGCaMP2-mCherry sensor. Therefore, it was excluded from expression and 

immunohistochemistry experiments. By examining the subcellular co-localisation 

with several pre- and post-synaptic markers, we have shown that there is very 

strong evidence that SyGCaMP2-mCherry expression within the hippocampus is 

presynaptic and likely to be present in both inhibitory and excitatory terminals. 

This validation allows us to thoroughly investigate hippocampal physiology in the 

next chapters.  

https://en.wikipedia.org/wiki/Neuron
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4 CHAPTER 4: A Comparative evaluation of organic 
dyes and intrinsic fluorescence with the SyGCaMP2-
mCherry sensor expressed in the SC-CA1 pathway 
of the SyG37 transgenic mouse model. 

4.1 Introduction 

In this study, we have used SyG37 mice to examine how presynaptic calcium 

contributes to normal synaptic transmission in the SC-CA1 pathway within the 

CA1 region of the hippocampus and how presynaptic calcium homeostasis is 

altered during synaptic plasticity. For this, we set our sensor a real challenge, the 

nature of which required an evaluation of the suitability of the SyG37 mouse 

model for measuring presynaptic activity in both short- and long-term synaptic 

plasticity. In the first part of this chapter, we performed a basic characterisation 

of the SC-CA1 pathway in SyG37 mice to varying stimulus intensity, number and 

frequency. In the second part, we examined the effects of pharmacological 

manipulations that are known to affect synaptic transmission through presynaptic 

effects, and attempted to establish whether these manipulations led to an 

associated change in SyGCaMP2 fluorescence. We first chose to examine the 

effects of adenosine, an agonist at adenosine receptors, as this has been shown 

to reduce synaptic transmission at CA1 synapses through presynaptic processes 

(Wu and Saggau, 1994). Next, we examined the effects of the adenosine 

receptor subtype 1 antagonist DCPCX in both the absence and presence of 

adenosine. All adenosine receptor modulation experiments were repeated after 

blocking synaptic transmission with AP5, NBQX and picrotoxin which inhibit 

NMDA, AMPA and GABAA/Glycine receptors, respectively. The reason for 

blocking synaptic transmission was to isolate responses of SCs terminals from 

those from secondary/tertiary neurones that were activated through synaptic or 

polysynaptic transmission. We reasoned then that this would reveal the 

presynaptic effect on calcium of each of the drug manipulations used. After that, 

we used multiphoton microscopy to examine the calcium transients measured at 

individual presynaptic boutons in the CA1 area using the SyGCaMP2 sensor. 

The third part of this chapter was aimed at examining whether manipulation of 

the cAMP-PKA signalling cascade affected presynaptic calcium. Forskolin, a 
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promotor of adenylyl cyclase activity, combined with rolipram, a type IV 

phosphodiesterase inhibitor, are known to enhance spontaneous transmitter 

release in many brain regions, including the calyx of Held (Kaneko and 

Takahashi, 2004), parallel to Purkinje cell synapses in the cerebellar cortex, 

mossy fibre synapses in the CA3 region of the hippocampus as well as facilitating 

postsynaptic potentiation within the CA1 region (Lu and Gean, 1999, Otmakhov 

et al., 2004). Therefore, we wished to first examine whether forskolin induced 

changes in synaptic transmission within the CA1 area, and second whether these 

were associated with changes in presynaptic calcium signalling. For this, a 

combination of imaging (SYG37, SyG14 mice and Fluo-4 calcium indicators) and 

field potential recordings were carried out in the hippocampal CA1 area using 

electrical and pharmacological stimulation. Imaging data were used to assess the 

basic kinetics of calcium signalling by measuring the peak response, the initial 

slope, the area under the curve and the decay constant, tau. Therefore, we had 

the opportunity to localize SyGCaMP2-mCherry sensor and to simultaneously 

explore the synaptic transmission, modulation within the SC-CA1 pathway. 

Moreover, we examined the relationship between presynaptic calcium levels and 

postsynaptic potentials during normal synaptic transmission, paired-pulse 

facilitation (PPF), and chemically induced long-term plasticity in CA3-CA1 

synapses of the hippocampus. 
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4.2 RESULTS 

4.2.1 Electrode positions for SC-CA1 pathway activation and 

recording. 

Figure 4.1-A shows a schematic drawing of the hippocampus with its different 

regions, DG, CA3, CA1 and subiculum, and its different microcircuits that connect 

the entorhinal cortex to the subiculum, forming what is often referred to as the 

trisynaptic pathway. Image 4.1-B was obtained using a x20 objective on an 

upright microscope and shows the CA1 region where recordings were made. This 

light transmission image shows the different layers in area CA1; st. oriens, st. 

pyramidale, st. radiatum and st. lacunosum moleculare. It also shows the 

positions of the stimulating and recording electrodes. A micromanipulator was 

used to place the stimulating electrode between the CA3 and CA1 areas to 

stimulate the SCs fibres. A recording electrode was placed in the stratum 

radiatum of the CA1 region. To compare between electrophysiology and imaging 

experiments, fluorescence and field potential recordings were taken from the 

same field of view, and an example trace of a fEPSP is shown in figure 4.1-C. In 

CA1 area experiments, an NMDA-dependent long-term potentiation could arise 

as a result of repeated stimulation and so the selective NMDA receptor 

antagonist DL-AP5 was added to the aCSF in all experiments to prevent this 

phenomenon (Collingridge et al., 1983).  
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Figure 4.1. Schematic drawing of a transverse section of the mouse 
hippocampus and a transmission image of the CA1 area of a hippocampal 
slice showing electrode positions and a sample fEPSP trace recorded 
from the same area.  
A. shows a schematic diagram of a transverse section of the mouse

hippocampus. B. shows the light transmission image of a transverse section of

SyG37 mouse CA1 region of the hippocampus illustrating stimulating and

recording electrode positions indicating the different layers and regions of the
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hippocampal CA1 area which contains the following layers: SO = stratum oriens, 

PCL = pyramidal cell layers, SR = stratum radiatum and SLM= stratum 

lacunosum moleculare, the EC = entorhinal cortex. The single asterisk indicates 

the stimulating electrode position and the double asterisks indicate the recording 

electrode position. C. shows the N1 and N2 components of the field recordings 

in the stratum radiatum of the hippocampal CA1 area as a result of the SCs 

activation. The scale bar in B is 50 µm. 

4.2.2 Electrical activation studies of the SC-CA1 pathway of 

SyG37 mouse model expressing SyGCaMP2-mCherry 

sensor. 

Little work has been done on presynaptic calcium monitoring or measurement to 

date because it is difficult to target calcium sensors to presynaptic terminals 

because of their size. In this study, we aimed to use the SyGCaMP2-mCherry 

sensor to characterise the properties of presynaptic calcium signalling upon 

activation of the SC-CA1 pathway. In this part of this chapter, we define the 

optimal stimulus intensity, number and frequency that would evoke consistent 

and physiologically relevant responses. To achieve this, each variable was 

independently altered and the effects on responses recorded.  

4.2.2.1 The effects of altering the stimulus intensity on the SC-

CA1 pathway of the SyG37 mouse model. 

We first established the stimulus strengths required to reliably activate the 

SC/CA1 pathway for optical and electrophysiological responses during SC-CA1 

pathway activation. For this, the stimulus intensity was increased gradually from 

0 to 70 V using a fixed stimulus number (20 stimuli) at a fixed frequency (20 Hz). 

Figure 4.2, obtained from the CA1 hippocampal area of a slice taken from a 

SyG37 mouse, provides an example of the effects of increasing stimulus intensity 

on SyGCaMP2 fluorescence after SC/CA1 activation. As mentioned previously, 

the first step in the data analysis was splitting the interleaved image stacks into 

two separate image stacks; one for SyGCaMP2 and the other for mCherry; 

however, only the SyGCaMP2 images were analysed in this particular study. As 

an exception, in the following example, we analysed mCherry images as well, to 
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show that mCherry fluorescence is not sensitive to presynaptic calcium changes 

(figure 4.2-A). SyGCaMP2 was, on the other hand, very sensitive to any changes 

in presynaptic calcium, as can be seen from the larger changes in fluorescence 

intensity indicated by brighter colours recorded at 70 V, as shown in figure 4.2-

B. 

Figure 4.2. Visualization of the effect of increasing stimulus intensity on 
both SyGCaMP2 and mCherry fluorescence after SC/CA1 activation in the 
hippocampal CA1 region of a SyG37 mouse.   
Images of mCherry and SyGCaMP2 fluorescence were collected before and 

during SC/AC stimulation at different stimulus intensities (20 stimuli at 20 Hz). A. 

shows the averages of three consecutive mCherry images taken immediately 

before stimulation (left panel). These were subtracted from the peak responses 

taken during (middle panel) electrical stimulation to create a subtraction image 

right hand panel. B. SyGCaMP2 images were collected and illustrated in the 

same way. A warm/cold look up-table (right panel) was used to illustrate the 

difference in the size of the responses in both. Larger changes in fluorescence, 

and assumed calcium concentration are indicated by brighter colours in the 

SyGCaMP2 images. The asterisk indicates the stimulating electrode position and 

the border between the pyramidal cell layer (to the right) and stratum radiatum 

(to the left) is shown as a dotted line. The white arrow in A shows the schaffer 

collateral pathway direction. 
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By analysing images of SyGCaMP2 using Igor Pro software, we were able to 

quantify these effects and assess the basic kinetics of fluorescence changes by 

measuring the peak response, the time taken to reach the peak, the slope, the 

area under the curve and the decay constant (tau) of fluorescence values from 

regions of interest, converted in F/F0 (figure 4.3). Data where normalized to 20 V 

as this stimulus strength was much less than the maximum but gave consistent 

and robust responses in the more linear part of the intensity-response curve. 

Therefore, this normalization of data might help us to hold a direct comparison 

between different hippocampal areas, later. Altering the stimulus intensity 

increased the peak amplitude of the fluorescence response in a roughly linear 

manner up to about 20 V after which responses in the stratum radiatum tended 

towards a plateau eliciting a near maximal response at 70 V which was 

approximately 165% of the response measured at 20V. It is unlikely that 

responses would reach a complete maximum because increasing intensities will 

simply recruit more and more fibres, further from the stimulus electrode (figure 

4.3-B). The initial slopes of the rising phase of the SyGCaMP2 fluorescence 

responses to stimulation were also measured. The effects of increasing stimulus 

intensity were similar to those of the peak responses (~170% of the response at 

20V); this measure has the advantage of being less susceptible to either 

saturation of the sensor or the synapse during prolonged or high-frequency 

stimulation (figure 4.3-C). At these intensities, frequencies and stimulus numbers, 

the similarity between peak and slope responses suggests that little or no 

saturation of either kind occurred. The area under the curve (AUC) was also 

measured. Again these were very similar to those of the peak responses as 

shown in figure 4.3-D. The decay time constant was also measured by measuring 

the time to recover to 63% of the peak where there no effect of increasing stimulus 

intensity on the 63% decay time of SyGCaMP2 fluorescence was observed, as 

shown in figure 4.3-E. 
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Figure 4.3. The effect of increasing stimulus intensity on SyGCaMP2 
fluorescence in the hippocampal CA1 region after SC/CA1 activation.   
A. shows the mean responses to different stimulus intensities from ROIs placed

within the stratum radiatum of the CA1 hippocampal region plotted against time.

Panels B to E illustrate the effects of increasing stimulus intensity on peak (B),

slope (C), AUC (D) and 63% decay time (E). Values in B-D are normalized to the

response at 20 V. The means and standard errors from 6 separate experiments

are shown. The statistical test were performed between 0V and other stimulus

intensities. (B), 30V, P=0.0120; 40V,  P=0.0120; 50V,  P=0.0120; 60V,  P=0.0120;

70V, P=0.0120; (C), 30V, P=0.0211; 40V, P=0.0014; 50V, P=0.0001; 60V,

P=<0.0001; 70V, P=<0.0001; (D), 30V, P=0.0052; 40V, P=0.0009; 50V,

P=0.0002; 60V, P=<0.0001; 70V,  P=<0.0001; Kruskal-Wallis test followed by

Dunn's multiple comparisons test; (E), no significant difference, Ordinary one-

way ANOVA followed by Dunnett’s multiple comparisons test.
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Field potential recordings produced results that were entirely consistent with the 

imaging results. The N2 component of the field potential curve was also 

increased by increasing the stimulus intensity. A stimulus intensity of 20 V 

produced a distinct and characteristic field potential response which increased 

with intensity and did not show signs of saturation even at 70V. The paired-pulse 

ratio was also affected, but non-significantly, by changing the stimulus intensity, 

especially at 60 V as shown in figure 4.4. It is worth mentioning that whenever 

the stimulus intensity was increased, the SEM increased as well, showing high 

variation between individual slice mean responses; it should be noted that this 

was not the case for the imaging data where individual responses were 

remarkably consistent leading to relatively small SEM values even at higher 

stimulus intensities. The N1 component of the field potential curve will be 

presented with different set of data later to show the effect of increasing the 

stimulus intensity on the presynaptic fibre volley as well. Both imaging and 

electrophysiology results show that the supra-threshold is not clear as there was 

no saturation, as can be seen in figures 4.3 and 4.4. On the other hand, the 

impact of increasing stimulus intensity on SyGCaMP2 fluorescence is much 

lower than its impact on the N2 component of the fEPSP; this may reflect the 

non-linear relationship between presynaptic calcium and transmitter release such 

that a small increase in presynaptic calcium can lead to a large increase in 

synaptic transmission. For example, when the peak amplitude of SyGCaMP2 

(F/F0) at 70 V was 165% of the response at 20 V, the peak amplitude of field 

potential was 250% at the same voltage with a ratio of ~ 3:5. 
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Figure 4.4. The effect of increasing stimulus intensity on fEPSP in the 
hippocampal CA1 region after SC/CA1 activation.   
A. shows the field potential curve illustrating the action of increasing stimulus 

intensity on SC/CA1 activation, where the trace depicts the average of six 

sweeps. B., C. and D. show the change in peak amplitude, slope and PPR of 

field excitatory postsynaptic potentials (fEPSPs) during increasing stimulus 

intensity, respectively. The values shown in B and C are normalized to response 

at 20 V. The means and standard errors from 6 separate experiments are shown. 

The statistical test were performed between 0V and other stimulus intensities.

(B), 20V, P=0.0101; 30V, P=0.0261; 40V, P=0.0035; 50V, P=0.0095; 60V, 

P=0.0120; 70V, P=0.0120; (C), 30V, P=0.0067; 40V, P=0.0127; 50V, 

P=0.0020; 60V,  P=0.0009; 70V, P=0.0014, Kruskal-Wallis test followed by 

Dunn's multiple comparisons test; (D), no significant difference was 

observed, Ordinary one-way ANOVA followed by Dunnett’s multiple 

comparisons test.

Next, we examined the correlation between peak SyGCaMP2 fluorescence and 

the corresponding field excitatory postsynaptic potential whilst changing the 

stimulus intensity in the SC-CA1 pathway. Figure 4.5 indicates the peak 

amplitude of the N2 component of the field EPSP is approximately proportional 

to SyGCaMP2 fluorescence, which represents the change in presynaptic Ca2+. 
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The relationship between the amplitude of the SyGCaMP2 fluorescence and the 

amplitude of the corresponding field EPSP was approximately linear, where a 

direct correlation between peak amplitude and the SyGCaMP2 fluorescence 

peak was observed, and had an R2 values of 0.86 (figure 4.5-A). The linearity of 

the correlation appears to reduce over the final two stimulus intensities, i.e., at 

60 V and 70V, showing the possibility of the sensor saturation at those stimulus 

intensities. In figure 4.5-B, we excluded those final two stimulus intensities to see 

an improved correlation with R2 values of 0.96. 

Figure 4.5. The relationship between SyGCaMP2 fluorescence and the 
corresponding fEPSP at different stimulus intensities.  
A shows a scatter plot of the relationship between the peak amplitudes of 

SyGCaMP2 fluorescence (presynaptic Ca2+) and the peak amplitudes of fEPSP. 

A linear regression line was fitted (r = 0.96) using the equation Y = 1.231*X - 

9.841. B shows the same scatter plot in A, but without final two stimulus 

intensities (r = 0.98; Y = 0.9164*X + 6.703). Each group of data in this figure was 

collected from six experiments; data were recorded during the sequential 

application of 0, 5, 10, 15, 20, 30, 40, 50, 60 and 70 V.  

4.2.2.2 The effects of altering the stimulus frequency on the SC-

CA1 pathway of the SyG37 mouse model. 

The second step in our electrical activation studies was aimed at first testing the 

effects of changing stimulus frequency on SyGCaMP2 fluorescence and its 

corresponding fEPSP, and second to determine the optimal stimulus frequency 

for use in our experiments. For the latter, we have tested different frequencies at 

a fixed stimulus intensity of 20 V and using a fixed stimulus number of 20. The 
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same parameters as described in the previous section were analysed. Imaging 

data showed that the peak amplitude and the initial slopes of the rising phase of 

SyGCaMP2 fluorescence responses increased in a roughly linear manner up to 

~ 10 Hz in the stratum radiatum and then reached a plateau at around 50 Hz. 

There was a decline in the peak SyGCaMP2 fluorescence at 100 Hz as shown 

in figure 4.6-A, B and C. The decay time was also measured by measuring the 

time to recover to 63% of the peak value, where an inverse relationship between 

the increase in stimulus frequency and the 63% decay time of SyGCaMP2 

fluorescence was observed (figure 4.6D).  

In this example of the field potential recordings, only the last pulse in the train of 

the field potential was measured. The peak amplitude and the slope of the N2 

component were non-significantly increased, by increasing the stimulus 

frequency with the 15-20 Hz required to elicit a suitable response in the stratum 

radiatum and 100 Hz eliciting a maximal response, as shown in figure 4.6-E, F 

and G. This is unlike what happened with the SyGCaMP2 fluorescence, which 

decreased slightly at 100 Hz. Moreover, the effect at lower frequencies is more 

pronounced for SyGCaMP2 fluorescence than on field potential recordings.  
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Figure 4.6. The effect of increasing stimulus frequency on both 
SyGCaMP2 fluorescence and its corresponding fEPSP in the hippocampal 
CA1 region in response to SC activation.  
A. shows the mean responses to 20 stimuli delivered at 20 V over a range of

different stimulus frequencies from ROIs placed within the stratum radiatum of

the CA1 hippocampal region plotted against time. B. to D. illustrate the effects of

increasing stimulus frequency on Peak (B), slope (C), and 63% decay time (D)
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over time for SyGCaMP2 fluorescence, respectively. E. shows field recordings of 

the last one sweep in the train illustrating the action of increasing stimulus 

frequency on SC/CA1 activation. F & G show the change in peak amplitude and 

slope of field excitatory postsynaptic potentials (fEPSPs) whilst increasing 

stimulus frequency (logarithmic scale). The values shown in B, C, F and G are 

normalized to the response at 20 Hz. The means and standard errors from 6 

separate experiments are shown. The statistical test were performed between 

1Hz and other stimulus frequency. (B), 20Hz, P=0.0029; 50 Hz, P=<0.0001; 100 

Hz,  P=0.0011; (C), 10 Hz, P=0.0376; 20 Hz, P=0.0029; 50 Hz, P=0.0002; 100 

Hz,  P=0.0261; Kruskal-Wallis test followed by Dunn's multiple comparisons 

test; (D), F=27.5; 10 Hz, P=0.0001; 20 Hz, P=0.0001; 50 Hz, P=0.0001; 

100 Hz, P=0.0001; Ordinary one-way ANOVA followed by Dunnett’s 

multiple comparisons test. Electrophysiology data showed no significant 

difference, Kruskal-Wallis test followed by Dunn's multiple comparisons test.  

4.2.2.3 The effects of altering the stimulus number on the SC-

CA1 pathway of the SyG37 mouse model. 

The third step in our study on the characterisation of responses to electrical 

stimulation was to test the effects of changing the stimulus number on 

SyGCaMP2 fluorescence and its corresponding fEPSP. For this, we tested 

different numbers of stimuli delivered at 20 Hz and 20 V.  Both the peak amplitude 

and the initial slopes of the rising phase of the SyGCaMP2 fluorescence 

responses increased with increasing stimulus number (figure 4.7-A, B and C). 

