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Abstract 
 

Environmental enrichment (EE) has a variety of positive cognitive effects and 

the mitogen- and stress-activated protein kinase 1 (MSK1) is in an optimal 

location for orchestrating translational changes in response to altered neuronal 

activity. It has been seen that the kinase function of MSK1 is necessary for 

regulating basal synaptic transmission strength, increasing mEPSCs 

amplitude after EE and for allowing cognitive flexibility. Changes in AMPA 

receptor (AMPAR) expression, particularly at the cell surface, is one possible 

explanation for MSK1- and EE- dependent effects on synaptic transmission. 

 

In this thesis, I have compared wild-type mice and mice containing an inactive 

form of MSK1 (MSK1 KD), raised under either standard or EE conditions. After 

3 months of EE, significant interactions between housing and genotype were 

identified in the AMPAR subunit GluA2, alongside two plasticity-related 

immediate early genes (IEGs), Arc and EGR1. This homeostatic regulation of 

IEG transcription corroborated what has previously been identified at the RNA 

level and these changes may reflect the alterations seen previously at the 

electrophysiological level.  Using electron microscopy, I discovered that under 

basal conditions, the PSD length is shorter in MSK1 KD animals, suggestive 

of reduced protein accumulation at the post-synaptic membrane. I also 

performed behavioural studies and identified MSK1 KD animals to have 

significantly reduced exploratory behaviour and improved spatial working 

memory, which may reflect the underlying behavioural trait for the impairment 

in cognitive flexibility.  

 

These studies provide new insights into the role that MSK1 plays in regulating 

key-plasticity related proteins and ultrastructural alterations and provides 

further clarity of the molecular pathways linking the long-lasting enrichment-

induced alterations underpinning cognitive and behavioural adaptations. 

Greater understanding of this pathway could provide new therapeutic avenues 

for patients with cognitive impairments. 
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1. Introduction 
 

1.1. Learning and memory  

1.1.1. Forms of memory and memory loss 
 

Generally, learning and memory is the process of the gaining, storing and 

retrieval of information, but there is a vast array of specific memory types. 

Memories can be separated into two categories, long-term memories (LTMs) 

and short-term memories (STMs) (Raslau et al., 2014). LTMs can last from 

hours up to a lifetime while STMs remain within the time frame of seconds and 

minutes. Working memory is encompassed by STM and involves selectively 

bringing attention to information that can be used directly to guide behaviour. 

With working memories limited capacity, information is stored only for a small 

window of time which can be manipulated during complex tasks including 

learning and reasoning. This type of memory can be seen when following a 

recipe, where working memory is required to recall only the next step, and 

once it has been undertaken can be removed from the working memory and 

replaced with new information (Baddeley, 2000; Baddeley and Hitch, 1974; 

D'Esposito and Postle, 2015).  

 

One key division of LTM is between declarative and non-declarative 

memories. Non-declarative refers to the memory of a task that can be shown 

by doing. This can be further divided into, for example, procedural tasks, like 

riding a bike; or emotional responses occurring as a result of classical 

conditioning (Craig et al., 2015). The other branch of LTM are declarative 

memories, shown through telling people information. Declarative memory can 

be further divided into episodic memories, where you are able to re-live events 

and encompasses spatial and recognition memory; and semantic memories, 

which are facts with no context such as recalling the capital of Spain (Raslau 

et al., 2014).  

 

For many years, researchers have tried to understand which regions of the 

brain are implicated in each form of memory. Human case studies began 
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elaborating on this work through individuals such as HM; who had various 

regions of his limbic system removed and, while still establishing non-

declarative memories, could no longer form declarative memories (Squire, 

2009). Following on from this, lesion studies, focusing specifically on regions 

such as the hippocampus, helped narrow down on region-function 

relationships. For example, a study in animal models showed that lesions 

focused on the dorsal hippocampus led to severe impairments in spatial 

memory. This memory can be studied in animals using the Morris water maze, 

where rodents learn the location of an escape platform submerged in an 

opaque solution (Morris et al., 1982; Neves et al., 2008).  Animals with lesions 

to the dorsal hippocampus had impaired spatial memory while maintaining 

recognition memory, demonstrating specific subtypes of declarative memory 

having different levels of hippocampal involvement (Broadbent et al., 2004; 

Duva et al., 1997; Moser et al., 1995). Hippocampal specific lesions in humans 

corroborated what has been seen in animal studies, with these individuals also 

showing deficits in spatial and general episodic memory tasks (Hainmueller 

and Bartos, 2020; Nadel et al., 2000; Rosenbaum et al., 2000).  

 

The current dogma for encoding memories within the brain involves all 

information being initially collected within the hippocampus. Specific 

information is then sent to relevant cortical areas for long-term storage. For 

example, spatial memory will go to the parietal lobes and visual information to 

the occipital lobes. Over time, greater connections between cortical areas are 

established and those between hippocampal and cortical areas weaken 

(Raslau et al., 2014). Studies showing that LTMs are not impacted after 

hippocampal lesions while short-term and working memories are, corroborate 

this dogma (Broadbent et al., 2004; Duva et al., 1997; Moser et al., 1995). 

 

In correlation with the above-mentioned dogma, many researchers have 

shown that the hippocampus is implicated as the focal point during early 

stages of Alzheimer’s disease (AD), which then spreads into the cortical areas.  