Increasing the stimulus number from 1-15 AP increased the peak SyGCaMP2 

fluorescence in a roughly linear manner. Further increases in stimulus number 

were not linear and reached a plateau at around 30 stimuli. Although the peak 

response only declined slightly with 100 stimuli, the shape of the response clearly 

altered. The initial slope of the response remained linear up to 20 stimuli. The 

time taken to recover from 63% of the peak was also measured and there was a 

positive relationship between the increase in stimulus number and the 63% decay 

time constant of SyGCaMP2 fluorescence. These results are confirmed by the 

AUC results, which show the same trend as the 63% decay time (figure 4.7-D 

and E). 
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Field potential recordings were not exactly consistent with imaging data. The 

peak amplitude and the slope of the N2 component of field potential increased 

with increasing stimulus intensity. The peak response reached near maximum 

after 30 stimuli, followed by a small decline at 100 stimuli (figure 4.7-F and H). It 

is worth mentioning that the slope of fEPSP shows a clear deeper decline at later 

stimulus number in each series. In general, as for the stimulus frequency results, 

the effect at lower stimulus numbers is more pronounced on SyGCaMP2 

fluorescence than on field potential recordings. The SyGCaMP2-mCherry sensor 

shows a high sensitivity even to as few as a single stimulus. 
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Figure 4.7. The effect of increasing stimulus number on both SyGCaMP2 
fluorescence and its corresponding fEPSP in the hippocampal CA1 region 
in response to SC activation.   
A. shows the mean responses to different numbers of stimuli from ROIs placed

within the stratum radiatum of the CA1 hippocampal region plotted against time.

B. to E. illustrate the effects of increasing stimulus number on Peak (B), slope

(C), 63% decay time (D) and AUC (E) over time on SyGCaMP2 fluorescence,
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respectively. F. shows field potential recordings illustrating the action of 

increasing stimulus number on SC activation. G to H show the change in the peak 

amplitude and slope of field excitatory postsynaptic potentials (fEPSPs) with 

increasing stimulus number, respectively. The values shown are mean values ± 

SEM; values are normalized to response at 20 stimuli except for D and I which 

are represented as relative absolute values. The statistical test were performed 

between 1AP and other stimulus numbers. (B), 15AP, P=0.0380; 20AP,  

P=0.0026; 30AP, P=0.0003; 40AP, P=0.0002; 50AP, P=0.0004; 100AP, 

P=0.0003; (C), 15AP, P=0.002; 20AP, P=0.0005; 30AP, P=0.0002; 40AP, 

P=0.0003; 50AP, P=0.0004; 100AP, P=0.0003; (E), 20AP, P=0.0041; 30AP,  

P=0.0009; 40AP, P=0.0001; 50AP, P=<0.0001; 100AP, P=<0.0001; Kruskal-

Wallis test followed by Dunn's multiple comparisons test; (D), F=36.1; 30AP,  

P=0.0016; 40AP,  P=0.0001; 50AP, P=<0.0001; 100AP, P=<0.0001, 

Ordinary one-way ANOVA followed by Dunnett’s multiple 

comparisons test. Electrophysiology data showed no significant 

difference, Kruskal-Wallis test followed by Dunn's multiple comparisons test.  

The above results indicated that stimulus strength of 20 Volts, at 20Hz and 10/20 

stimulus number, is sufficient to produce a reliable response within the 

appropriate range of these stimulation parameters. 
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4.2.3 A comparative evaluation of the SyGCaMP2-mCherry 

sensor in a SyG37 transgenic mouse model showing the 

relative mono- and poly-synaptic contributions of 

presynaptic SyGCaMP2 fluorescence within the CA1 

microcircuit. 

To characterise the usefulness of the SyG37 mouse model for measuring 

presynaptic calcium, we investigated the effects of various pharmacological 

manipulations on SC activation in the CA1 area via four different methods. These 

were imaging of the SyGCaMP2-mCherry sensor (in the SyG37 mouse model), 

imaging of intrinsic fluorescence (in the SyG14 mouse model), imaging the fluo-

4 organic calcium indicator loaded into presynaptic terminals, and 

electrophysiology. Even though it became apparent that the SyG14 mouse model 

stopped expressing a functional sensor, we used this model as a control for the 

SyG37 mouse and used it to examine intrinsic fluorescence. With each of these 

4 models, we examined the effects of pharmacological manipulations that are 

known to affect synaptic transmission through presynaptic effects to establish 

whether these manipulations led to a corresponding change in SyGCaMP2 

fluorescence.  

4.2.3.1 Effect of adenosine receptor modulation on the CA1 

area of a SyG37 mouse. 

Adenosine has been shown to reduce synaptic transmission at CA1 synapses 

through presynaptic processes (Wu and Saggau, 1994), therefore, we first chose 

to use the SyG37 mouse model to examine the effects of adenosine on 

fluorescence responses to electrical stimulation. Next, we examined the effects 

of the removal of endogenous adenosine “tone” by inactivating A1 receptor 

activity using DPCPX as a specific competitive antagonist. In later experiments, 

synaptic transmission was blocked to investigate the relative contributions of 

direct and poly-synaptically activated terminals on SyGCaMP2 fluorescence 

within the CA1 microcircuit. A similar methodology was used for all experiments 

whereby bursts of 20 stimuli were delivered at 20 Hz at an intensity of 20 V to 

elicit field potential and SyGCaMP2 recordings as described already.  
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4.2.3.1.1 Effect of 50 μM Adenosine on SC activation in the 

CA1 area of a SyG37 mouse. 

In the first series of these experiments we wanted to test whether adenosine, 

which is known to produce a presynaptic inhibition of synaptic transmission within 

the CA1 region of the hippocampus, reduced SyGCaMP2 fluorescence. After 

obtaining a stable baseline of synaptic responses, 50 μM adenosine was bath 

applied for 30 minutes and then washed out for at least 20 minutes. Data were 

analysed and pooled and the adenosine-mediated effects expressed as a 

percentage of the baseline peak responses. Pairs of field potentials, activated at 

intervals of 50 ms, were collected every 10 s to provide a further assessment of 

the source of changes in synaptic activity by changes in the paired pulse ratio 

(figure 4.8-B). Figure 4.8-A illustrates the spatial changes that accompanied 

electrical stimulation and the effects of adenosine. The SyGCaMP2 response 

was highly sensitive to adenosine addition as its fluorescence decreased 

dramatically in the presence of adenosine as indicated by the cooler colours 

during stimulation. Adenosine produced a pronounced effect on both optically 

recorded fluorescence (SyG37 mouse, ~50%; SyG14 mouse, ~35%; and Fluo4, 

~35% reduction) and concurrently recorded field potentials (~60% reduction), 

reaching a minimum within 10 minutes of application (figure 4.9-A-D). Both the 

fluorescence and the N2 component of the field potential were significantly 

reduced compared to baseline responses. Both the fluorescence and the fEPSP 

peak amplitude recovered and even exceeded baseline levels during the wash-

off period except for the Fluo-4 experiments, which remained at approximately 

the same level as during drug application. It is worth mentioning that responses 

from fluo-4 calcium dye and SyG37 experiments were bigger and faster than 

those from SyG14 animals as shown in the insertions in figure 5.9.A-C. This issue 

will be discussed later (see subsection 4.2.3.3 in this chapter). If adenosine-

induced depression involves presynaptic mechanisms, then it might be 

associated with a change in the paired-pulse ratio (PPR) because manipulations 

that change transmitter release usually change the magnitude of PPR (Manabe 

et al., 1993, Schulz et al., 1994) Therefore, we compared the PPR before and 

after the treatment with adenosine. Synaptic responses to a pair of stimuli were 

recorded with an ISI of 50 ms, and the PPR was expressed as the ratio of the 

http://www.sciencedirect.com/topics/page/Chemical_synapse
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second response to the first. Figure 4.9-E shows that application of adenosine 

increased the magnitude of the PPR from about 0.7 to 2.0, which is consistent 

with a presynaptic action of adenosine. By chance and interestingly, in a small 

number of experiments in which transverse slices were cut to separate the lower 

part of the slice that contained the thalamus, hypothalamus, amygdala, leaving 

just the hippocampus, we found that there was no any change in PPR when we 

applied adenosine (data not shown). 

Figure 4.8. Visualization of the effect of 50 μM adenosine on SyGCaMP2 
fluorescence after SC/CA1 activation with its corresponding field potential 
recordings in the hippocampal CA1 region of a SyG37 mouse.  
Images of SyGCaMP2 fluorescence were collected before, during, and after 

adding 50 µM adenosine. A. shows the averages of three SyGCaMP2 images 

taken immediately before stimulation (left panel), the peak responses taken 
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during electrical stimulation (middle panel) and the difference (right panel). A 

warm/cold look-up table (right panel) was used to illustrate the difference in the 

size of the responses in both. Larger changes in calcium concentration are 

indicated by brighter colours in the SyGCaMP2 Images. The asterisk indicates 

the stimulating electrode position, and the border between the pyramidal cell layer 

(lower right corner) and stratum radiatum are shown as a dotted line. B. shows 

the representative traces of field potentials collected before, during, and after 

wash-out of adenosine. 
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Figure 4.9. Effect of 50 µM adenosine on SC activation in the CA1 area of 
the hippocampus.  
Figures A, B and C. show the pooled analysis of the effects of adenosine on CA1 

responses to stimulation, using images from the SyGCaMP2-mCherry sensor of 

SyG37 mice, the intrinsic fluorescence of SyG14 mice and fluo-4 calcium dye, 

respectively. These data are represented as a percentage of the mean peak 
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response before drug application, plotted against time, along with the standard 

error of the mean (n = 6). Insertions in A, B and C show responses (F/F0) of 

fluorescence collected during the baseline period (-5 minutes) from SyG37, fluo-

4 calcium dye and SyG14 mice experiments, respectively. The black arrow shows 

the point where the stimulation (20 V, 20 AP at 20 Hz) was delivered. Figures D. 

and E. show the change in peak amplitude and the PPR of the field potential 

before, during, and after addition of adenosine. The statistical test were 

performed between baseline and the other periods. The degree of the statistical 

significance was presented on the histograms (right panel). Statistics: (A), 

adenosine, U= 0, P=0.0022; (B), adenosine, U= 0, P=0.0022; wash, U= 0, 

P=0.0022 (C), adenosine, U= 0, P=0.0022; wash, U= 1, P=0.0043; (D), 

adenosine, U= 0, P=0.0022; Mann Whitney test; (E), no significant difference was 

observed; Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons 

test. 

4.2.3.1.2 Effect of the 250 nM A1-adenosine receptor 

antagonist DPCPX on SC activation in the CA1 area of a 

SyG37 mouse. 

Next, we wanted to test the effects of DPCPX, an A1-adenosine receptor 

antagonist, which is known to antagonise the inhibitory effect of adenosine on 

synaptic transmission within the CA1 region of the hippocampus (Martinson et 

al., 1987, Schubert, 1988, Alzheimer et al., 1989, Pak et al., 1994, Vollert et al., 

2013). After obtaining a stable baseline for synaptic responses and in the 

continued presence of 50 µM AP5, 250 nM DPCPX was applied for 30 minutes 

and then washed out for 25 minutes. In fluo-4 and SyG14 mouse experiments, 

there was no significant difference between the control and drug application 

periods, whilst in SyG37 mouse experiments, there was a significant increase in 

responses between the control and drug application periods, as shown in figure 

4.10-A., B. and C. It is worth mentioning that, in SyG14 mouse experiments, there 

was no significant difference between the control and drug application periods 

even at higher concentrations of DPCPX (data not shown). In field potential 

recordings, the N2 component of the field potential was clearly changed after 

DPCPX application. The reason that the Mann-Whitney test was unable to detect 

any significant difference in this set of experiments, might be, due to the large 
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dispersion of sample means around the population mean. The paired pulse ratio 

changed as well, giving another indicator as to the locus of the action of 

adenosine (figure 4.10-D. and E.). In both SyG37 and electrophysiological 

experiments, there were increases in fluorescence, and the fEPSP did not 

recover during the wash-out period, as shown in figure 4.10-A. and D.  
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Figure 4.10. Effect of 250 nM DPCPX on SC activation in the CA1 area of 
the hippocampus.  
Panels A., B. and C. show the pooled analysis of the effect of DPCPX on the CA1 

area, using imaging from the SyGCaMP2-mCherry sensor, intrinsic fluorescence 

of SyG14 mice and fluo-4 dye, respectively. These data are represented as a 

percentage of the averaged peak amplitude plotted against time, along with the 

standard error of the mean (n = 6). Panels D. and E. show the changes in peak 
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amplitudes of the fEPSPs and PPR after adding DPCPX, respectively. The 

statistical test were performed between the baseline and the other periods. The 

degree of the statistical significance was presented on the histograms (right 

panel). Statistics:  (A), DPCPX, U= 0, P=0.0022; wash, U= 0, P=0.0022. In B, C 

and D, no significant difference was observed; Mann Whitney test; (E), no 

significant difference; Ordinary one-way ANOVA followed by Dunnett’s multiple 

comparisons test. 

4.2.3.1.3 Effect of 50 μM Adenosine in the presence of 250 nM 

DPCPX on SC activation in the CA1 area of a SyG37 

mouse.  

We next tested whether pre-incubation with 250 nM DPCPX, an A1-adenosine 

receptor antagonist, prevented the adenosine-mediated reduction in 

fluorescence and field potential recordings within the CA1 region of the 

hippocampus. After obtaining a stable baseline for the synaptic responses in the 

presence of 50 μM AP5 and DPCPX, 50 μM adenosine was applied for 30 

minutes and then washed out for 20 minutes. In SyG37 mice, SyG14 experiments 

and field potential recordings, there was no significant difference between the 

baseline responses and those recorded in the presence of adenosine. In 

experiments using fluo-4 calcium dye, the peak amplitude of F/F0 gradually 

declined over time and there was no significant difference between the baseline 

and adenosine application periods. Both the fluorescence and the fEPSP peak 

amplitude remained at approximately the same level as during the baseline 

period except for the SyG14 and Fluo-4 experiments, which significantly declined 

during the wash-off period, as shown in figure 4.11-A., B., D. and E. This decline 

in fluo-4 fluorescence was most likely due to a gradual reduction in the amount 

of this dye in the tissues over time due to the organic sensor redistributing within 

the tissue. 

In summary, DPCPX on its own increased both SyGCaMP2 fluorescence and 

the fEPSP suggesting a causal relationship. Moreover, the inhibitory effects of 

adenosine were blocked by DPCPX indicating that they were mediated by the A1 

receptor subtype.   



114 

Figure 4.11. The effect of 50 μM adenosine in the presence of 250 nM 
DPCPX on SC activation in the CA1 region of the hippocampus.   
Panels A., B. and C. show the pooled analysis of the effect of adenosine on the 

CA1 area in the presence of DPCPX, using imaging of the SyGCaMP2-mCherry 

sensor, imaging of SyG14 autofluorescence and fluo-4 dye, respectively. These 

data are represented as a percentage of the averaged peak amplitude plotted 
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against time, along with the standard error of the mean (n = 6). Panels D. and E. 

show the change in peak amplitude and the PPR of the field excitatory 

postsynaptic potentials (fEPSPs) after adding adenosine in the presence of 

DPCPX and AP5, respectively. The asterisks show the level of significance. The 

statistical test were performed between baseline and the other periods. The 

degree of the statistical significance was presented on the histograms (right 

panel). Statistics: (A), no significant difference; (B), wash, U= 4, P=0.0260; (C), 

wash, U= 0, P=0.002; (D), no significant difference was observed; Mann Whitney 

test; (E), no significant difference was observed; Ordinary one-way ANOVA 

followed by Dunnett’s multiple comparisons test. 

4.2.3.2 The effect of adenosine receptor modulation in the 

presence of inhibitors of excitatory and inhibitory 

synaptic transmission. 

The main classes of excitatory and inhibitory receptor in the hippocampus are 

glutamatergic and GABA/Glycinergic receptors. Once we had established that 

application of adenosine reduced SyGCaMP2 fluorescence we next attempted 

to establish whether the effects that we observed were mediated primarily at SC 

terminals or whether there were contributions from presynaptic terminals that 

were postsynaptic to the SC terminals. We therefore chose to examine the 

sequential effects of picrotoxin, AP5 and DNQX, which could be used to block 

the GABAA/Glycine, NMDA and AMPA receptors, respectively. We then 

examined the effects of adenosine alone and in the presence of the A1 receptor 

blocker DPCPX, having blocked the major excitatory and inhibitory synaptic 

pathways formed by the SC terminals.  

4.2.3.2.1 Effect of block synaptic transmission inhibition on SC 

activation in the CA1 area. 

Each slice was stimulated as described previously in a drug-free standard 

extracellular solution before washing on cumulatively 10 μM picrotoxin (PTX), 

then after 15 minutes 50 μM AP5, and then 10 μM DNQX after a further 15 

minutes. All these drugs were then washed off using the drug-free standard 

extracellular solution. 10 μM PTX produced a small but not statistically significant 

enhancement of responses compared to the baseline in the SyG14 mouse 
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experimental group but no effects were seen in the SyG37 or fluo-4 groups. 

Application of AP5 in the continued presence of PTX caused a reduction in the 

optically measured responses in all experimental groups; however, this effect 

was only significant in the SyG37 and fluo-4 groups. Application of DNQX led to 

a further reduction in the amplitudes of the responses in all groups. Figure 4.12-

A., B. and C. illustrate the effects of the three cumulative drug applications on the 

optically recorded responses for the SyGCaMP2, SyG14 intrinsic fluorescence 

and fluo-4 calcium dye experimental groups, respectively. Concurrent field 

potential recordings were also taken. The N2 component of the field potential, 

which represents the postsynaptic component of the responses, was reduced 

slightly upon adding AP5 but was reduced significantly when AMPA receptors 

were blocked with DNQX. The paired-pulse ratio changed as well, as shown in 

figure 4.12-D. and E. Whilst this might normally be considered to represent a 

presynaptic effect, this is probably more artefactual as DNQX reduced fEPSP 

amplitudes to nearly zero making measurement of the PPR noisy. Responses 

recovered fully after 30 minutes of washout in the SyG37 and SyG14 

experimental groups, and partially recovered in terms of fEPSP recordings. As 

was the case in other experiments, fluo-4 responses showed a gradual decrease 

in peak amplitude over time, suggesting gradual loss of sensor. 
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Figure 4.12. Effects of cumulative blockade of GABA/Glycine, NMDA and 
AMPA receptors on optically and electrophysiologically recorded 
responses to SC activation in the CA1 area of the hippocampus.  
Panels A., B. and C. show the pooled analysis of the effect of cumulative 

applications of 10 μM PTX, 50 μM AP5 and 10 μM DNQX on optically recorded 

responses in the CA1 region for the SyGCaMP2-mCherry, SyG14 mouse intrinsic 



118 

fluorescence and fluo-4 experimental groups, respectively. These data are 

represented as a percentage of average peak amplitudes plotted against time, 

along with the standard error of the mean. Panels D. and E. show the change in 

peak amplitude and the PPR of the field excitatory postsynaptic potentials 

(fEPSPs) after adding each of the postsynaptic blockers. The statistical test were 

performed between baseline and the other periods. The degree of the statistical 

significance was presented on the histograms (right panel). Statistics: (A), AP5, 

U= 0, P=0.0022; DNQX, U= 1, P=0.0043; wash, U= 0, P=0.0022; (B), DNQX, U= 

0, P=0.0022; (C), PTX, U= 0, P=0.0022; AP5, U= 0, P=0.0022; DNQX, U= 0, 

P=0.0022; wash, U= 0, P=0.0022; (D), DNQX, U= 0,  P=0.0022; wash, U= 0, 

P=0.0022; Mann Whitney test; (E), no significant difference; Ordinary one-way 

ANOVA followed by Dunnett’s multiple comparisons test. 

4.2.3.2.2 The effects of 50 μM adenosine, 250 nM DPCPX, and 

then both 50 μM adenosine and 250 nM DPCPX, on SC 

activation in the CA1 area in the presence of 

postsynaptic blockers.  

The effects of adenosine and DPCPX were next examined in the presence of a 

postsynaptic receptor blockade to establish the proportion to which their overall 

effects on the SC-CA1 synaptic pathway were mediated on SC synaptic terminals 

and, therefore, to estimate the relative contribution of poly-synaptic circuits of 

SyGCaMP2 fluorescence responses to SC/AC stimulation. As before, in the 

presence of PTX, AP5 and DPCPX, applications of adenosine produced the 

same pattern of results as the experiments without postsynaptic blockers in each 

of the three different imaging methods used; adenosine reversibly reduced the 

size of SyGCaMP2 responses, as shown in figure 4.13-A. Applications of DPCPX 

had no effect in either the SyG14 or fluo-4 groups, but an increase in responses 

was observed in the SyG37 group, as seen in figure 4.13-B. The inhibitory actions 

of adenosine observed in the SyG37 model experiments were blocked in the 

presence of DPCPX even when GABAA/Glycine and ionotropic glutamate 

receptors are blocked, indicating the presynaptic locus of the SyGCaMP2-

mCherry sensor (4.13-C). Insertions in figure 4.13-D show that the 

autofluorescence response in SyG14 mice was almost completely lost in the 
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presence of PTX, AP5 and DNQX which suggests it is almost exclusively 

postsynaptic in origin. 

Figure 4.13. The effects of 50 μM adenosine, 250 nM DPCPX, and then both 
50 μM adenosine and 250 nM DPCPX, on optically recorded responses to 
SC activation in the CA1 area of the hippocampus in the presence of 
postsynaptic blockers. 
A., B. and C. show the pooled data of the three different optically recorded 

responses for the effect of adenosine, DPCPX, and then both adenosine and 

DPCPX, on CA1 area responses in the presence of 10 μM PTX, AP5 and DNQX, 

respectively. Insertions in D show responses (F/F0) of fluorescence collected 

during the baseline period (-5 minutes, black circle) from SyG37 (red), SyG14 

mice (green) and fluo-4 calcium dye (blue) experiments, respectively. The black 

arrow shows the point where the stimulation (20 V, 20 AP at 20 Hz) is begun. 
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Data are shown as the mean peak optical responses and standard errors. The 

numbers of experiments in each group was six. The statistical test were 

performed between SyG37 and the other two optic methods. Statistics: In (A), 

there is no significant difference; (B) SyG37 Vs SyG14, P=0.0045; SyG37 Vs 

Fluo-4, P=<0.0001; (C), there is no significant difference; Two-way ANOVA 

followed by Sidak's multiple comparisons test. 

4.2.3.3 Comparison of the effects of adenosine receptor 

modulation on CA1 responses with and without 

blocking synaptic transmission. 

The effects of adenosine and DPCPX in the presence of AP5 only and in the 

presence of AP5, 10 μM PTX and DNQX in the extracellular solution were 

collated and compared in figure 4.14 for each of the three experimental models 

examined. Each column of data represents one of the three experimental models. 

With the exception of the SyG14 mouse model group in adenosine experiments, 

addition of PTX, AP5 and DNQX did not lead to a clear reduction in the size of 

responses prior to application of adenosine, or DPCPX, or both. In SyG14 mouse 

model experiments, the fluorescence was significantly reduced in both, during 

adenosine addition and the wash-off period as compared to the baseline 

responses. The results shown in figure 4.14 indicate that neither SyG14 

measurements nor fluo-4 measurements were sufficiently sensitive to detect the 

effects of DPCPX in the presence or absence of postsynaptic blockers. 

Responses recorded in SyG37 positive mice were, however, still present in the 

presence of postsynaptic blockers, which is consistent with the expression of the 

SyGCaMP2-mCherry sensor in SC/AC terminals.  
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Figure 4.14. Comparison between the effects of 50 μM adenosine, 250 nM 
DPCPX, and both 50 μM adenosine and 250 nM DPCPX, on three different 
optically recorded responses to SC activation in the CA1 area of the 
hippocampus in the presence and absence of postsynaptic blockers.  
Panels A., B. and C. show the pooled analysis of the effects of adenosine, 

DPCPX and the effects of adding adenosine and DPCPX together on CA1 

responses to SC stimulation. The left, middle and right panels represent three 

different experimental groups: SyG37, SyG14 intrinsic fluorescence and fluo-4 

calcium dye, respectively. The means and standard errors from 6 separate 

experiments are shown. Statistics: The statistical test were performed between 

Just AP5 and PTX, AP5, DNQX experiments. Statistics: In (A-SyG14), 

adenosine, P=0.0071; wash, P=0.035; Two-way ANOVA followed by Sidak's 

multiple comparisons test. 

Although the cumulative addition of AP5, PTX and DNQX reduced the amplitudes 

of responses to SC/AC stimulation in all models, we noticed that the baseline 

peak amplitude of responses in the SyG37 mouse were actually larger in slices 

that had been pre-incubated in AP5, PTX and DNQX. Figure 4.15 provides 
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examples of responses collected using the fluo-4 calcium dye, SyG37, SyG14 

and WT mouse experiments in the presence of AP5 alone and then overlain with 

examples from different slices in which AP5, PTX and DNQX had been included 

in the extracellular solution for at least 30 minutes. For each method, the mean 

absolute responses from nine ROIs were placed within the stratum radiatum of 

the CA1 hippocampal region and plotted against time. Responses from fluo-4 

calcium dye and SyG37 experiments were faster than those from SyG14 or WT 

animals. With the exception of the SyG37 group, pre-incubation of slices with 

PTX, AP5 and DNQX for at least 30 minutes led to a clear reduction in the size 

of baseline responses compared to non-incubated slices. In the SyG37 group, 

the baseline fluorescence levels, interestingly, increased as a result of pre-

incubation by about 26.9% compared to slices that had not been pre-incubated. 

In the absence of these blockers, the responses represent a mixture of signals 

originating from the SC/AC terminals and those from presynaptic terminals from 

cells that are postsynaptic to SC/AC terminals. It is possible, therefore, that prior 

stimulation in the absence of blockers had in some way influenced the size of the 

response that was not apparent when the blockers were present from the outset. 

The autofluorescence response in SyG14 and WT mice was almost completely 

lost in the presence of PTX, AP5 and DNQX which suggests it is almost 

exclusively postsynaptic in origin. The fluo-4 signal was reduced by less than 

40%. Whilst this method of fluo-4 loading is reported to preferentially load 

presynaptic terminals, these data suggest that the signal we recorded is only 

partially presynaptic in origin (figure 4.15-A., B., C., D. and E.). These results are 

consistent with our earlier observations that SyGCaMP2-mCherry is selectively 

expressed in presynaptic terminals within the hippocampus and indicate that a 

significant component of the response to SC/AC stimulation is from the SC/AC 

terminals themselves. Therefore, the SyG37 gives the most “pure” indication of 

presynaptic effects, then it is capable of detecting an acute effect of blockers that 

occurs in the absence of stimulation. Our results also indicate that fluo-4 also 

targets presynaptic sites but not exclusively as a significant proportion of the total 

signal is of postsynaptic origin. The source of fluorescence collected from SyG14 

and WT mouse experiments seemed to be originating from the postsynaptic 
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region and so these intrinsic fluorescence models are not useful for measuring 

presynaptic calcium signals.  

Figure 4.15. The effects of pre-incubation of postsynaptic blockers on the 
responses of different optical recording methods to SC/AC pathway 
stimulation.  
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A., B., C. and D. show responses (F/F0) of fluorescence collected during the 

baseline period (-5 minutes) from fluo-4 calcium dye, SyG37, SyG14 and WT 

mice experiments, respectively, where these traces were collected during 

stimulation of the SC/AC from experiments in the presence of AP5 alone (blue) 

and then overlain with examples from different slices in which AP5, PTX and 

DNQX had been included (red) in the extracellular solution for at least 30 minutes. 

The black arrow shows the point where the stimulation (20 V, 20 AP at 20 Hz) 

was delivered. E. shows the pooled data of absolute fluorescence collected 

during stimulation of the SC/AC before and after application of 10 µM PTX, 50 

µM AP5 and 10 µM DNQX. The number of experiments in E. was six, except for 

WT experiments where there was only one experiment. The statistical test were 

performed between Just AP5 and PTX, AP5, DNQX experiments at baseline 

level. Statistics: In (E-SyG14), t(10) = 7.6,  P=<0.0001; unpaired t test. The bar 

chart, F., shows the percentage of lost or gained fluorescence in each optical 

recording method after synaptic transmission blockade. The percentage of lost 

or gained fluorescence for each experimental group was calculated by 

subtracting the absolute fluorescence collected from AP5 only experiments from 

the absolute fluorescence collected from PTX, AP5 and DNQX experiments, from 

which the percentages were then calculated.   

4.2.4 Calcium transients measured at individual presynaptic 

boutons in the CA1 area using the SyGCaMP2 sensor. 

It is not clear from our previous studies whether the changes in SyGCaMP2 

fluorescence observed were due to a change in the number of contributing 

puncta or a whether each puncta experienced a larger or smaller peak response. 

Therefore, we used multiphoton microscopy to identify individual presynaptic 

boutons and examined the effects of stimulus intensity and adenosine on 

fluorescence responses in CA1. A presynaptic fibre volley, which was collected 

during our previous experiments, was used as a further indicator of presynaptic 

activity. The fibre volley is a brief, negative, extracellularly recorded wave caused 

by activation of presynaptic fibres when action potentials in a population of axons 

are evoked by extracellular stimulation. The fibre volley amplitude is proportional 

to the number of active presynaptic fibres, which in turn fire and activate their 

postsynaptic partners (Henze et al., 2000a, Meeks and Mennerick, 2004).  
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4.2.4.1 The effect of altering the stimulus intensity on both 

individual presynaptic boutons and the presynaptic 

fibre volley during SC-CA1 pathway activation of the 

SyG37 mouse model. 

To find the impact of altering stimulus intensity on both individual presynaptic 

boutons and the presynaptic fibre volley, stimulus intensity was increased 

gradually from 0 to 70 V using a fixed stimulus number (20 AP) at a fixed 

frequency (20 Hz). Image 4.16-A obtained from the CA1 hippocampal area of 

SyG37 mice provided an example of the effects of increasing stimulus intensity 

on SyGCaMP2 fluorescence after SC/CA1 activation. To test the effects of 

increasing stimulus intensity on individual presynaptic boutons, the amplitudes 

from the same ROIs placed directly over identified puncta were compared at 

different stimulus intensities. Figure 4-16-B clearly demonstrates that increasing 

the stimulus intensity caused relatively little effect on the peak amplitude of 

responses from single puncta obtained at 10 and 60 V although the numbers of 

boutons that responded at each intensity were very different. The right hand 

panel of figure 4-16-C shows that when only responding puncta were included in 

the analysis, there was no difference between the amplitudes of responses at 

each of the intensities tested greater than zero volts. On the other hand, full frame 

fluorescence responses (left-hand panel), showed a gradual increase with 

stimulus intensity. When the AUC of responses for each case was plotted against 

intensity (figure 4-16-D), there was a clear linear relationship between the full 

frame response. In contrast, with responding puncta, once the threshold for 

responses of single puncta was reached, the peak response did not change 

significantly with intensity. These results indicate that as stimulus intensity 

increases, there is a gradual recruitment of puncta. The increase in SyGCaMP2 

fluorescence caused by increasing stimulus intensity was therefore due to an 

increase in the number of contributing terminals as opposed to an increase in the 

amount of calcium influx per terminal. Fibre volley recordings were consistent 

with imaging results where the N1 component of the field potential curve was also 

significantly increased by increasing the stimulus intensity with 70 V eliciting a 

maximal response with no saturation (figure 4-16-E. and F.).  
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Figure 4.16. The effect of altering the stimulus intensity on both individual 
presynaptic boutons and the presynaptic fibre volley after SC/CA1 
activation in the hippocampal CA1 region of a SyG37 mouse.  
A. shows the average of three SyGCaMP2 images taken immediately before

stimulation were subtracted from the peak responses taken during electrical

stimulation at different stimulus intensities. B. shows responses obtained at 10

and 60 V. C. shows responses from single puncta (right) and full frame

fluorescence response (left) obtained at different stimulus intensities. D. shows

the AUC of SyGCaMP2 fluorescence obtained from single puncta (black) and full

frame fluorescence response (red) plotted against the stimulus intensity. E. and

F. show the change in the N1 component of the field potential curve at different

stimulus intensities and the fibre volley peak amplitude plotted against stimulus

intensity, respectively (Mean ± SEM; n = 6). The statistical test in F was

performed between 0V and other stimulus intensities. 20V, P=0.0161; 30V,

P=0.0108; 40V, P=0.0030; 50V, P=0.0013; 60V, P=0.0008; 70V, P=0.0002;
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Kruskal-Wallis test followed by Dunn's multiple comparisons test. The scale bar 

in A is 10µ. 

4.2.4.2 The effect of 50 μM adenosine on both individual 

presynaptic boutons and the presynaptic fibre volley 

during the SC-CA1 pathway activation of the SyG37 

mouse model. 

We have so far shown, in experiments carried out using an epifluorescence 

microscope and camera, that adenosine causes a reversible reduction in 

SyGCaMP2 fluorescence and associated reduction in synaptic transmission at 

the SC-CA1 synapse. We next carried out experiments using a multiphoton 

microscope to examine whether the reduction in SyGCaMP2 fluorescence was 

due to a reduction in the number of contributing boutons, a reduction in 

fluorescence per bouton or a combination of the two. These results were 

compared with the effects of adenosine on the presynaptic fibre volley, N1. Image 

4.17-A obtained from the CA1 hippocampal area of SyG37 mice provided an 

example of the effects of 50 µM adenosine on SyGCaMP2 fluorescence after 

SC/CA1 activation. The SyGCaMP2 fluorescence slope obtained from the full 

frame fluorescence response were compared before, during, and after washout 

of adenosine as shown in figure 4.17-B. Traces from either the full frame 

fluorescence response (figure 4.17.C) or single puncta were shown in figures 

4.17.D and E.  These figures clearly demonstrate that 50 µM adenosine caused 

a decrease in the amplitude of the slope of responses from individual puncta. It 

is reasonable to suggest, therefore, that the decrease in fluorescence caused by 

adenosine is due a reduction in the amount of calcium influx per terminal. It is 

worth noting that the SyGCaMP2 fluorescence amplitude collected from a single 

punctum (as an exemplary sample) was decreased after adenosine addition with 

different recovery levels at wash-out (figure 4.17-D and E); therefore, there was 

a difference between SyGCaMP2 fluorescence collected from single punctum and 

the full frame fluorescence response during the wash-out period, where the 

SyGCaMP2 fluorescence recovered at full frame fluorescence response but not in 

the case of the single punctum that represented in figure 4-17-D. Fibre volley 

recordings were also analyzed. Interestingly, the N1 component of the field 
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potential curve was significantly increased after adding adenosine. This suggests 

that there is a significant change in the number of afferents activated by stimulation 

of the SCs (figure 4-17-E. and F.). Generally, there was a small effect on responses 

from single boutons. This might be due to the presence of fewer boutons and a 

small reduction in calcium influx. Of course, an AP might still occur and adenosine 

seems to suggest that more fibers are recruited but this recruitment does not appear 

to result in calcium influx. 

Figure 4.17. The effect of 50 μM adenosine on both individual presynaptic 
boutons and the presynaptic fibre volley during SC/CA1 activation in the 
hippocampal CA1 region of a SyG37 mouse.  
Pseudo-coloured images of SyGCaMP2 fluorescence were collected before and 

during SC/AC stimulation at 50 V, 20 AP using 20 Hz (black arrow). A. shows the 

average of three SyGCaMP2 images taken immediately before stimulation when 

subtracted from the peak responses taken during stimulation during the baseline 
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and adenosine addition periods. B. shows the full frame fluorescence response 

change before, during, and after adenosine addition. Traces obtained from either 

the full frame fluorescence response (C) or from single puncta (D and E) are 

shown as well.  F. shows the N1 component of the field potential curve where the 

upper traces show the averages of six sweeps each of an exemplary experiment 

for the baseline (black line), adenosine (red line) and  for wash-out (green line). 

F. shows the fibre volley peak amplitude plotted against time (Mean ± SEM; n =

6). The statistical test were performed between baseline and the other periods.

Statistics: Adenosine, U= 5, P=0.0411; Mann Whitney test. The scale bar in A is

10µ.

4.2.5 The role of the cAMP-PKA signalling cascade in SC/AC-

CA1 pathway activity and the contribution of presynaptic 

calcium? 

Long-term potentiation at the hippocampal SC/AC synapse onto CA1 pyramidal 

cells (Bliss and Collingridge, 1993) is perhaps the most commonly studied form 

of long-lasting synaptic plasticity. Long-lasting changes in synaptic efficacy can 

be induced either chemically, by pharmacologically stimulating the respective 

intracellular transduction pathways (Breakwell et al., 1996, Lu et al., 1999, 

Otmakhov et al., 2004) or synaptically using one of many different stimulus 

paradigms. Brief bursts of high frequency synaptic stimulation to SC/AC 

pathways leads to activation of AMPA and N-methyl-D-aspartate (NMDA) 

receptors which lead to large increases in intracellular Ca2+ and eventually LTP 

by activating a variety of protein kinases (Bliss and Collingridge, 1993). The 

cAMP-PKA signalling pathway is involved in both the pre- and post-synaptic 

modulation of synaptic transmission at hippocampal CA1 excitatory synapses 

(Bourtchouladze et al., 1998, Bach et al., 1999, Sharifzadeh et al., 2005, Abel 

and Nguyen, 2008, Rutten et al., 2009, Bollen et al., 2014, Cavalier et al., 2015). 

For example, forskolin mediates synaptic transmission potentiation via 

postsynaptic mechanisms (Sokolova et al., 2006), that involves NMDARs 

(Otmakhov et al., 2004).  Many studies have shown a presynaptic effect of 

forskolin. For example, in the CA1 area of rat hippocampal slices, cAMP 

activation enhances evoked and spontaneous release of neurotransmitter in 

SC/AC terminals. This resulted in a significant increase in mEPSC frequency 
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(Chavez-Noriega and Stevens, 1994, Carroll et al., 1998). Using our SyG37 

mouse model, we aimed to examine whether modulation of the cAMP-PKA 

signalling cascade had an effect on SyGCaMP2 responses to SC/CA1 activation. 

Since we routinely applied AP5 in our CA1 experiments, we presume that we 

blocked NMDA-dependent postsynaptic effects of cAMP. We used forskolin, an 

adenylyl cyclase activator, and rolipram, a PDE4 inhibitor, to modulate the activity 

of the cAMP-PKA signalling cascade and examined signalling cross talk with the 

adenosine pathway using optical and extracellular recording techniques.  

4.2.5.1 The effects of activation of the cAMP/PKA signalling 

cascade on SyG37 and fEPS responses in the CA1 area 

of the hippocampus. 

The effects of forskolin/rolipram on the SyGCaMP2-mCherry sensor were 

investigated using imaging and electrophysiological experiments. In these two 

series of experiments we tested the effects of two different concentrations of 

forskolin (25 and 50 µM), each in the presence of 10 nM rolipram, on SyGCaMP2 

fluorescence. After obtaining a stable baseline of evoked synaptic responses, 

either 25 or 50 µM forskolin and 10 nM rolipram were applied via a bath for 30 

minutes and then washed out for about 20 minutes. Both concentrations of 

forskolin reduced SyGCaMP2 fluorescence responses to stimulation in a dose-

dependent manner. 50 μM forskolin had a stronger and more significant inhibitory 

effect than 25 μM forskolin on the initial slope of SyGCaMP2 fluorescence. This 

effect was clearer from measurements of the slope than the peak amplitude of 

SyGCaMP2 fluorescence as shown in figure 4.18- A. and B. Responses 

recovered partially after applications of 25 μM forskolin but not with 50 μM. There 

was a significant difference between the slope of SyGCaMP2 fluorescence for 

the recovery period at each of these doses of forskolin. In contrast, 

electrophysiological recordings showed no clear effect of forskolin/rolipram on 

the peak amplitude of the N2 component of fEPSP (figure 4.18-C) or small non-

significant effect on the slope (figure 4.18 D). The paired-pulse ratio was slightly, 

but not significantly, changed with either concentration of forskolin.  
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Figure 4.18. The effects of 25 and 50 μM forskolin in the presence of 
rolipram on SC/AC activation of the CA1 area of a SyG37 mouse.  
Panels A. and B. show the effect of both 25 and 50 μM forskolin in the presence 

of rolipram on the peak amplitude and the slope of SyGCaMP2 fluorescence 

plotted against time, respectively. Panels C. and D. show the effect of 

forskolin/rolipram on the peak amplitude and the slope of fEPSP plotted against 
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time, respectively. Panel E. shows the effect of both 25 and 50 μM forskolin on 

PPR plotted against time. Data are represented as a percentage of averaged 

means (n = 6) of both SyGCaMP2 fluorescence and fEPSP change in the stratum 

radiatum during the control period, 30 minutes after forskolin/rolipram addition 

and then after a 25 minute wash out period. The statistical tests were performed 

between baseline and the other periods and between the effects of the two doses 

of forskolin. The degree of the statistical significance was presented on the 

histograms (right panel). Statistics: (A-blue), 25 μM forskolin, U= 0, P=0.0022; 

wash, U= 0, P=0.0022; (A-red), 50 μM forskolin, U= 1, P=0.0043; wash, U= 0, 

P=0.0022; Mann Whitney test. (A-green); wash, P=0.0394; two-way ANOVA 

followed by Sidak's multiple comparisons test. (B-blue), wash, U= 1, P=0.0043; 

(B-red), 50 μM forskolin, U= 0, P=0.0022; wash, U= 0, P=0.0022; Mann Whitney 

test. (B- green), wash, P=0.0216; two-way ANOVA followed by Sidak's multiple 

comparisons test. In E, Unpaired t test was performed between baseline and the 

other periods and the two-way ANOVA followed by Sidak's multiple comparisons 

test was used to compare between the two doses of forskolin. 

4.2.5.2 Effects of forskolin and rolipram in the presence of 

DPCPX on SC/AC responses in the CA1 region of SyG37 

mice. 

We did not expect to see an inhibitory effect of forskolin/rolipram on SyG37 

responses. Lu and Gean (1999) reported that forskolin-induced long-term 

potentiation is masked by adenosine accumulation in area CA1 of the rat 

hippocampus (Lu and Gean, 1999). We therefore examined whether inhibition of 

adenosine A1 receptors influenced the effects of forskolin/rolipram using the 

lower concentration of 25 μM forskolin. Slices were pre-treated with DPCPX, a 

selective A1 adenosine receptor antagonist (Bruns et al., 1987a, Lohse et al., 

1987b). Under these conditions, 25 μM forskolin and 10 nM rolipram produced a 

small but non-significant increase in both the peak amplitude and the slope of 

SyGCaMP2 fluorescence responses, as shown in figure 4.19 A. and B. The slope 

of the N2 component of the field potential was also increased but non-significantly 

(figure 4.19-D.). The paired-pulse ratio also changed, indicating possible 

presynaptic action of forskolin/rolipram in the presence of DPCPX (figure 4.17-

E). Inhibition of adenosine A1 receptors by DPCPX therefore unmasked forskolin-
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induced potentiation of SyGCaMP2 responses. Qualitatively similar effects were 

observed on the field potential recordings but the effects were not significant. 

Figure 4.19. Comparison between the effect of 25 μM forskolin and 
rolipram in the presence and absence of DPCPX on optical and 
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electrophysiological responses to SC/AX activation in the CA1 area of 
SyG37 mice.  
Panels A. and B. show the effect of 25 μM forskolin in the absence and presence 

of DPCPX on the peak amplitude and the slope of SyGCaMP2 fluorescence 

plotted against time, respectively. Panels C. and D. show the effect of 25 μM 

forskolin in the absence and presence of DPCPX on the peak amplitude and the 

slope of fEPSP plotted against time, respectively. Panel E. shows the effect of 25 

μM forskolin on PPR plotted against time. The above data is represented as a 

percentage of averaged means (n = 6) of both SyGCaMP2 fluorescence and 

fEPSP change in the stratum radiatum at 15 minute control, 30 minute 

forskolin/rolipram addition and 25 minute washing-out periods. The statistical 

tests were performed between baseline and the other periods and between the 

two sets of experiments. The degree of the statistical significance was presented 

on the histograms (right panel). (A-blue), drug addition, U= 0, P=0.0022; wash, 

U= 0, P=0.0022; (A-red), wash, U= 0, P=0.0022; Mann Whitney test. (A-green), 

drug addition, P=0.0067; two-way ANOVA followed by Sidak's multiple 

comparisons test. (B- blue), wash, U= 1, P=0.0043; (B-red) - drug addition, U= 0, 

P=0.0022; wash, U= 0, P=0.0022; Mann Whitney test. (B-green); drug addition, 

P=0.0159; two-way ANOVA followed by Sidak's multiple comparisons test. (C-

green); wash, P=0.0272; two-way ANOVA followed by Sidak's multiple 

comparisons test. In E, Unpaired t test was performed between baseline and the 

other periods and the two-way ANOVA followed by Sidak's multiple comparisons 

test, was used to compare between the two doses of forskolin. 

4.2.5.3 Effect of forskolin and rolipram on SC/AC activation in 

the CA1 area in the presence of both DPCPX and PKA 

inhibitors. 

Simultaneous application of forskolin/rolipram and DPCPX induced a potentiation 

of SyGCaMP2 responses. To confirm that this was mediated by protein kinase 

A, the experiments were repeated in the presence of the PKA inhibitor PKI (14-

22) amide. Slices were incubated with aCSF containing 50 μM D-AP5, 250 nM

DPCPX and 100 μM PKI (14-22) amide from the outset. After obtaining stable

baselines 25 μM forskolin and 10 nM rolipram were applied for 30 minutes and

then washed out for a further 20 minutes. 25 μM forskolin and 10 nM rolipram

produced a significant reduction of the slope of SyGCaMP2 fluorescence which
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did not recover to the baseline levels upon washout (figure 4.20-B). The slope of 

the N2 component of the field potential was also significantly reduced and this 

also did not recover to the baseline levels as shown in figure 4.20-D. The paired-

pulse ratio reduced slightly in the presence of DPCPX and PKI but not 

significantly (figure 4.18-E). A two-way ANOVA test detected a significant 

difference between the two groups (with and without PKI); in terms of SyGCaMP2 

fluorescence. None of the electrophysiological parameters demonstrated any 

significant changes between two groups as the SEM were very large, as shown 

in figure 4.20-D. and E. 
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Figure 4.20. Comparison between the effect of 25 μM forskolin and 10 nm 
rolipram in the presence of DPCPX in the presence and absence of protein 
kinase inhibitor (PKI) on SC/AC activation in the CA1 area of a SyG37 
mouse.  
Panels A. and B. show the effect of 25 μM forskolin/10 nm rolipram in the 

presence of DPCPX in the absence and presence of the PKI inhibitor (14-22) 
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amide on the peak amplitude and the slope of SyGCaMP2 fluorescence plotted 

against time, respectively. Panels C. and D. show the effect of 25 μM forskolin 

and DPCPX in the absence and presence of PKI on the peak amplitude and the 

slope of fEPSP plotted against time, respectively. Panel E. shows the effect of 25 

μM forskolin and DPCPX in the absence and presence of PKI on PPR plotted 

against time. Data are represented as a percentage of averaged means (n = 6) 

of both SyGCaMP2 fluorescence and fEPSP change in the stratum radiatum 

during 15 minute control, 30 minute forskolin/rolipram addition and after a 25 

minute wash out period. The statistical tests were performed between baseline 

and the other periods and between the two sets of experiments. The degree of 

the statistical significance was presented on the histograms (right panel). 

Statistics: (A- blue), wash, U= 0, P=0.0022; Mann Whitney test. (A- green), drug 

addition, P=0.0075; two-way ANOVA followed by Sidak's multiple comparisons 

test. (B- blue), drug addition, U= 5, P=0.0043. (B-green); drug addition, P=0.0488; 

two-way ANOVA followed by Sidak's multiple comparisons test. (D-green); Drug 

addition, P=0.0087; wash, P=0.0021; Mann Whitney test. In E, Unpaired t test 

was performed between baseline and the other periods and the two-way ANOVA 

followed by Sidak's multiple comparisons test, to compare between the two doses 

of forskolin. 
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4.3 Discussion 

In this chapter we evaluated the sensitivity of a new, ratiometric fluorescent 

calcium indicator, SyGCaMP2-mCherry by characterising its responses to 

activation of SC-CA1 pathway. In the CA1 region there is general agreement that 

LTP is dependent upon NMDA-receptors (Collingridge et al., 1983). Little is 

known about the exact role of presynaptic calcium signalling in the CA1 region. 

However, several studies have reported concomitant changes in presynaptic 

vesicle recycling associated with long-term potentiation in area CA1 (Stanton et 

al., 2006). A combination of imaging and field potential recordings was carried 

out in the hippocampal CA1 area using electrical stimulation and pharmacological 

manipulation to confirm whether the SyGCaMP2-mCherry sensor was capable 

of reporting presynaptic changes in calcium signalling. 

4.3.1 Electrical activation studies of the SC-CA1 pathway 

reveals the sensitivity of the SyGCaMP2-mCherry sensor. 

The effects of altering the stimulus intensity in the SC-CA1 pathway of SyG37 

mice revealed that responses increased in a roughly linear manner, particularly 

at lower intensities, indicating a gradual recruitment fibres (figure 4-4). 

SyGCaMP2 fluorescence, as an indicator of a presynaptic calcium, showed a 

direct correlation with the postsynaptic potentials except at the two highest 

stimulus intensities examined, 60 and 70 V (figure 4-5). This loss of linearity might 

be due to the sensor saturation because fEPSP responses continued to increase. 

The single bouton experiments showed that raising stimulus intensity recruits 

more fibres/boutons rather than leading to substantial increases in the amount of 

calcium per bouton. Presynaptic fibre volley recordings were consistent with 

single bouton experiments where the N1 component of the field potential curve 

was also significantly increased by increasing the stimulus intensity confirming 

the possibility of the recruitment of a different fibre type at higher stimulus 

intensities (figure 4-16). SyGCaMP2 fluorescence also showed a positive 

relationship with both the stimulus number and intensity except there was a 

decrease in the SyGCaMP2 fluorescence at 100 Hz (figure 4-6 & 7). With 

SyGCaMP2-mCherry, it was possible to detect responses to single stimuli 
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(Okorocha, 2016) as it is the case for the GCaMP6 sensor. In our hands, 

increasing stimuli intensity, number and frequency of stimulation showed a 

prominent uniform pattern of SyGCaMP2 response makes it a useful tool for 

calcium signalling monitoring in the CNS.  

4.3.2 A comparative study of adenosine receptor manipulation 

showed the sensitivity and confirmed the presynaptic 

locus of SyGCaMP2-Mcherry sensor in CA1 microcircuit of 

SyG37 transgenic mouse model. 

Adenosine reduced SyG37 responses in the presence of AP5 and on washout, 

responses recovered and even potentiated. These effects were accompanied by 

a reduction in fEPSP size and an increase in PPR (figure 4-8 & 9). Together, 

these results suggest a presynaptic site of action of adenosine and indicate that 

this effect includes a reduction in presynaptic calcium. MP experiments using the 

whole frame of the response to SC/AC stimulation revealed the same basic 

effects as epifluorescence imaging (figure 4-17). If only responding boutons were 

examined, the effect was consistent but less clear giving the impression that this 

population of responding boutons was somehow more resistant to adenosine. 

The numbers of boutons contributing clearly reduced upon application of 

adenosine but measurements of the fibre volley showed that there was no 

reduction in fibre recruitment. These results suggest, therefore, that adenosine 

may have reduced calcium influx so much in some terminals to have made their 

response too small for us to identify them as responding, giving the appearance 

that boutons were not activated. It is interesting to speculate why some boutons 

are not affected by adenosine. They might reflect a separate population of 

presynaptic terminals from either a different population of cells, or represent 

heterogeneity within the same population of cells. Further experiments and a 

more detailed data analysis may be needed to determine if we can divide these 

presynaptic boutons into different groups according to their ability to recover from 

adenosine. Zhang and Linden (2012) found that parallel fibre boutons located in 

the outer molecular layer have a lower calcium clearance rate than boutons 

located in the inner molecular layer. They suggested that cerebellar granule cell 

boutons should be regarded as different subpopulations of boutons which may 
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exhibit different properties rather than forming a homogeneous population. In 

general, the reduction in SyGCaMP2 fluorescence is due to a reduction in the 

amount of calcium influx per terminal, as opposed to a reduction in the number 

of contributing terminals.  

Our results with adenosine on SyGCaMP2 responses are largely consistent with 

those of Wu and Saggau, and others, who showed that adenosine reduced 

presynaptic calcium as this suppression is thought to be of presynaptic origin as 

it changes synaptic paired-pulse facilitation in the hippocampus (Wu and Saggau, 

1994, Gundlfinger et al., 2007). The effects of adenosine were mediated via A1 

receptors since they were blocked by DPCPX (Lohse et al., 1987a). Of the three 

optical models used only the SyG37 model reliably detected the effects of 

DPCPX and revealed that DPCPX is acting to inhibit a tonic, inhibitory effect of 

adenosine within the CA1 region of the hippocampus (figure 4-10).  

Experiments repeated in presence of blocking synaptic transmission produced 

results that were very similar and provide further confirmation of the results of Wu 

and Saggau (1994) that adenosine reduces calcium influx within the terminals of 

SC fibres (figure 4-13 & 14). Even when synaptic transmission was blocked, 

SyG37 responses were still present and more than 70% of the signal originated 

from SC/AC terminals (figure 4-12). In our hands, blockade of GABA-ergic and 

Glutamatergic ionotropic receptors reduced intrinsic autofluorescence 

measurements almost completely indicating that autofluorescence 

measurements are largely postsynaptic in origin (figure 4-12). It was therefore 

not surprising that neither adenosine nor DPCPX (even at higher doses) had any 

noticeable effect under these conditions. Moreover, presynaptic loading of 

terminals with organic calcium dyes, fluo-4, was not as sensitive as the SyG37 

model. This is most probably due to dye redistribution or leaking from cells over 

time, non-uniform dye loading, cell size differences and photobleaching (Gee et 

al., 2000, Paredes et al., 2008). So, we have been able to confirm previous 

results but using a potentially better and easier model for measuring presynaptic 

calcium. 

One surprising observation was that in the experiments where PTX, AP5 and 

DNQX were pre-incubated, the baseline peak responses were larger than those 

measured just with AP5 present (figure 4-15). This was surprising because when 
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these receptor antagonists were added after a stable baseline of responses had 

been established, responses decreased. Zhao et al., (2011) found that there was 

an increase in the amount of presynaptic calcium in response to an action 

potential following a chronic decrease in the activity of the neuronal network 

which lead to a form of homosynaptic plasticity (Zhao et al., 2011). The reason 

for this is not entirely clear but Ripley et al (2011) reported that there was a strong 

correlation between the stability of presynaptic inputs and the presence of 

postsynaptic AMPA receptors. It is possible therefore that in the absence of long-

term AMPA receptor activity, presynaptic signals increase in a compensatory 

manner leading to an increase in responsiveness. These observations suggested 

that postsynaptic AMPA receptors might play a crucial role in regulating synapse 

stability (Ripley et al., 2011). Results in this chapter demonstrate that of the four 

different models tested, the SyG37 model is the most sensitive method. It allows 

presynaptic calcium to be measured in isolation and because it is possible to 

measure responses even in the presence of synaptic blockers, it is useful tool to 

examine the contribution of presynaptic calcium to cell signalling. 

4.3.3  CAMP-PKA signalling cascade required for SC-CA1 

pathway activity with the possibility of presynaptic 

calcium contribution. 

In the CA1 hippocampal area, forskolin potentiates synaptic transmission through 

postsynaptic mechanisms which may involve phosphorylation of AMPA receptors 

(Sokolova et al., 2006). According to Otmakhov (2004), cLTP induced by 

forskolin and rolipram requires NMDARs since it was blocked by AP5 (Otmakhov 

et al., 2004). In our experiments, we applied AP5 and so any effects of 

forskolin/rolipram are unlikely to be postsynaptic or at least NMDAR dependent. 

Many studies have shown that forskolin can have presynaptic effects. For 

example, in the CA1 area of rat hippocampal slices, cAMP activation enhances 

evoked and spontaneous release of neurotransmitter in SC terminals. This was 

evident from a significant increase in mEPSC frequency (Chavez-Noriega and 

Stevens, 1994, Carroll et al., 1998). Luchkina et al. (2014) found that forskolin 

has effects on both pre and postsynaptic terminals but the postsynaptic effects 

are dependent on the presence of GluA4 which is high in immature synapses but 
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disappears over time. In our experiments, forskolin and rolipram produce a 

reduction in SyGCaMP2 fluorescence, in a dose dependent manner, but a very 

small increase in the slope of the fEPSP (figure 4-18 & 19). This effect was 

reversed in the presence of DPCPX revealing a small increase in SyGCaMP2 

responses, fEPSP slope and a concomitant reduction in PPR (figure 4-20). These 

results are largely consistent with those of Lu and Gean (1999). They found that 

potentiation induced by forskolin in the presence of a type 1 Adenosine receptor 

antagonist (DPCPX) was PKA-dependent, insensitive to the NMDAR antagonist 

AP5 and accompanied by a reduction in the PPR. However, they found that 

application of forskolin with the type 4 specific PDE inhibitor (RO-20-1724) did 

produce LTP suggesting that it was adenosine, a breakdown product of cAMP 

that was responsible for masking potentiation. In our hands, using a different 

PDE4 inhibitor Rolipram, this was not the case. The explanation for this is not 

clear. Moreover, the level of potentiation we observed was very small compared 

to that seen previously. It is possible that our fEPSP recordings were a mixture 

of fEPSP and population spike which are differently affected by forskolin but this 

does not account for the small effects on presynaptic calcium unless the effect 

on calcium is relatively small compared to the effect on transmitter release. This 

small increase in the presynaptic calcium may be also due to the effect of 

collecting these data at room temperature, since the short-term plasticity as a 

presynaptic indicator, is temperature-dependent at CA3-CA1 synapses 

(Klyachko and Stevens, 2006, Gundlfinger, 2008). Another possibility is the effect 

of animal age as forskolin may only have effects in less mature synapses 

(Luchkina et al., 2014) which might have some influence on our data. In general, 

these results confirmed the cAMP/PKA pathway’s importance in basal synaptic 

transmission in CA1 area with a possible contribution of the presynaptic calcium 

as this detected by SyGCaMP2-mCherry sensor. The sensitivity of SyGCaMP2-

mCherry sensor make the SyG37 mouse a useful model for long-term cellular 

imaging of neuronal populations in the intact brain. 
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5 Chapter 5: Evaluation of the SyGCaMP2-mCherry 
sensor within the MF-CA3 pathway of SyG37 mice. 

5.1 Introduction 

Presynaptic calcium may play a significant role in certain types of longer-term 

plasticity of presynaptic origin including LTP at the synapses formed between 

mossy fibres and pyramidal cells within the CA3 region of the hippocampus 

(Henze et al., 2000b, Nicoll and Schmitz, 2005). Mossy fibre LTP involves 

numerous receptors and second messengers, but it is of presynaptic origin and 

involves the second messenger cAMP (Huang et al., 1994a, Weisskopf et al., 

1994, Trudeau et al., 1996). Mossy fibre LTP, as well as the analogous release 

of transmitter from synaptosomes extracted from this region, is enhanced by the 

activation of cAMP with the adenylate cyclase activator (forskolin), and is blocked 

by PKA inhibitors such as H-89 (Rodriguez-Moreno and Sihra, 2004). In this 

chapter, experiments on the MF-CA3 pathway were carried out in the same way 

as for those described in Chapter 4. The adenosine receptor modulation 

experiments were repeated in the presence of DNQX and PTX to block AMPA- 

and GABA/Glycinergic transmission to ensure that the recorded responses were 

not from presynaptic terminals of secondary neurones. As in chapter 4, a 

combination of imaging (SyG37) and field potential recordings were carried out 

using electrical stimulation and pharmacology. In all cases, care was taken to 

ensure that the optical and electrophysiological recorded responses from SyG37 

mice were from mossy fibres. Consequently, to ensure that responses underwent 

a substantial level of paired-pulse facilitation and were selectively blocked by 

addition of DCG-IV, which is an mGluR-2 agonist (Lanthorn et al., 1984, Yokoi et 

al., 1996).  
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5.2 RESULTS 

5.2.1 Electrode positions for SC-CA1 pathway activation and 

recording. 

Data here were collected and presented in the same way as Chapter 4, section 

4.2.1. For MF-CA3 experiments, stimulating electrodes were placed in the st. 

granulosum of the dentate gyrus and the recording electrode was placed in the 

st. lucidum layer of CA3. DCG-IV (an mGluR-2 agonist) was routinely applied to 

hippocampal slices after experiments as mossy fibre terminals are reported to be 

selectively sensitive to DCG-IV. Activation of mGluR-2 receptors inhibits 

glutamate release and, as a consequence, synaptic transmission (Lanthorn et 

al., 1984, Yokoi et al., 1996). Therefore, in all MF-CA3 recordings, 1 μM DCG-IV 

(a group II mGlu receptor agonist) was applied at the end of the experiments. 

Data were included if responses were reduced by more than 90%, confirming 

that we were recording from the MF-CA3 pathway with minimal contamination 

from other pathways. Mossy fibre responses also have characteristically large 

degrees of paired-pulse facilitation. Figure 5.1-C illustrates a typical field potential 

recording with large PPF.  
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Figure 5.1. Schematic drawings illustrating the synaptic pathways of the 
hippocampus and the positions of stimulating and recording electrodes 
within the CA3 region.  
A. shows a schematic diagram of transverse section of the mouse hippocampus.

B. shows the light transmission image of a transferase section of SyG-37 mouse

CA3 region of the hippocampus illustrating stimulating and recording electrode

positions and shows different layers and regions of the hippocampal CA3 area,

which contains the following layers: SO = stratum oriens, PCL = Pyramidal cell

layers, SL= stratum lucidum and stratum radiatum. The single asterisk indicates
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the stimulating electrode position and the double asterisks indicate the recording 

electrode position. C. shows the N1 and N2 components of the field recordings 

in the stratum lucidum of the hippocampal CA3 area as a result of the mossy fibre 

activation. The scale bar in B is 50 µm. 

5.2.2 Electrical activation studies of the MF-CA3 pathway of the 

SyG37 mouse model. 

In this study, we used the SyGCaMP2-mCherry sensor within the SyG37 

transgenic mouse to characterise the properties of presynaptic calcium signalling 

upon activation of the MF-CA3 pathway. The same parameters described in the 

previous chapter were used to examine the effects of stimulus intensity and the 

effects of changing the number and frequency of stimuli on SyGCaMP2 

responses. 

5.2.2.1 The effects of altering the stimulus intensity on the MF-

CA3 pathway of the SyG37 mouse model. 

In a first set of experiments, the intensity of stimuli applied to the MF pathway 

was increased from 0 to 70 V using a fixed number of 10 stimuli delivered at 20 

Hz. The example illustrated in figure 5.2 demonstrates that SyGCaMP2 

fluorescence increased in a roughly linear manner with stimulus intensity with no 

obvious sign of saturation. The maximal response recorded at 70 V elicited a 

response which was approximately twice the size of responses recorded at 20V 

(figure 5.2-A & B). The effects of stimulus intensity on the decay time constant are 

shown in figure 5.2-C. The effects of stimulus intensity of the N2 component of 

the field potential recorded from the stratum lucidum and are shown in figure 5.2 

D-F as well, showing same trend as imaging data. The paired-pulse ratio shows

a gradual increase up to a peak at 20 V (figure 5.2-F).



147 

Figure 5.2. The effect of increasing stimulus intensity on SyGCaMP2 
fluorescence and fEPSP responses in the hippocampal CA3 region after 
MF-CA3 activation.   
A. shows the mean responses to different stimulus intensities from ROIs placed

within the stratum lucidum of the CA3 hippocampal region as plotted against time.

B. and C. illustrate the effects of increasing stimulus intensity on the peak and

63% decay times, respectively. D. illustrates the effects of increasing stimulus

intensity on fEPSPs; each trace is the average of six sweeps. E. and D. show the

change in peak amplitude and PPR of field excitatory postsynaptic potentials

(fEPSPs), respectively. Values in B and E are normalized to the response at 20

V. Statistical differences are indicated with asterisks with *, ** or *** according to

the level of significance. The means and standard errors from 6 separate

experiments are shown. The statistical tests were performed between 0V and

other stimulus intensities. Statistics: (B), 20V, P=0.0169; 30V, P=0.0029; 40V,

P=0.0002; 50V, P=0.0001; 60V, P=<0.0001; 70V, <0.0001. (E), 30V, 0.0040;
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40V, 0.0015; 50V, 0.0017; 60V, P=<0.0001; 70V, <0.0001; Kruskal-Wallis test 

followed by Dunn's multiple comparisons test. (C & F), no significant difference 

was observed; Ordinary one-way ANOVA followed by Dunnett's multiple 

comparisons test. 

5.2.2.2 The effects of altering stimulus frequency on the 

SyGCaMP2 and fEPSP responses of MF-CA3 pathway. 

The effects of different frequencies of stimulation were tested at a fixed stimulus 

intensity (20 V) and a fixed stimulus number (10 AP). Imaging data showed that 

the peak amplitude of SyGCaMP2 fluorescence responses increased in a roughly 

linear manner up to approximately 20 Hz, which then reached a peak at around 

50 Hz. There was a subsequent decline in the SyGCaMP2 fluorescence at 100 

Hz, as shown in figure 5.3-A and B. The decay time was also measured; an 

inverse relationship between the increase in stimulus frequency and the 63% 

decay time of SyGCaMP2 fluorescence (figure 5.3-C) was observed.  

Field potential recordings showed a different trend compared to the imaging 

results. The peak amplitude and the slope of the N2 component of the last pulse 

in the train of the field potential were slightly increased by increasing the stimulus 

frequency with the 10 V required to elicit a suitable response in the stratum 

lucidum and with 100 Hz eliciting a maximal response. At 50 Hz, the peak 

amplitude decreased slightly, as shown in figure 5.3-D and E. Again, the effect 

at lower frequencies is more pronounced for SyGCaMP2 fluorescence than on 

field potential recordings. There was no that clear effect of changing stimulus 

frequency on the paired-pulse ratio (figure 5.3-F).  
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Figure 5.3. The effect of increasing stimulus frequency on both 
SyGCaMP2 fluorescence and its corresponding fEPSP in the hippocampal 
CA3 region after MF-CA3 activation.   
A. shows the mean responses to different Hz stimulation from ROIs placed within

the stratum lucidum of the CA3 hippocampal region plotted against time. B. and

C. illustrate the effects of increasing stimulus frequency on the peak and 63%

decay time over time for SyGCaMP2 fluorescence, respectively. D. shows field

recordings curve illustrating the action of increasing stimulus frequency on MF-

CA3 activation. E. and F. show the change in peak amplitude and PPR of field

excitatory postsynaptic potentials (fEPSPs) whilst increasing stimulus frequency.

The values shown are mean values ± SEM; values in B and E are normalized to

the response at 20 Hz. The statistical tests were performed between 0Hz and

other stimulus intensities. Statistics: (B), 20Hz, P=0.0069; 50Hz, P=<0.0001;

100Hz, <0.0001. (E), 70Hz, P=0.0029; Kruskal-Wallis test followed by Dunn's

multiple comparisons test. (C), 20Hz, P=0.0081; 50Hz, P=0.0003; 100Hz,
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P=0.0003, Ordinary one-way ANOVA followed by Dunnett's multiple comparisons 

test. 

5.2.2.3 The effects of altering the stimulus number on the MF-

CA3 pathway of the SyG37 mouse model. 

In this section, we tested the effects of changing stimulus number on SyGCaMP2 

fluorescence and its corresponding fEPSP using a fixed frequency of 20 Hz and 

fixed intensity of 20 V. The peak amplitude of the SyGCaMP2 fluorescence 

responses were observed to increase steadily with increasing stimulus number 

(figure 5.4-A, and B). Increasing the stimulus number from 1 to 20 AP increased 

the SyGCaMP2 fluorescence in a roughly linear manner. Responses reached a 

plateau at around 30 stimuli with no clear, subsequent decline, even at 100 

stimuli. The time taken to decay to 63% of the peak response was measured as 

well, showing a positive relationship with stimulus number as shown in figure 5.4-

C.  

Field potential recordings were consistent with imaging data. The peak amplitude 

of the N2 component of the field potential were also increased by increasing the 

stimulus intensity, with 10-20 stimuli required to elicit a suitable response in the 

stratum lucidum; with the peak response reaching to near maximum after 20 

stimuli, with only further small increases at 100 stimuli (figure 5.4-D and E). An 

inverse relationship between the stimulus number and paired-pulse ratio was 

observed, where the PPR was larger at smaller stimulus numbers and plateaued 

after 20 stimuli, as shown in figure 5.4-F. In general, as for the stimulus frequency 

results, the effect at lower stimulus numbers was more pronounced on 

SyGCaMP2 fluorescence than on field potential recordings. The SyGCaMP2-

mCherry sensor shows a high sensitivity to any change in stimulus number, even 

at 1 action potential, where it detects any calcium increase with successive 

stimuli by increasing its fluorescence. 
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Figure 5.4. The effect of increasing stimulus number on both SyGCaMP2 
fluorescence and its corresponding fEPSP in the hippocampal CA3 region 
after MF-CA3 activation.  
A. shows the mean responses to different stimulus number stimulations from

ROIs placed within the stratum lucidum of the CA3 hippocampal region plotted

against time. B. and C. illustrate the effects of increasing stimulus number on

Peak and 63% decay time over time on SyGCaMP2 fluorescence, respectively.

D. shows field potential recordings illustrating the action of increasing stimulus

number on MF-CA3 activation. E and F show the change in the peak amplitude

and the slope of field excitatory postsynaptic potentials (fEPSPs) with increasing

stimulus number, respectively. The values shown are mean values ± SEM; values

in B and E are normalized to response at 20 AP. The statistical tests were

performed between 0V and other stimulus intensities. Statistics: (B), 20AP,

P=0.0056; 30AP, P=0.0002; 40 AP, P=0.0002; 50 AP, P=0.0001; 100 AP,

P=0.0002; Kruskal-Wallis test followed by Dunn's multiple comparisons test. (C),
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15AP, P=0.0102; 20AP, P=0.0007; 30AP, P=<0.0001; 40AP, P=<0.0001; 50AP, 

P=<0.0001; 100AP, P=<0.0001; Ordinary one-way ANOVA followed by Dunnett's 

multiple comparisons test. (E & F), no significant difference was observed; 

Kruskal-Wallis test followed by Dunn's multiple comparisons test. 

5.2.3 The relative mono- and poly-synaptic contributions of 

presynaptic SyGCaMP2 fluorescence within the CA3 

microcircuit. 

We next investigated the effects of various pharmacological manipulations on MF 

activation in the CA3 area by comparing optical responses of the SyGCaMP2-

mCherry sensor in the SyG37 mouse model and field potential recordings. As in 

chapter 4, we examined the effects of pharmacological manipulations that are 

known to affect synaptic transmission through presynaptic effects to establish 

whether these manipulations led to a corresponding change in SyGCaMP2 

fluorescence. 

5.2.3.1 Effects of adenosine receptor modulation on the CA3 

area of a SyG37 mouse. 

We first examined the effects of adenosine as this has been shown to reduce 

synaptic transmission at CA3 synapses through presynaptic processes (Wu and 

Saggau, 1994). We then examined the effects of the removal of the adenosine 

tone by using DPCPX as a specific, competitive A1 receptor antagonist. Synaptic 

transmission was blocked in later experiments to investigate the relative mono- 

and poly-synaptic contributions of presynaptic SyGCaMP2 fluorescence within 

the CA3 microcircuit.  

5.2.3.1.1 Effects of 50 μM adenosine on MF activation in the 

CA3 area of the SyG37 mouse model. 

Experiments were carried out in the same way as for those described in section 

4.2.3 in Chapter 4. Adenosine produced a pronounced effect on both SyGCaMP2 

fluorescence (~25% reduction) and concurrently recorded field potentials (~70% 

reduction), reaching a minimum within 10 minutes of application. Both the 

fluorescence and the N2 component of the field potential were significantly 
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reduced compared to baseline responses. Both the fluorescence and the fEPSP 

peak amplitude recovered during the wash-off period (figure 5.5). Adenosine had 

no effect on the 63% decay time of the SyGCaMP2 fluorescence (figure 5.5-D). 

Figure 5.5-G shows that application of adenosine increased the magnitude of the 

PPF from ~1.8 to ~3.0, which is consistent with a presynaptic action of 

adenosine. Bath application of 1 μM DCG-IV at the end of these experiments 

reduced both SyGCaMP2 fluorescence and field potential recordings by more 

than 90%, thereby confirming that we were recording from the MF-CA3 pathway. 
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Figure 5.5. Effect of 50 μM adenosine on responses to MF activation in the 
CA3 area of the SyG37 mouse’s hippocampus.  
A. shows the mean responses to the effects of adenosine from ROIs placed within

the stratum lucidum of the CA3 hippocampal region plotted against time. B. and

C. show line and bar charts that illustrate the effects of adenosine on SyGCaMP2

fluorescence peak amplitude over time. D. illustrates the effects of adenosine on

the SyGCaMP2 fluorescence 63% decay time over time. E. shows the effects of

adenosine on traces of the field potential curve collected from the stratum lucidum
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of the CA3 hippocampal region. E. and F. show line and bar charts illustrating the 

change in peak amplitude of the field potential before, during, and after addition 

of adenosine. G. illustrates the effects of adenosine on PPR plotted against time. 

The gray bar represents aCSF application and the recording from the MF-CA3 

pathway was confirmed by DCG-IV bath application at the end of each 

experiment (blue bar). Statistical differences are indicated with asterisks with *, 

** or *** according to the level of significance. Statistics: (C), Adenosine, U= 0, 

P=0.0022; DCG-IV, U= 0, P=0.0022; (G), Adenosine, U= 0, P=0.0022; DCG-IV, 

U= 0, P=0.0022; Mann Whitney test. (H), adenosine, t(10) = 2.417, P=0.0362; 

unpaired t test. 

5.2.3.1.2 Effects of the 250 nM A1-adenosine receptor 

antagonist DPCPX MF responses in the CA3 area of 

SyG37 mice. 

We next tested the effects of the A1- receptor antagonist, DPCPX on synaptic 

transmission in the CA3 region. After obtaining stable baselines 250 nM DPCPX 

was applied for 30 minutes and then washed out for 25 minutes. Application led 

to a significant increase in SyGCaMP2 responses between control and drug 

application periods as in figure 5.6-A. B. and C. The N2 component of the field 

potential was also significantly changed after drug application as was the paired-

pulse ratio (figure 5.6-E-H). In both optical and electrophysiological recordings, 

the effects of DPCPX were not reversible and responses remained significantly 

different from baseline levels during the wash-off period.  
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Figure 5.6. Effect of 250 nM DPCPX on responses to MF activation in the 
CA3 area of the SyG37 mouse’s hippocampus.  
A. shows the mean responses to the effects of DPCPX from ROIs placed within

the stratum lucidum of the CA3 hippocampal region plotted against time. B. and

C. line and bar charts illustrate the effects of DPCPX on SyGCaMP2 fluorescence

peak amplitude over time, respectively. D. illustrate the effects of DPCPX on

SyGCaMP2 fluorescence 63% decay time over time. E. shows the effects of

DPCPX on traces of field potential curve collected from the stratum lucidum of

the CA3 hippocampal region. B. and C. line and bar charts illustrate the change
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in peak amplitude of the field potential before, during, and after addition of 

DPCPX. D. illustrate the effects of DPCPX on PPR plotted against time. Statistical 

differences are indicated with asterisks with *, ** or *** according to the level of 

significance. Statistics: (C), DPCPX, U= 0, P=0.0022; wash, U= 0, P=0.0022; 

DCG-IV, U= 0, P=0.0022; (G), DPCPX, U= 3, P=0.0152; wash, U= 2, P=0.0087; 

DCG-IV, U= 0, P=0.0022; Mann Whitney test. (D), DCG-IV, t(10) = 2.84, 

P=0.0176. (D), DPCPX, t(10) = 2.321, P=0.0427; unpaired t test. 

5.2.3.1.3 Effects of 50 μM adenosine in the presence of 250 

nM DPCPX on responses to MF activation in the CA3 area 

SyG37 mice. 

The effects of adenosine in the presence of 250 nM DPCPX were next tested in 

the CA3 region of the hippocampus. For both SyGCaMP2 fluorescence and field 

potential recordings, adenosine had no effect compared to baseline levels as in 

figure 5.7. Figure 5.7-D and H reveals that there was no change in either the 63% 

decay time of the SyGCaMP2 fluorescence or the PPR. The PPR was very small 

in this series of experiments (~1.1) since due to the fact that DPCPX was present 

from the beginning.  
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Figure 5.7. Effect of 50 μM adenosine in the presence of 250 nM DPCPX 
on MF activation in the CA3 area of the SyG37 mouse’s hippocampus.  
A. shows the mean responses to the effects of adenosine in the presence of

DPCPX from ROIs placed within the stratum lucidum of the CA3 hippocampal

region plotted against time. B. and C. line and bar charts illustrate the effects of

adenosine in the presence of DPCPX on SyGCaMP2 fluorescence peak

amplitude over time, respectively. D. illustrate the effects of adenosine in the

presence of DPCPX on SyGCaMP2 fluorescence 63% decay time over time. E.

shows the effects of adenosine in the presence of DPCPX on traces of field
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potential curve collected from the stratum lucidum of the CA3 hippocampal 

region. B. and C. line and bar charts illustrate the change in peak amplitude of 

the field potential before, during, and after addition of adenosine in the presence 

of DPCPX. D. illustrate the effects of adenosine in the presence of DPCPX on 

PPR plotted against time. Statistical differences are indicated with asterisks with 

*, ** or *** according to the level of significance. Statistics: (C and G, respectively), 

DCG-IV, U= 0, P=0.0022; DCG-IV, U= 0, P=0.0022; Mann Whitney test. (D), 

DCG-IV, t(10) = 0.5758, P=0.0082; unpaired t test. 

5.2.3.2 The effects of synaptic transmission blocking and 

subsequent adenosine receptor manipulation on the 

CA3 hippocampal area. 

We next attempted to establish whether the effects that we observed were 

mediated primarily at MF terminals or whether there were contributions from 

presynaptic terminals that were postsynaptic to the MF terminals. We therefore 

chose to repeat the same experiments as in the CA1 experiments and examine 

the sequential effects of picrotoxin, AP5 and DNQX, which would be used to 

block the GABAA/Glycine, NMDA and AMPA receptors, respectively. We then 

examined the effects of adenosine both alone and in the presence of the A1 

receptor blocker, DPCPX, having blocked the major excitatory and inhibitory 

synaptic pathways formed by the MF terminals.  

5.2.3.2.1 Effects of inhibition of AMPA, NMDA and 

GABAA/Glycine receptors on responses to MF activation 

in the CA3 area of a SyG37 mouse model.  

Each slice was stimulated as described previously in a drug-free standard 

extracellular solution before washing cumulatively with 10 μM PTX, then, after 15 

minutes, 50 μM AP5, and then 10 μM DNQX after a further 15 minutes. All these 

drugs were then washed off using the drug-free standard extracellular solution. 

PTX produced a statistically significant enhancement of SyGCaMP2 

fluorescence compared to the baseline. Application of AP5 in the continued 

presence of PTX caused a reduction in SyGCaMP2 fluorescence but responses 

were still larger than the baseline values. Application of DNQX led to a further 
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reduction in the amplitudes of the SyGCaMP2 fluorescence. There was no clear 

change in the 63% decay time of the SyGCaMP2 fluorescence, as shown in 

figure 5.8-A to D. Concurrent field potential recordings were also made. The N2 

component of the field potential was increased upon addition of PTX and then 

more increased upon adding AP5, but was reduced significantly when the AMPA 

receptors were blocked with DNQX. The paired-pulse ratio changed as well, as 

shown in figure 5.8-H. Responses recovered fully after 30 minutes from wash-off 

for the SyGCaMP2 fluorescence, but fEPSP recordings did not recover.  
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Figure 5.8. Effects of cumulative blockade of GABA/Glycine, NMDA and 
AMPA receptors on SyGCaMP2 fluorescence and field potential 
responses to MF activation in the CA3 area of the hippocampus. 
A. shows the mean responses to the effects of cumulative applications of 10 μM

PTX, 50 μM AP5 and 10 μM DNQX from ROIs placed within the stratum lucidum

of the CA3 hippocampal region plotted against time. B. and C. line and bar charts

illustrate the effects of cumulative applications of PTX, AP5 and DNQX on

SyGCaMP2 fluorescence peak amplitude over time, respectively. D. illustrate the
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effects of cumulative applications of PTX, AP5 and DNQX on SyGCaMP2 

fluorescence 63% decay time over time. E. shows the effects of cumulative 

applications of PTX, AP5 and DNQX on traces of field potential curve collected 

from the stratum lucidum of the CA3 hippocampal region. B. and C. line and bar 

charts illustrate the change in peak amplitude of the field potential before, during, 

and after cumulative applications of PTX, AP5 and DNQX. D. illustrate the effects 

of cumulative applications of PTX, AP5 and DNQX on PPR plotted against time. 

The statistical test were performed between baseline and the other periods. 

Statistics: (C), PTX, U= 0, P=0.0022; AP5, U= 3, P=0.0152; DNQX, U= 3, 

P=0.0154; DCG-IV, U= 0, P=0.0022; (G) DNQX, U= 0, P=0.0022; DCG-IV, U= 0, 

P=0.0022; DCG-IV, U= 0, P=0.0022; Mann Whitney test; (D) DCG-IV, t(10) = 

2.499, P=0.0315. (H) PTX, t(10) = 3.005, P=0.0132; unpaired t test. 

5.2.3.2.2 Comparison of the effects of adenosine receptor 

modulation on responses to MF activation in the CA3 

area with and without 10 μM PTX and 10 μM DNQX.  

The effects of adenosine and DPCPX were next examined in the presence of a 

PTX and DNQX to establish the proportion to which their overall effects on the 

MF-CA3 synaptic pathway were mediated on MF synaptic terminals and, 

therefore, to estimate the relative contribution of polysynaptic circuits of 

SyGCaMP2 fluorescence responses to MF-CA3 stimulation. As before, in the 

presence of PTX and DNQX, application of adenosine produced the same trend 

as the experiments without these blockers, where adenosine reversibly reduced 

the size of the presynaptic calcium responses. This inhibitory effect of adenosine 

was converted to an excitatory effect in the presence of DPCPX, as shown in 

figure 5.9-A and C. Applications of DPCPX on its own resulted in an increase in 

SyGCaMP2 fluorescence, as seen in figure 5.9-B (red lines). Interestingly, pre-

incubation of slices with PTX and DNQX for at least 30 minutes led to a clear 

increase in the size of the baseline responses (figure 5.9-D). These results are 

in agreement with our CA1 data. A two-way ANOVA test was applied to compare 

the two sets of experiments; in the absence and presence of PTX and DNQX 

there was a significant difference between the two groups on two occasions; first, 

in the adenosine alone experimental group, where there was a significant 

difference at wash-off period. Second, in the presence of PTX, DNQX and 
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DPCPX, the application of adenosine increased the SyGCaMP2 fluorescence 

non-significantly, which became significant at the wash-off period. This may be 

because the adenosine started to stimulate A2A receptors instead, in the 

presence of these blockers. The inhibitory actions of adenosine observed in the 

SyG37 model experiments, interestingly, showed the opposite action in the 

presence of DPCPX when GABAA/Glycine and AMPA/Kainate receptors were 

blocked. Again, responses recorded from the SyG37 mouse model were, 

however, still present in the presence of PTX and DNQX, which is consistent with 

the expression of the SyGCaMP2-mCherry sensor in MF terminals. These results 

indicated that SyGCaMP2-mCherry is selectively expressed in presynaptic 

terminals within the hippocampus, as the signal recorded in response to MF-CA3 

stimulation is derived mainly from the MF-CA3 terminals themselves.  
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Figure 5.9. The effects of 50 μM adenosine, 250 nM DPCPX, and then both 
50 μM adenosine and 250 nM DPCPX, on SyGCaMP2 responses to MF 
activation in the CA3 area of the hippocampus in the absence and 
presence of 10 μM PTX and 10 μM DNQX. 
A., B. and C. show the pooled data of the effects of adenosine, DPCPX, and then 

both adenosine and DPCPX, on CA3 area responses in the absence (black) and 

presence (red) of PTX and DNQX, respectively. D. shows the pooled data of 

absolute SyGCaMP2 fluorescence collected during stimulation of the MF-CA3 
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pathway in just aCSF or after the pre-incubation with 10 µM PTX and 10 µM 

DNQX. The number of experiments in each group was six. Statistics: (A), wash, 

P=0.0007; (C), wash, P=0.0003; two-way ANOVA followed by Sidak's multiple 

comparisons test. (D), t(10) = 2.339, P=0.0288; unpaired t test. 

5.2.4 The contribution of presynaptic calcium to the cAMP-PKA 

signalling cascade required for MF-CA3 pathway activity. 

PKA plays a fundamental role in the induction and maintenance of the NMDAR-

independent form of LTP at MF-CA3 synapses (Hopkins and Johnston, 1988, 

Huang et al., 1994b, Weisskopf et al., 1994, Calixto et al., 2003, Galvan et al., 

2010, Cheng and Yakel, 2014). Kapur et al. (1998) found that brief high-

frequency stimulation of MF LTP requires postsynaptic activation of nimodipine 

sensitive calcium channels, whereas, long high-frequency stimulation induces 

mossy fiber LTP presynaptically and does not requires postsynaptic activation of 

nimodipine sensitive calcium channels. Furthermore, a presynaptic form of MF-

LTP that requires PKA activation can be enabled by mGLuR7 internalization 

(Pelkey et al., 2008). Using our mouse model, we therefore aimed to examine 

whether modulation of the cAMP-PKA signalling cascade with forskolin and 

rolipram had an effect on SyGCaMP2 responses and on MF-CA3 synaptic 

transmission.  

5.2.4.1 The effects of forskolin and rolipram on responses to MF 

stimulation in the CA3 area of SyG37 mice. 

Experiments were carried out in the same way as for those described in section 

4.2.5.1 in Chapter 4. Applications of 25 μM forskolin and 10 nM rolipram to MF 

responses in CA3 produced small, inconsistent effects on both the peak 

amplitude and the 63% decay time of the SyGCaMP2 fluorescence, as shown in 

figures 5.10 A-D. The peak amplitude of the N2 component of the field potential 

increased, but not significantly. The paired-pulse ratio decreased indicating that 

the effects of forskolin/rolipram were presynaptic in origin (figure 5-10E-H).  
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Figure 5.10. The effects of 25 μM forskolin in the presence of rolipram on 
responses to MF activation of the CA3 area of a SyG37 mouse model.  
A. shows the mean responses to the effects of 25 μM forskolin from ROIs placed

within the stratum lucidum of the CA3 hippocampal region plotted against time.

B. and C. line and bar charts illustrate the effects of 25 μM forskolin on

SyGCaMP2 fluorescence peak amplitude over time, respectively. D. illustrate the

effects of 25 μM forskolin on SyGCaMP2 fluorescence 63% decay time over time.

E. shows the effects of 25 μM forskolin on traces of field potential curve collected

from the stratum lucidum of the CA3 hippocampal region. B. and C. line and bar
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charts illustrate the change in peak amplitude of the field potential before, during, 

and after addition of 25 μM forskolin. D. illustrate the effects of 25 μM forskolin 

on PPR plotted against time. Statistics: (C), DCG-IV, U= 0, P=0.0022; (G) DCG-

IV, U= 0, P=0.0022; Mann Whitney test; (D) DCG-IV, t(10) = 4.449, P=0.0016. 

(H) 25 μM forskolin, t(10) = 2.871, P=0.0132; DCG-IV, t(10) = 2.233, P=0.0496;

unpaired t test.

5.2.4.2 Effects of 25 μM forskolin and rolipram on responses to 

MF activation in the CA3 area in the presence of PKA 

inhibitor. 

As described in the previous section, applications of 25 μM forskolin and 10 nM 

rolipram produced a small increase in field potential responses but had no 

significant effect on SyGCaMP2 responses. We next examined whether these 

effects were mediated via the cAMP-PKA signalling cascade by testing the 

effects of the cell-permeable protein kinase inhibitor PKI (14-22) amide. Slices 

were superfused with aCSF containing 100 μM PKI (14-22) amide from the 

beginning. In the presence of PKI, forskolin and rolipram had no effect on either 

the peak amplitude or the 63% decay time of the SyGCaMP2 fluorescence 

responses (figure 5.11.A-D). The peak amplitude of the N2 component of the field 

potential was reduced significantly and did not recover to the baseline levels (see 

figures 5.11.E to G. The effects on the paired-pulse ratio were not significant and 

are shown in figure 5.11-H.  
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Figure 5.11. The effects of 25 μM forskolin in the presence of both rolipram 
and protein kinase inhibitor (PKI) on MF activation of the CA3 area of a 
SyG37 mouse model.  
A. shows the mean responses to the effects of 25 μM forskolin in the presence

of PKI from ROIs placed within the stratum lucidum of the CA3 hippocampal

region plotted against time. B. and C. line and bar charts illustrate the effects of

25 μM forskolin in the presence of PKI on SyGCaMP2 fluorescence peak

amplitude over time, respectively. D. illustrate the effects of 25 μM forskolin in the

presence of PKI on SyGCaMP2 fluorescence 63% decay time over time. E.

shows the effects of 25 μM forskolin in the presence of PKI on traces of field
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potential curve collected from the stratum lucidum of the CA3 hippocampal 

region. B. and C. line and bar charts illustrate the change in peak amplitude of 

the field potential before, during, and after addition of 25 μM forskolin in the 

presence of PKI. D. illustrate the effects of 25 μM forskolin in the presence of PKI 

on PPR plotted against time. Statistics: (C), DCG-IV, U= 0, P=0.0022; (G) 25 μM 

forskolin, U= 4, P=0.0260; DCG-IV, U= 0, P=0.0022; Mann Whitney test. (D) 

DCG-IV, t(10) = 3.007, P=0.0132. (H) DCG-IV, t(10) = 2.493, P=0.0318; unpaired 

t test. 

A two-way ANOVA test detected a significant difference between the two field 

potential recording groups, though not in the imaging recordings (the effect of 25 

μM forskolin with and without PKI), where the peak amplitude of the N2 

component of the field potential was decreased significantly after PKI application 

and this inhibition became more significant at the wash-off period as shown in 

figure 5.12-A and B.  

Figure 5.12. Comparison between the effect of 25 μM forskolin and 
rolipram in the presence and absence of protein kinase inhibitor (PKI) on 
MF activation in the CA3 area of a SyG37 mouse model.  
A. line (left) and bar charts (right) comparing the effects of 25 μM forskolin and

10 nM rolipram in the absence and presence of PKI on the peak amplitude of the

SyGCaMP2 fluorescence and the N2 component of the field potential plotted
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against time, respectively. The above data are represented as a percentage of 

averaged means (n = 6) of both SyGCaMP2 fluorescence and fEPSP responses 

recorded from the stratum lucidum after a 15-minute control period, 30 minutes 

after forskolin/rolipram addition and 25 minute washout. DCG-IV confirmed that 

we were recording from the MF-CA3 pathway. Statistics are presented in the right 

panel histograms: No observed significant differences; two-way ANOVA followed 

by Sidak's multiple comparisons test.  

5.2.4.3 Effects of cAMP-PKA signalling cascade activation by 50 

μM forskolin and rolipram on MF stimulation in the CA3 

area of a SyG37 mouse model. 

We next tested the effects of 50 μM forskolin. After obtaining stable baselines of 

evoked responses, 50 µM forskolin and 10 nM rolipram were applied as before. 

Similarly, forskolin and rolipram produced only small effects on the peak 

amplitude and the 63% decay time of the SyGCaMP2 fluorescence, as shown in 

figure 5.13 A. to D. The peak amplitude of the N2 component of the field potential 

was significantly increased and this increase became more significant during the 

wash-off period as shown in figure 5.13-E to G. The paired-pulse ratio also 

changed, indicating possible presynaptic action of forskolin/rolipram (figure 5.13-

H).  
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Figure 5.13. The effect of 50 μM forskolin in the presence of rolipram on 
responses to MF activation of the CA3 area of a SyG37 mouse model. 
A. shows the mean responses to the effects of 50 μM forskolin from ROIs placed

within the stratum lucidum of the CA3 hippocampal region plotted against time.

B. and C. line and bar charts illustrate the effects of 50 μM forskolin on

SyGCaMP2 fluorescence peak amplitude over time, respectively. D. illustrate the

effects of 50 μM forskolin on SyGCaMP2 fluorescence 63% decay time over time.

E. shows the effects of 50 μM forskolin on traces of field potential curve collected

from the stratum lucidum of the CA3 hippocampal region. B. and C. line and bar
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charts illustrate the change in peak amplitude of the field potential before, during, 

and after addition of 50 μM forskolin. D. illustrate the effects of 50 μM forskolin 

on PPR plotted against time. Statistics are presented in the right panel 

histograms: (C), DCG-IV, U= 0, P=0.0022; (G) 50 μM forskolin, U= 5, P=0.0411; 

wash, U= 0, P=0.0022; DCG-IV, U= 0, P=0.0022; Mann Whitney test. (D) DCG-

IV, t(10) = 4.449, P=0.0132; unpaired t test. 

5.2.4.4 Effects of 50 μM forskolin and rolipram on MF activation 

in the CA3 area in the presence of PKA inhibitor. 

In the presence of 100 μM PKI (14-22) amide, 50 μM forskolin and 10 nM rolipram 

produced no clear effect on either the peak amplitude or the 63% decay time of 

the SyGCaMP2 fluorescence (figure 5.14.A-D). The peak amplitude of the N2 

component of the field potential was reduced during application but recovered 

towards baseline levels on washout, as shown in figure 5.14.E to G. The paired-

pulse ratio also increased during drug application but then recovered on washout 

(figure 5.14-H).  
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Figure 5.14. The effect of 50 μM forskolin in the presence of both rolipram 
and protein kinase inhibitor (PKI) on responses to MF activation of the 
CA3 area of a SyG37 mouse model.  
A. shows the mean responses to the effects of 50 μM forskolin in the presence

of PKI from ROIs placed within the stratum lucidum of the CA3 hippocampal

region plotted against time. B. and C. line and bar charts illustrate the effects of

50 μM forskolin in the presence of PKI on SyGCaMP2 fluorescence peak

amplitude over time, respectively. D. illustrate the effects of 50 μM forskolin in the

presence of PKI on SyGCaMP2 fluorescence 63% decay time over time. E.
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shows the effects of 50 μM forskolin in the presence of PKI on traces of field 

potential curve collected from the stratum lucidum of the CA3 hippocampal 

region. B. and C. line and bar charts illustrate the change in peak amplitude of 

the field potential before, during, and after addition of 50 μM forskolin in the 

presence of PKI. D. illustrate the effects of 50 μM forskolin in the presence of PKI 

on PPR plotted against time. Statistics are presented in the right panel 

histograms: (C), DCG-IV, U= 0, P=0.0022; (G) DCG-IV, U= 0, P=0.0022; Mann 

Whitney test. (D) DCG-IV, t(10) = 3.839, P=0.0033; unpaired t test. 

A two-way ANOVA test revealed a significant difference between the effects of 

forskolin/rolipram in the presence and absence of PKI on field potentials but not 

SyGCaMP2 (the effect of 50 μM forskolin with and without PKI). The peak 

amplitude of the N2 component of the field potential decreased significantly 

during PKI application and this inhibition became more significant during the 

wash-off period as shown in figure 5.15-A and B.  

Figure 5.15. Comparison between the effects of 50 μM forskolin and 10 nM 
rolipram in the presence and absence of protein kinase inhibitor (PKI) on 
responses to MF activation in the CA3 area of a SyG37 mouse model.  
A. Line and bar charts show the effect of 50 μM forskolin and rolipram in the

absence and presence of PKI on the peak amplitude of the SyGCaMP2
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fluorescence and the N2 component of field potential plotted against time, 

respectively. The above data is represented as a percentage of averaged means 

(n = 6) of both SyGCaMP2 fluorescence and fEPSP change in the stratum 

lucidum at 15 minute control, 30 minute forskolin/rolipram addition and 25 minute 

washing out periods. DCG-IV confirmed that we are recording from MF-CA3 

pathway. Statistics are presented in the right panel histograms: (B), 50 μM 

forskolin, P=0.0374; wash, P=0.0454; two-way ANOVA followed by Sidak's 

multiple comparisons test. 

Figure 5.16 compares the effects of each concentration of forskolin on 

SyGCaMP2, fEPSP N2 responses and the N2 PPR.  

Figure 5.16. Comparison between the effects of two different doses of 
forskolin (25 and 50 μm), in the presence of rolipram, on responses to MF 
activation of CA3 area of the SyG37 mouse model.  
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A. B. and C. Line and bar charts show the effect of 25 and 50 μM forskolin in the 

presence of rolipram on the peak amplitude of the SyGCaMP2 fluorescence, the 

N2 component of field potential and PPR plotted against time, respectively. The 

data in A. and B. are represented as a percentage of averaged means (N = 6) of 

both SyGCaMP2 fluorescence and fEPSP change in the stratum lucidum at 15 

minute control, 30 minute forskolin/rolipram addition and 25 minute washing out 

periods. DCG-IV confirmed that we are recording from MF-CA3 pathway. 

Statistics are presented in the right panel histograms: (B), wash, P=0.0152; two-

way ANOVA followed by Sidak's multiple comparisons test. 

5.2.5 Differences between CA1 and CA3 hippocampal subfields 

responding to electrical and pharmacological 

manipulation detected by the SyGCaMP2-mCherry sensor 

in a SyG37 transgenic mouse model 

In this section, the responses to electrical stimulation and effects of the various 

pharmacological manipulations carried out are compared between CA1 and CA3 

to establish highlight differences between these two hippocampal regions. 

5.2.5.1 Comparison between electrical activation studies of 

both SC-CA1 and MF-CA3 pathways of a SyG37 mouse 

model. 

We know that there were fewer stimuli for the CA3 than CA1, however, 

superimposed absolute data collected from both the SC-CA1 and MF-CA3 

pathways, qualitatively, showed that by increasing the stimulus intensity, the 

SyGCaMP2 fluorescence increased in a roughly linear manner, with 20 V 

required to elicit a suitable response (figure 5.17-A). CA1 and CA3 areas both 

responded with a similar trend to the changes in the stimulus number and 

stimulus frequency, as shown in figure 5.17-B and C.  
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Figure 5.17. The effect of increasing stimulus intensity, stimulus number 
and stimulus frequency on SyGCaMP2 fluorescence in the hippocampal 
CA1 and CA3 regions.   
A. B. and C. illustrate the effects of increasing stimulus intensity, number and 

frequency on the peak amplitude of the SyGCaMP2 fluorescence, respectively.  
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5.2.5.2 Comparison between the effects of adenosine receptor 

modulation and the relative mono- and polysynaptic 

contributions of presynaptic calcium in SC-CA1 and MF-

CA3 microcircuits of a SyG37 mice. 

In the presence of just AP5 in the CA1 experiments, or just drug-free aCSF in the 

CA3 experiments, adenosine receptor modulation experiments show that the 

increase of the SyGCaMP2 fluorescence by DPCPX, and the significant blocking 

of the effects of adenosine on the SyGCaMP2 fluorescence by DPCPX, are 

consistent with a previews published papers like Wu and Saggau (1994). A two-

way ANOVA test was applied to compare the CA1 and CA3 experiments; the 

CA3 area responded differently in the presence of PTX and DNQX, where there 

was a significant difference between the two groups on two occasions; first, in 

the adenosine experimental group, there was a significant difference at wash-off 

period. Second, in the presence of PTX, DNQX and DPCPX, adenosine 

application increased the SyGCaMP2 fluorescence significantly, which became 

more significant at the wash-off period, as shown in figure 5.18. Therefore, in the 

CA3 experiments, the inhibitory actions of adenosine, interestingly, showed the 

opposite action in the presence of PTX, DNQX and DPCPX. In general, 

responses recorded from the SyG37 mouse model were, however, still present 

in the presence of PTX and DNQX, which is consistent with the expression of the 

SyGCaMP2-mCherry sensor in both the SC and MF terminals.  
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Figure 5.18. Comparison between the effects of 50 μM adenosine, 250 nM 
DPCPX, and both 50 μM adenosine and 250 nM DPCPX, on SyGCaMP2 
fluorescence responses to SC activation in the CA1 area and to MF 
activation in the CA3 area of the SyG37 hippocampus in the presence and 
absence of synaptic transmission blockade. 
A, B and C. show the pooled analysis of the effects of adenosine, DPCPX and 

the effects of adding adenosine and DPCPX together on both the CA1 and CA3 

areas in the absence (left panel) and presence (right panel) of PTX, AP5 and 

DNQX (in CA1) or PTX and DNQX (in CA3). Statistics: (A-right panel), wash, 

P=0.0050; (C-right panel), Adenosine, P=0.0495; wash, P=0.0002; two-way 

ANOVA followed by Sidak's multiple comparisons test. 
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5.2.5.3 Comparison of the effects of cAMP-PKA on presynaptic 

calcium and synaptic transmission in SC-CA1 and MF-

CA3 microcircuits of SyG37 mice. 

The effects of forskolin/Rolipram in CA1 were measured in the presence of AP5 

because postsynaptic LTP in this region is reported to be NMDA receptor 

dependent. AP5 was not used for experiments in the CA3 region. In CA3 area, 

forskolin caused a concentration-depending increase in SyGCaMP2 

fluorescence. In contrast, in CA1, forskolin produced a concentration dependent 

reduction in CA1 (see figures. 5.19- A-B and 5.20- A-B). Forskolin/Rolipram had 

no significant effect on the N2 component of fEPSP recordings in CA1 at either 

25 or 50 μM, whereas, in CA3 area had more pronounced effects especially at 

higher dose (figure 5.19-C and D & 5.20-C and D). A two-way ANOVA test 

revealed a significant difference between the effect of forskolin on CA1 and CA3, 

where the SyGCaMP2 fluorescence was significantly higher in CA3 than in CA1 

after PKI application in both doses of forskolin, as shown in figures 5.19-E and 

5.20-E.  
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Figure 5.19. Comparison between the effect of 25 μM forskolin and 
rolipram in the presence and absence of protein kinase inhibitor (PKI) on 
both SC-CA1 and MF-CA3 synapses of a SyG37 mouse model.  
A. B. line charts show the effects of 25 μM forskolin and rolipram in the absence 

(left panel) and presence of PKI (right panel) on the peak amplitude (A and C) 

and the slope (B and D) of the SyGCaMP2 fluorescence and the N2 component 

of the field potential plotted against time, respectively. The CA1 area was 

represented by a blue line while the CA3 area was represented by a red line. The 
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above data is represented as a percentage of averaged means (N = 6) of both 

the SyGCaMP2 fluorescence and fEPSP at 15 minute control, 30 minute drug 

addition and 25 minute washing out periods. Statistics: (E), 25 μM forskolin, 

P=0.0042; two-way ANOVA followed by Sidak's multiple comparisons test. 

Figure 5.20. Comparison between the effects of 50 μM forskolin and 
rolipram in the presence and absence of protein kinase inhibitor (PKI) on 
both SC-CA1 and MF-CA3 synapses of a SyG37 mouse model.  
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A. B. Line charts show the effect of 25 μM forskolin and rolipram in the absence 

(left panel) and presence of PKI (right panel) on the peak amplitude (A & C) and 

the slope (B & D) of the SyGCaMP2 fluorescence and the N2 component of field 

potential plotted against time, respectively. The CA1 area was represented by 

blue line while the CA3 area was represented by red line. The above data is 

represented as a percentage of averaged means (N = 6) of both SyGCaMP2 

fluorescence and fEPSP at 15 minute control, 30 minute drug addition and 25 

minute washing out periods. DCG-IV confirmed that we are recording from MF-

CA3 pathway. Statistics: (A), 25 μM forskolin, P=0.0366; (C), wash, P=0.0037; 

(E), wash, P=0.0420; two-way ANOVA followed by Sidak's multiple comparisons 

test. 

5.2.5.4 Imaging and IHC data showed possible difference 

between CA1 and CA3 area in the number of 

presynaptic boutons (release sites).  

The peak amplitude of SyGCaMP2 fluorescence in response to the same 

intensity, frequency and number of stimuli was always higher in CA1 compared 

with CA3 (figure 5.21.A). This led us to consider whether this was due to a 

fundamental difference between the responses of synapses at each site. We 

therefore revisited IHC experiments and compared the number of mCherry 

stained presynaptic boutons in both CA1 with CA3 hippocampal areas. ImageJ 

software was used to subtract the background from IHC images and to count the 

numbers of presynaptic boutons in identical volumes of tissue. Figure 5.21.B-E 

indicated that there was an increase in the number of presynaptic boutons in CA1 

area than in CA3. The increased response to electrical stimulation in CA1 

compared to CA3 may therefore have been due to a larger number of boutons 

being activated in CA1.  
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Figure 5.21. Imaging and IHC data showed possible difference between 
CA1 and CA3 area in the number of presynaptic boutons (release sites). 
A. shows the peak amplitude of SyGCaMP2 fluorescence collected from both

CA1 and CA3 hippocampal areas. The number of experiments in each series

were 6. B and C show anti-mCherry antibody stained presynaptic boutons in both

CA1 (left panel) and CA3 areas (right panel), before and after background

subtraction, respectively. D and E bar charts show the difference between CA1

and CA3 area in the number of presynaptic boutons and the percentage of

mCherry stained areas, respectively. The scale bar in B and C is 10 µm.

Statistics: (A), P=<0.0001; unpaired t test.
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5.2.5.5 AP5 prevented DCG-IV inhibitory effect on both SC-CA1 

and MF-CA3 pathways. 

At the end of experiments in the CA3 region, we confirmed that we were recording 

from the MF-CA3 pathway by suppressing synaptic transmission by bath 

application of 1 μM DCG-IV. In a series of preliminary experiments, we noticed 

that AP5 appeared to prevent the inhibitory effect of DCG-IV on the MF-CA3 

pathway. We therefore repeated the experiments in which we examined the 

effects of DPCPX to test whether AP5 antagonised the effects of DCG-IV. As 

before, after obtaining a stable baseline of synaptic responses, 250 nM DPCPX 

was applied for 30 minutes and then washed out for 25 minutes. We carried out 

these experiments in the presence and absence of AP5 to test if there was an 

interaction between AP5 and DCG-IV. In both sets of experiments, there was a 

significant and similar increase in SyGCaMP2 fluorescence after adding DPCPX 

(about 130% of the baseline), as shown in figure 5.22-A. The N2 component of 

the field potential was also significantly changed after DPCPX application in both 

cases. The fEPSP in the absence of AP5 is clearly very much enhanced but in 

the presence of AP5, the increase appears to be a general run up of the response 

over time (130% and 250%, in the absence and presence of AP5, respectively). 

The extent of paired-pulse facilitation was unaltered by the application of DPXPX 

in either the presence or absence of AP5 (figure 5.22-B). Interestingly, in the 

presence of AP5, suppression of synaptic transmission by bath application of 1 

μM DCG-IV was very much reduced.  
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Figure 5.22. Effect of 250 nM DPCPX on MF activation in CA3 area of the 
SyG37 mouse’s hippocampus, with and without AP5.  
A. illustrates the effects of DPCPX, in the presence (red) and absence (blue) of

AP5, on SyGCaMP2 fluorescence peak amplitude, over time, respectively. B. left

panel illustrates the change in peak amplitude of the field potential before, during,

and after addition of DPCPX. B the right hand panel shows pairs of field potentials

recorded from the stratum lucidum of the CA3 hippocampal region in the

presence (blue) and absence (red) of AP5. There was no effect of AP5 on PPF

recorded from CA3 area. In both imaging and electrophysiology experiments,

AP5 prevented DCG-IV inhibitory effect on MF-CA3 pathway. Statistics: (A),

DCG-IV, P=0.0034; (B), DCG-IV, P=0.00021; two-way ANOVA followed by

Sidak's multiple comparisons test.

It is known that, in CA1 experiments, an NMDA-dependent long term potentiation 

could arise as a result of repeated stimulation and so the selective NMDA 

receptor antagonist DL-AP5 was added to the aCSF in all experiments to prevent 

this phenomenon (Collingridge et al., 1983). In the CA1 region, mGluRs-II 

receptors are apparently absent (Kamiya et al., 1996) and so we took the 

opportunity to compare the effects of 1 μM DCG-IV on synaptic transmission in 

the CA1 and CA3 regions. 1 μM DCG-IV on its own caused a sharp decrease in 
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both SyGCaMP2 fluorescence and fEPSP responses of both CA1 and CA3 

experiments (figure 5.24-A and B, left panel). AP5 prevented the inhibitory effect 

of DCG-IV on both SC-CA1 and MF-CA3 pathways (figure 5.24-A and B, right 

panel).  

Figure 5.23. Comparison between the effects of 1 μM DCG-IV in the 
presence and absence of AP5 on responses to both, SC activation in the 
CA1 and MF activation in the CA3 areas of a SyG37 mouse model.  

Imaging (A) and electrophysiological (B) experiments show the effects of DCG-

IV in the absence (left panel) and presence (right panel) of AP5 on responses to 

both, SC activation in the CA1 (blue) and MF activation in the CA3 (red) areas of 

a SyG37 mouse model. Statistics: (A-left panel-blue), DCG-IV, U=0, P=0.0022; 

(A-left panel-red), DCG-IV, U=0, P=0.0022. (B-left panel-blue), DCG-IV, U=0, 

P=0.0022; (B-left panel-red), DCG-IV, U=0, P=0.0022; Mann Whitney test. No 

significant differences were observed between the two groups; two-way ANOVA 

followed by Sidak's multiple comparisons test. 
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5.3 Discussion 

In this chapter, we evaluated presynaptic calcium signalling at the MF-CA3 

pathway using the SyG37 mouse and compared responses with similar 

experiments carried out in CA1 to determine the ability of our sensor to detect 

any differences between these two hippocampal regions. 

5.3.1 Electrical activation studies of the MF-CA3 pathway 

showed a sensitivity of the SyGCaMP2-mCherry sensor. 

We examined the effects of altering the electrical activity on the MF-CA3 pathway 

of the SyG37 mouse model where the SyGCaMP2-mCherry sensor showed that 

responses to different intensities, frequencies and numbers of stimuli were 

qualitatively very similar to CA1 region. There was also a positive relationship 

between SyGCaMP2 fluorescence and the stimulus frequency, with a decrease 

in the SyGCaMP2 fluorescence at 100 Hz indicating the probability of vesicle 

exhaustion (figure 5-2, 3 & 4). This agrees with Forsythe et al. (1998) and other 

who found that during presynaptic recordings from the calyx of Held, there was a 

reduction in calcium entry after prolonged high-frequency stimulation that can 

contribute to depression (Forsythe et al., 1998, Regehr, 2012).  

5.3.2 Adenosine receptor manipulation studies showed the 

sensitivity, and confirmed the presynaptic locus, of the 

SyGCaMP2-mCherry sensor in the CA3 microcircuit of a 

SyG37 transgenic mouse model. 

Our results examining the effects of adenosine were consistent with previous 

observations in the CA3 region of the hippocampus (Wu and Saggau, 1994, 

Ferrati et al., 2016, Schlicker and Feuerstein, 2017) which showed that 

adenosine produced a pronounced inhibitory effect on MF responses (figure 5-

5). This neural modulation is thought to be due to inhibition of neurotransmitter 

release by a combination of inhibition of K+ current activation, reduction of 

voltage-dependent Ca2+ currents, and/or by mechanisms downstream of Ca2+ 

influx (Wu and Saggau, 1994, Bannon et al., 2014). It is thought to be of 

presynaptic origin as synaptic depression is accompanied by a change in paired-
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pulse facilitation (Wu and Saggau, 1994, Gundlfinger et al., 2007). In our 

experiments, we observed that adenosine directly reduced calcium responses in 

presynaptic terminals (figure 5-5). This effect remained when experiments were 

repeated in the presence of DNQX and PTX indicating that the actions of 

adenosine are on the MF terminals themselves (figure 5-9). The A1 adenosine 

receptor antagonist DPCPX (Lohse et al., 1987a)  had an effect on both the 

presynaptic Ca2+ transient and on the field excitatory postsynaptic potential 

(fEPSP) at the MF-CA3 synapses of hippocampal slices. DPCPX enhanced both 

the Ca2+ transient and the fEPSP significantly, suggesting that DPCPX is acting 

to inhibit a tonic, inhibitory effect of adenosine (figure 5-6). Moreover, this is in 

agreement with previous research indicating that there are significant amounts 

of endogenous adenosine accumulated in the extracellular space (Haas and 

Greene, 1988). The A1 receptor subtype is GPCR that couples to both Gi- and 

Go-proteins in different systems. Therefore, it can impose inhibition of synaptic 

transmission via a number of transduction mechanisms. These include adenylyl 

cyclase inhibition, GIRKs activation, Ca2+ channel inhibition and phospholipase 

C activation (for review see; Dunwiddie and Masino, 2001). Pre-incubation with 

DPCPX antagonized adenosine-mediated reductions in fluorescence and field 

potential recordings within the CA3 region of the hippocampus (figure 5-7). In the 

presence of PTX and DNQX the inhibitory effect of adenosine was converted to 

an excitatory effect in the presence of DPCPX, and the application of DPCPX on 

its own caused an increase in SyGCaMP2 fluorescence (figure 5-9). In a direct 

comparison between the two sets of experiments, the absence and presence of 

PTX and DNQX showed a significant difference between the two groups in two 

ways: first, in the adenosine alone experimental group, and in the presence of 

PTX and DNQX, there was a significant increase in the SyGCaMP2 fluorescence 

at the wash-off period; second, in the presence of PTX, DNQX and DPCPX, 

adenosine increased the SyGCaMP2 fluorescence non-significantly, which 

became significant at the wash-off period. In other words, the inhibitory actions 

of adenosine observed in the SyG37 model experiments showed the opposite 

action in the presence of DPCPX as when PTX and DNQX are applied. This is 

may be because adenosine started to significantly stimulate the A2A receptors in 

the presence of these blockers. This observation that on blockade of inhibitory 

http://www.sciencedirect.com/topics/page/Endogeny
http://www.sciencedirect.com/topics/page/Adenosine
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A1 receptors adenosine is able to facilitate synaptic transmission in aged rats, 

further supports a greater functional impact of A2A receptor activation in aged 

rats. We also tested the cumulative effect of some blockers on MF-CA3 pathway. 

PTX was expected to antagonise GABAA/glycine receptors, leading to the 

removal of tonic inhibition from interneurons (Semyanov et al., 2004). In our 

experiments, PTX on its own produced a small increase in the SyGCaMP2 

fluorescence of a SyG37 mouse model. Addition of PTX, AP5 and DNQX caused 

a 20% reduction in the SyGCaMP2 fluorescence (figure 5-8). As expected, the 

N2 component of fEPSP was almost completely abolished as this is largely 

mediated by AMPA receptors (Wang et al., 1994). These results show that about 

80% of the SyGCaMP2 fluorescence originated from mossy fibres (i.e., from the 

presynaptic side) and the remaining 20% that we assume come from presynaptic 

boutons which are postsynaptic to mossy fibre. In general, responses recorded 

from the SyG37 mouse model were, however, still present in the presence of 

PTX and DNQX, which is consistent with the expression of the SyGCamP2-

mCherry sensor in MF terminals. 

5.3.3 cAMP-PKA signalling cascade is required for MF-CA3 

pathway activity with the possibility of presynaptic 

calcium contribution. 

The effects of forskolin/rolipram on the MF-CA3 pathway were investigated using 

imaging and field potential recordings. Interestingly, both forskolin doses caused 

a stimulatory effect on the SyGCaMP2 fluorescence in a dose-dependent manner 

where 50 μm forskolin had a stronger stimulatory effect than 25μm of forskolin 

on the peak amplitude of SyGCaMP2 fluorescence (figure 5-16). These changes 

in SyGCaMP2 fluorescence were accompanied by changes in the paired-pulse 

ratio, confirming the possible presynaptic locus of forskolin action in this pathway 

(figure 5-10 & 13). Effects of 50 μM forskolin, but not 25 μM forskolin, on 

SyGCaMP2 fluorescence were antagonised in the presence of PKI, confirming 

the possible role of presynaptic calcium in the cAMP-PKA pathway in MF-CA3 

synapses (figure 5-11 & 14). This is in agreement with Lonart and Sudhof, (1998) 

who reported that, in mossy fibres, cAMP may enhance glutamate release via at 

least three different mechanisms. First, it may increase the size of the readily 
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releasable pool of vesicles at presynaptic terminals because forskolin potentiates 

release evoked by treatment with hypertonic sucrose. Second, it may directly 

enhance calcium entry through voltage-gated calcium channels since forskolin 

increases release triggered by potassium depolarisation. Third, it may enhance 

the calcium action on the secretory apparatus since forskolin also increases the 

response to ionomycin application, which leads to direct elevation of presynaptic 

calcium (Lonart and Sudhof, 1998). On the other hand, these findings go against 

those of other researchers, where Kaneko and Takahashi (2004), for instance, 

found that forskolin had no effect on presynaptic Ca2+ currents or K+ currents, 

suggesting that the main target of cAMP is downstream of the Ca2+ influx. 

Apparently, these results confirm the cAMP/PKA pathway’s importance in basal 

synaptic transmission in MF-CA3 synapses. Under the conditions where cyclic-

AMP metabolism is disrupted, high doses of forskolin induce long-term 

potentiation in the presynaptic region that can be blocked by the cyclic-AMP-

dependent protein kinase inhibitor, PKI. 

5.3.4 Comparison between the contributions of presynaptic 

calcium within both SC-CA1 and MF-CA3 microcircuits of a 

SyG37 mouse model. 

5.3.4.1 SyGCaMP2-mCherry sensor detected a difference 

between SC-CA1 and MF-CA3 microcircuits of a SyG37 

mouse model in electrical characterization 

experiments. 

Results show that responses to different intensities, frequencies and numbers of 

stimuli were qualitatively very similar in both hippocampal regions except that the 

amplitudes of responses were always smaller in CA3 area (figure 5-17). This 

might be due to that our sensor is highly expressed in CA1 area compared with 

CA3 (figure 5-21). Our study showed a loss of linearity at higher stimuli number, 

with the ability of the SyGCaMP2-mCherry sensor to detect a single AP 

activation. Moreover, it was able to detect the effect of the residual and the 

transient calcium (Okorocha, 2016). In general, the SyGCaMP2-mCherry sensor 
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has sufficient sensitivity to make it a useful tool for monitoring calcium signalling 

in the hippocampus.  

5.3.4.2 In adenosine receptor manipulation experiments, and 

in the presence of PTX, DNQX and DPCPX, the effect of 

adenosine is abolished in the CA1 area but is converted 

into a facilitatory effect in the CA3 area. 

In adenosine receptor manipulation experiments, the SyGCaMP2-mCherry 

sensor detected two differences between the CA1 and CA3 regions where, in the 

presence of a specific blockers, the CA3 area responded differently in two ways: 

the first being in the adenosine alone experimental group, where there was an 

increase in the SyGCaMP2 fluorescence at the wash-off period; and the second 

in the presence of PTX, DNQX and DPCPX, where adenosine application 

increased the SyGCaMP2 fluorescence significantly, and which became more 

significant at the wash-off period (figure 5-18). There is no clear explanation for 

this, though Rebola et al. (2003b) found that in the CA1 area, application of 50 

µM adenosine nearly blocks the fEPSP in both young adult and aged rats. 

However, in the presence of DPCPX, the effect of adenosine is abolished in 

young adult rats, but is converted into a facilitatory effect in aged rats that is 

attenuated in the presence of a highly selective antagonist for the adenosine A2A 

receptor, ZM241385. In the same study, the possibility of adenosine metabolism 

modifications in aged rats (Cunha et al., 2001) was excluded  using a close 

chemical analogue of adenosine (2-chloroadenosine) that is less prone to 

metabolism, and which also facilitated the fEPSP slope in the presence of 

DPCPX in aged rats (Rebola et al., 2003b). This observation that on the blockade 

of inhibitory A1 receptors, adenosine is able to facilitate synaptic transmission in 

aged rats further supports a greater functional impact of A2A receptor activation 

in aged rats (Rebola et al., 2003b). Also, it indicates that A2A receptors facilitate 

synaptic transmission in different mechanisms in aged and in young adult rats, 

where in young adult rats the A2A receptor-induced facilitation of synaptic 

transmission was achieved via removal of tonic A1 receptor-mediated inhibition 

of synaptic transmission (Lopes et al., 2002), whereas in aged rats the ability of 

adenosine A2A receptors to facilitate hippocampal synaptic transmission is due to 
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both a noticeable increase in the A2A receptors binding density in hippocampal 

nerve terminals, as well as a difference in the hippocampal A2A receptor’s main 

transducing system. In aged rats, the A2A receptors directly facilitate 

glutamatergic transmission via stimulation of cAMP-PKA-dependent pathways in 

nerve terminals, and indirect hippocampal synaptic transmission facilitation by 

tonic A1 receptor-mediated inhibition attenuation no longer occurs (Cunha et al., 

2001, Rebola et al., 2003b). From the above justifications, a question comes to 

mind: why could we see similar effects in the CA3 area of young mice after the 

blockade of synaptic transmission? In other words, what is the relationship 

between the blockade of synaptic transmission and aging?  Our sensor could 

detect the excitatory effect of PTX in CA3 but not in CA1 experiments (figure 4-

12 & 5-8). This could be attributed to the GABAA receptor locations in these 

different areas, where it is located presynaptically in CA3 area and 

postsynaptically in the CA1 area, where GABAA receptors in hippocampal mossy 

fibres are located presynaptically (Kullmann et al., 2005). This is another indicator 

of the sensitivity and the presynaptic location of our sensor. CA3 hyperactivity 

theory is in agreement with other study where they suggested that the 

hippocampal dysfunction and possibly the limbic seizures observed in mutant 

mice are contributed to by hyperactive CA3 pyramidal neurones (Calfa et al., 

2011). Moreover, when Christian and Dudek (1988) studied the local excitatory 

circuits in CA3 using low concentrations of picrotoxin to selectively block 

recurrent inhibition, they lowered extracellular [K+] to 3 mM and raised both [Ca2+] 

and [Mg2+] to 4.0 mM to avoid epileptiform activity and decrease cellular 

excitability in PTX experiments (Christian and Dudek, 1988). Yoshiike et al. 

(2008) assumed that the memory decline in APP/PS1 transgenic mice is 

mediated by enhanced inhibition of LTP and, therefore, they found that memory 

deficits in adult APP/PS1 mice could be rescued with a non-epileptic dose of 

picrotoxin (PTX) for 10 days. In the CA1 area, there was an enhanced modulation 

of LTP mediated by A2A receptors in aged rats. This was in accordance with an 

increase in expression and density of A2A receptors in glutamatergic terminals in 

the age-associated manner. This may explain the ability of A2A receptor 

antagonists in the prevention of memory dysfunction in aged animals (Costenla 

et al., 2011). Cunha et al. (1994) found that there is a difference between the 
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CA1 and CA3 areas in the type of adenosine receptor modulation, where they 

concluded that the electrically evoked release of [3H] ACh in the two areas of the 

rat hippocampus can be differentially modulated by adenosine. In the CA1 area, 

ACh release was only modulated by A1 inhibitory receptors, whereas in the CA3 

area, both A1 inhibitory and A2A excitatory adenosine receptors modulate ACh 

release. To sum up, the CA3 area behaves differently in the presence of PTX, 

DNQX and DPCPX. We observed an effect of PTX on the presynaptic calcium in 

CA3 but not in CA1, which is consistent with the differential expression of GABAA 

receptor locations in these two different areas. These results may  open up the 

possibility of an interaction between adenosine and GABA receptors (Rombo et 

al., 2016). 

5.3.4.3 Comparison between the contributions of presynaptic 

calcium in the cAMP-PKA signalling cascade within 

both SC-CA1 and MF-CA3 microcircuits of a SyG37 

mouse model. 

We also compared the direct involvement of presynaptic calcium in the cAMP-

PKA signalling cascade in both SC-CA1 and MF-CA3 synaptic transmission. We 

found that in the CA3 area, forskolin caused a small increase in the SyGCaMP2 

fluorescence in a dose-dependent manner. By contrast, in the CA1 region a 

concentration dependent inhibitory effect was observed. These effects were 

antagonised by PKI indicating that the effects were dependent on the activation 

of protein kinase A (figure 5-19 & 5-20). It should be noted, however, that CA1 

synapses behave very differently from those in CA3, and so whilst these various 

mechanisms have been observed, it is not clear whether they also exist within 

the CA1 region. However, in the CA1 area, forskolin-induced long-term 

potentiation was found to be masked by adenosine accumulation (Lu and Gean, 

1999). In chapter 4 we could unmask forskolin-induced long-term potentiation 

using A1 adenosine receptor antagonist, DPCPX. 

From all of the above, one can hypothesis that depending on the difference 

between the release probability of the two different hippocampal areas, CA1 and 

CA3, that if we elicit two presynaptic action potentials with a 50 ms inter-stimulus 
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interval, paired-pulse ratio (PPR) can be calculated. PPF was observed when the 

first EPSC was small, as shown during MF-CA3 pathway activation, whereas 

paired-pulse depression (PPD) was observed when the first EPSC was large, as 

shown during SC-CA1 pathway activation. If the first action potential, successfully 

triggers release at most release sites, the PPD will be observed. Therefore, PPD 

may result from a decrease in quantal content which may be due to short-term 

depletion of readily releasable vesicles (Debanne et al., 1996). If the release 

probability in the CA1 area is very large, as indicated by the PPD, this might lead 

to a transient increase in the release of the major excitatory neurotransmitter, 

glutamate. In neocortical and hippocampal pyramidal neurones, glutamatergic 

and purinergic neurotransmission occurs at the same nerve terminals (Pankratov 

et al., 2006). Therefore, the evoked stimulation of the presynaptic terminals will 

lead to the co-release of both glutamate and ATP. In the hippocampal CA1 region 

of rats, excitatory glutamatergic synapses are potently inhibited by purines, 

including adenosine, ATP. The inhibitory effect of purine nucleotides is mediated 

exclusively by A1 receptors (Masino et al., 2002). Given the above, one can 

assume that forskolin induced an increase in neural transmission in CA1 area. 

The high release probability in the CA1 area led to an increase in glutamate and 

ATP co-release, which led to purine accumulation that supressed the 

neurotransmitter release mediated exclusively by A1 receptors. This mechanism 

might be working as a negative-feedback mechanism to prevent formation of any 

epileptic seizures. The opposite may be true in the CA3 area, where there is low 

release probability, less purine accumulation and, therefore, no masking of the 

adenosine-induced LTP (figure 5-25). These possibilities mentioned above 

remain worthy of further consideration and examination.  
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Figure 5.24. Proposed scheme overview of adenosine accumulation in 
CA1 but not in CA3 hippocampal areas due to the difference in the release 
probability.  
A. schematic diagram showing less adenosine accumulation in the CA3 area due

to the low release probability A. scheme diagram showing less adenosine

accumulation in the CA1 area due to the low release probability. Presynaptically,

localized A1 adenosine receptors activated by accumulated adenosine directly

modulates Ca2+ channel activity, causing a decrease in AP-evoked calcium influx

and therefore a decrease in transmitter release. Consequently, the EPSC will be

reduced markedly on the postsynaptic side.



5.3.4.4 AP5 prevented DCG-IV inhibitory effect on both CA1-SC 

and MF-CA3 pathways. 

We also found that suppression of synaptic transmission in the MF-CA3 pathway 

by bath application of 1 μM DCG-IV was prevented by AP5. It is known that, in 

CA1 area experiments, an NMDA-dependent long term potentiation could arise 

as a result of repeated stimulation and so the selective NMDA receptor 

antagonist DL-AP5 was added to the aCSF in all experiments to prevent this 

phenomenon (Collingridge et al., 1983). It has been reported that no mGluR2 

receptors exist in the CA1 region (Kamiya et al., 1996). Interestingly, DCG-IV on 

its own caused a sharp decrease of both SyGCaMP2 Fluorescence and fEPSP 

in CA1 indicating that despite the apparent absence of mGluR2 receptors, DCG-

IV has an inhibitory effect on the SC-CA1 pathway (figure 5-22 & 5-23). Published 

literature related to the actions of DCG-IV can be divided into three groups. In a 

group where a lack of effect of DCG-IV in CA1 was reported, slices were 

pretreated with AP5 before recording from CA1. For example, Kamiya et al 

(1996) and others claimed that application of DCG-IV reversibly suppressed 

fEPSP evoked by mossy fibre stimulation. At the same concentration, DCG-IV, 

did not affect other glutamatergic excitatory transmissions at MF-CA3 or at the 

SC-CA1 pathways. Therefore, mGluR2/mGluR3 are expressed specifically at 

mossy fiber synapses in the hippocampal CA3 region (Kamiya et al., 1996, 

Morishita et al., 1998, Matias et al., 2014, Aksoy-Aksel and Manahan-Vaughan, 

2015). A second group found an effect of DCG-IV on different pathways but they 

did not apply AP5 in their experiments. For example, Tsukamoto et al. (2003) and 

others found that DCG-IV application to hippocampal slices leads to a decrease 

in synaptic transmission between (1) perforant path and CA1 pyramidal cells, (2) 

perforant path and CA3, and (3) MF-CA3 (Tsukamoto et al., 2003, Daumas et 

al., 2009). The third group, mentioned the role of AP5 in preventing the inhibitory 

effect of DCG-IV on synaptic transmission. For example, Breakwell et al. (1997) 

investigated the synaptic depression induced by DCG-IV in rat CA1 hippocampal 

area, where a brief bath application of DCG-IV caused a rapid depression of 

baseline slope of fEPSP. However, the DCG-IV-induced depression could be 

reversed by AP5. Finally, they suggested that DCG-IV is an agonist at 

NMDA receptors in area CA1 of rat hippocampus. To sum up, regardless of 

the hippocampus area, AP5 application will prevent the DCG-IV effect where, 
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DCG-IV has the ability to suppress synaptic transmission in all hippocampal 

areas and the NMDA receptor antagonist, AP5, has the ability to block this 

depressing action of DCG-IV. This might suggest that DCG-IV is an NMDAR 

agonist as well as mGluR2 agonist. Therefore, it can be used in CA3 which 

does not have NMDARs but in CA1, the drug is non specific and so affects 

transmission through perhaps other mechanisms, including direct activation of 

NMDARs 
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6 Chapter 6. General discussion 

This study aimed to characterize and test the suitability of the SyGCaMP2-

mCherry sensor for measuring synaptic activity in different hippocampal neuronal 

pathways. Recently, our lab has developed a series of fluorescent protein based 

sensors that are designed to allow the direct, real time visualisation and 

quantification of presynaptic calcium signalling, transmitter release and vesicle 

reuptake. Of these, a SyG37 mouse was created that expresses a fluorescent 

protein based genetically encoded calcium indicator (GECI) selectively in the 

presynaptic terminals of neurons. This SyGCaMP2-mCherry sensor is expressed 

in subsets of CNS neurones under the control of the mouse Thy1 promoter. To 

characterize it, we used a combination of immunohistochemical, 

electrophysiological and fluorescent imaging techniques. Our findings indicate 

that this new ratiometric sensor provides an excellent tool for detecting neural 

activity in acute brain slices. First, we showed that evoked calcium transients can 

be detected in acute brain slices prepared from the SyG37 mouse model where 

electrical activation of SCs or mossy fibres elicited large calcium transients in 

each of these areas, respectively (figure 5-17). Moreover, in response to 

electrical stimulation, calcium transients were detectable from as few as one 

electrical stimulus but increased with increasing stimulus number and frequency 

(figure 5-17). 

Pre and post synaptic information can be collected at the same time using 

SyGCaMP2 imaging alongside electrophysiological recordings, however, there 

is a problem that the calcium signal saturates before the electrophysiological 

signal. In SyGCaMP2-mCherry transgenic mice expression was evident 

throughout the CNS but was particularly prominent in the hippocampus with a 

punctate expression in areas CA3 and CA1 (figure 3-3 & 3-4). With 

immunohistochemistry, we showed that mCherry is preferentially distributed 

presynaptically in the SyG37 mouse hippocampus with strong expression in the 

fibre pathways and around cell bodies in the DG, CA3, CA1 and subiculum (figure 

3-7). We showed that there was a strong co-localization of mCherry with the

presynaptic marker bassoon (Richter et al., 1999) as well as with the excitatory

presynaptic marker vGLUT1 and the inhibitory presynaptic marker vGAT; figure
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3-8-11 (Chaudhry et al., 1998a, Herzog et al., 2006). No co-localisation was 

observed with the postsynaptic marker PSD95 (Hunt et al., 1996) or the nuclear 

stain Hoechst; figure 3-6 & 9 (Latt and Stetten, 1976). The segregation between 

mCherry and PSD95 and between mCherry and Hoechst confirmed that our 

sensor is neither expressed in postsynaptic terminals nor in the cell bodies. 

Therefore, we have provided strong evidence that SyGCaMP2-mCherry 

expression within the hippocampus is presynaptic and likely to be present in both 

inhibitory and excitatory terminals.  

Using the SyG37 mice, we also demonstrated that blocking glutamergic and 

GABAregic receptors led to only 25 and 20% reduction in the SyGCaMP2 

response amplitude to electrical stimulation in CA1 and CA3 areas, respectively 

(figure 4-12 & 5-8). Therefore, we assume that only 25 and 20% of transmission 

originates from presynaptic boutons which are postsynaptic to SCs and mossy 

fibers, respectively. The SyGCaMP2-mCherry sensor showed it is highly 

sensitive since it could detect facilitiory effects of PTX in CA3, but not in CA1 

experiments (figure 4-12 & 5-8). This may reflect differential locations of GABAA 

receptor in each area where it is located presynaptically in CA3 and 

postsynaptically at CA1 area. Since the activation of presynaptic 

GABAA receptors in hippocampal mossy fibres enhance transmission and LTP 

induction (Kullmann et al., 2005, Ruiz et al., 2010). 

To evaluate the suitability of our mouse model for measuring presynaptic activity, 

we also demonstrated that adenosine receptor manipulation confirmed the 

presynaptic locus of our sensor. Moreover, we found that in the CA3 area, 

adenosine behaved differently after blocking synaptic transmission and/or and A1 

receptors (figure 5-18). Finally, in the CA3 area, forskolin caused a small increase 

in the SyGCaMP2 fluorescence in a dose-dependent manner. However, the 

effect of forskolin on field potential recordings was very pronounced. In contrast, 

in the CA1 region, the stimulatory effect of forskolin was converted to an inhibitory 

effect on SyGCaMP2 fluorescence in a dose-dependent manner (figure 5-19 & 

20). This might be because adenosine accumulation in this area could mask the 

forskolin induced potentiation. In chapter four we were able to unmask forskolin-

induced potentiation in CA1, after blocking A1 adenosine receptors; figure 4-19 
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(Lu and Gean, 1999) with the possibility of presynaptic CA2+ contribution. 

Forskolin effects were antagonised by inhibition of protein kinase A confirming 

that its effects were mediated by the cAMP-PKA pathway. See tables 6-1, 2 & 3 

for the main interesting points reported in this study 

This study is part of a wider group of experiments carried out in our lab. In a 

parallel study, Dr Daniel Pereda as one of our lab members, has been working 

on aged mice trying to find differences in synaptic transmission between young 

and aged mice, in terms of the presynaptic calcium effect. As a recommendation 

for further research, it would be interesting to breed SyG37 mice with other 

models of age-related deficits or neurodegenerative conditions so that we can 

compare between the patterns of calcium signalling at presynaptic terminals at 

each stage of the hippocampal circuit from dentate gyrus to CA1 in young and 

aged animals and in other disease conditions. It is also noted that the absolute 

peak amplitude of SyGCaMP2 fluorescence was always higher in CA1 data 

compared with CA3 (figure 5-17). This might be due to the fact that our sensor 

appears to be more highly expressed in CA1 compared with CA3, where IHC 

data supported this possibility (figure 5.21). The interaction between DCG-IV and 

the NMDA antagonist, AP5 seems to be very interesting topic since we found that 

AP5 prevented the inhibitory effect of DCG-IV in both hippocampal areas, CA1 

and CA3 (figure 5-22 & 23). We hope to re-examine this topic in the future. 

Moreover, in some preliminary experiments, we could see a presynaptic role of 

NMDA receptors within CA3 area but not in CA1; it would be better to investigate 

these interesting results deeply, hoping to change the concept that the synaptic 

plasticity in CA1 area is NMDA dependant and CA3 area is NMDA independent 

to a new concept which is that the synaptic plasticity in CA1 area is postsynaptic 

NMDA dependant and CA3 area is presynaptic NMDA dependant. In 

experiments where the calcium transients were measured at individual 

presynaptic boutons, it would have been better to do more experiments, as this 

type of experiment allowed us to separate whether effects were due to a change 

in calcium signalling within boutons or a change in the number of contributing 

boutons or a combination of the two. 
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One of the limitations of this study was that, we could not always record high 

levels of paired-pulse facilitation in MF-CA3 experiments. The hippocampal 

mossy fiber synapse are known to exhibit remarkably pronounced short-term 

plasticity (Nicoll and Schmitz, 2005). One reason for this may be that we carried 

out experiments at room temperature and so it would have been interesting to 

examine the effects of repeating some of the experiments at more physiological 

temperatures. Nevertheless, all our responses were selectively blocked by DCG-

IV, an mGluR-2 agonist (Lanthorn et al., 1984, Yokoi et al., 1996) which is 

considered to be a characteristic of MF responses. A further limitation of our study 

is that we did not use the ratiometric feature of our sensor our sensor. This was 

primarily because it was difficult to separate sensor fluorescence from 

endogenous fluorophores. Ratiometric measurements are highly dependent on 

background subtraction and so with this uncertainty, it was felt better to use a 

more simple approach. Other work carried out in the lab has shown that it is 

possible to use ratiometric measurements to calibrate absolute calcium in 

presynaptic terminals and so future work is likely to make use of this feature. 

Together, these results indicate that SyG37 mice provide a sensitive useful tool 

to detect patterns of neuronal activity such as residual and transient calcium 

signalling detection at populations of neurones in vitro, as well as at the level of 

individual neurones and synapses. Now that it has been well characterized in the 

hippocampus, further studies looking into learning and memory and the effects 

of different drugs should be possible and useful allowing better distinction of pre- 

and postsynaptic effects. 
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Table 6.1. The main differences between the SyG mouse strains.  
---- = No Expression, +++ = Expression. 

 SYG14  
mouse strain 

SYG37 
mouse strain 

Technique 

Typical examples of PCR 
genotyping for detection of a 
transgene from mouse ear 
snips from both SyG14 and 
SyG37 colonies. 

+++ +++ PCR 

Assessment of SyG14 and 
SyG37 mice by Western blot 
analysis of mCherry protein 
expression. 

---- +++ Western 
blot 

 

Table 6.2. The main differences between optical and electrophysiological 
techniques used in this study. 
Signs: ---- = No effect; ↑, ↑↑, ↑↑↑ = Increase in the effect at different levels.  ↓, ↓↓, 

↓↓↓ = decrease in the effect at different levels.   

 Fluo-4 
calcium dye 

SYG37 
mouse 

SYG14 
mouse 

fEPSP 

The effect of 250 nM DPCPX 
on SC activation in the CA1 
area of the hippocampus. 

−−− ↑↑↑ −−− ↑↑↑ 

The effects of 10 μM PTX, 50 
μM AP5 and 10 μM DNQX on 
optically and 
electrophysiologically 
recorded responses to SC 
activation in the CA1 area of 
the hippocampus. 

↓↓ ↓ ↓↓↓ ↓↓↓↓ 

The effects of pre-incubation 
of 10 μM PTX, 50 μM AP5 and 
10 μM DNQX on the 
responses of different optical 
recording methods to SC/AC 
pathway stimulation. 

↓ ↑ ↓  
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Table 6.3. The main different between the responses to both, SC activation 
in the CA1 and MF activation in the CA3 areas of a SyG37 mouse model. 
Signs: ---- = No effect; ↑, ↑↑, ↑↑↑ = Increase in the effect at different levels.  ↓, ↓↓, 

↓↓↓ = decrease in the effect at different levels. 

CA1 CA3 Technique 
mCherry protein expression ↑↑↑ ↑↑ IHC and imaging 

The effect of increasing stimulus 
intensity, stimulus number and 
stimulus frequency on SyGCaMP2 
fluorescence in the hippocampal CA1 
and CA3 regions. 

↑↑↑ ↑↑ Imaging and 
Electrophysiology 

The effect of 250 nM DPCPX on 
SyGCaMP2 fluorescence responses 
to SC activation in the CA1 area and 
to MF activation in the CA3 area of the 
SyG37 hippocampus in the presence 
of synaptic transmission blockade. 

−−− ↑↑↑ Imaging and 
Electrophysiology 

The effects of 50 μM forskolin and 
rolipram on both SC-CA1 and MF-
CA3 synapses of a SyG37 mouse 
model. 

↓ ↑ Imaging and 
Electrophysiology 

The effects of 100 μM DCG-IV in the 
presence of AP5 on responses to 
both, SC activation in the CA1 and MF 
activation in the CA3 areas of a SyG37 
mouse model. 

−−− −−− Imaging and 
Electrophysiology 

The effects of 100 μM DCG-IV in the 
absence of AP5 on responses to both, 
SC activation in the CA1 and MF 
activation in the CA3 areas of a SyG37 
mouse model. 

↓↓↓ ↓↓↓ Imaging and 
Electrophysiology 

The effects of 10 μM PTX on 
responses to both, SC activation in the 
CA1 and MF activation in the CA3 
areas of a SyG37 mouse model. 

−−− ↑ Imaging and 
Electrophysiology 
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Appendix 1. SyGCaMP2-mCherry cloning vehicle 
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