During the progression of AD, STMs are first to be affected and over time the 

LTMs become impaired (Jahn, 2013; Raslau et al., 2014). This memory loss 
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can impair day-to-day tasks including shopping, recalling names and faces, 

remembering conversations and taking medication. Problems in memory at 

any stage of life is often very stressful, frustrating and can be dangerous for 

the individual (Alzheimer’s-Society, 2016).  

 

Therefore, with greater information into the fundamental underpinnings of the 

process of learning and memory formation, diseases that impact memory, 

such as AD, can be better understood and potentially allow the discovery of 

new therapeutic targets. 

 

1.1.2. Pioneering work on the nervous system and memory formation 
 

Despite the huge efforts and advances made by centuries of studies on the 

neurobiological basis of learning and memory, how the brain functions is yet 

to be fully understood. The first ground-breaking neuroscience discovery was 

by Santiago Ramon y Cajal in the late 1800s. In this work he used Golgi’s 

silver nitrate staining to visualise neuronal cells within the brain. His findings 

were the first to suggest that neurons were separate entities which were 

polarised and connected across highly specialised gaps, now referred to as 

synapses (Foster and Sherrington, 1897; Lichterman, 2006; Sotelo, 2003). 

The neuronal concept was finally resolved once synaptic clefts separating pre- 

and post-synapses were visualised using electron microscopy (EM) in the 

1950’s (De Robertis and Bennett, 1955; Harris and Weinberg, 2012).  

 

The fundamental understandings of the interaction between environment and 

neuronal molecular pathways came from studies using simple organisms. One 

example was Kandel’s use of aplysia to study the cellular mechanisms of 

learning and memory. Due to its simple neuronal circuitry containing only 

~20,000 nerve cells, compared to the 86 billion found in the human brain, 

understanding what occurs at the neuronal level during learning and memory 

was possible (Herculano-Houzel, 2009). By looking into the gill-withdrawal 

reflex if aplysia and the effects elicited in the ganglions, a collection of neuronal 

cell bodies, Kandel observed an increase in synthesis of cyclic adenosine 
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monophosphate (cAMP) and serotonin during STM paradigms. Later 

experiments investigated the proteins synthesised during LTM formation 

within these invertebrates and one protein was discovered to play a key role: 

the cAMP response element binding protein (CREB) (Brunelli et al., 1976; 

Kandel, 2012; Robertson and Walter, 2014). 

 

At a similar time to Kandel, Bliss and Lomo discovered that repeated 

stimulation (a “tetanus”) can lead to long-term effects in vitro. They noticed 

that after specific trains of stimulation, the evoked response is persistently 

increased, which is now referred to as long-term potentiation (LTP) (Bliss and 

Lomo, 1973; Redondo et al., 2010). These long-lasting adaptations of 

neurons, particularly in strengthening connections, in response to recent 

changes in signalling is thought to be a key mechanism in the storage of 

memories.  
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1.2. The hippocampus and synaptic plasticity 

1.2.1. Hippocampal circuitry  
 

As described in section 1.1, the hippocampus has an important role in learning 

and memory, particularly for working and episodic memory, as shown by 

numerous lesion studies. The hippocampus is located in the medial temporal 

lobe and is part of the limbic system. It has a unique structure of two 

interlocking C’s and its location and gross structure can be seen in the Nissl 

stained section shown in Figure 1.1.A. Due to its involvement in memory 

formation, its simple architecture and highly documented localisation of 

specific neuronal cell types, the hippocampus is a highly utilised region for 

studying the structure and function of neurons (Knierim, 2015; Neves et al., 

2008).  

 

The connectivity within the hippocampus has been well established, 

particularly the classical excitatory tri-synaptic pathway, shown in Figure 1.1B 

(Hainmueller and Bartos, 2020; Knierim, 2015). For the first synapse in this 

pathway, the inputs from the entorhinal cortex (EC) are projected along the 

perforant pathway (PP) to dentate gyrus (DG) granule cells. The DG then 

sends inputs via mossy fibres (MF) to the apical dendrites of cornu ammonis 

3 (CA3) pyramidal neurons. From here, signals are sent to the proximal apical 

dendrites of cornu ammonis 1 (CA1) pyramidal neurons via the Schaffer 

collaterals (SC). These synapses between the SC and dendrites of CA1 

pyramidal neurons, occur within the stratum radiatum (SR) layer of the 

hippocampus and can project back to various regions of the cortex including 

back into both lateral and medial regions of the EC (LEC and MEC 

respectively), either directly or via the subiculum (SB) (Andersen et al., 1971; 

Canto et al., 2008; Knierim, 2015).  

 

This is not however the full extent of innervations within the hippocampus. The 

EC can innervate CA1 cells via the temperoammonic (TA) pathway and the 

synapses of these projections occur within the stratum lacunosum moleculare 

(SLM) layer of CA1. MFs can also innervate CA2 neurons, forming synapses 
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with the basal dendrites located within the stratum oriens (SO) (Ishizuka et al., 

1995; Kajiwara et al., 2008; Lorente De Nó, 1934; Shinohara et al., 2012). CA3 

neurons can also innervate contralateral CA1 neurons via the associational 

commissural pathway (ACP) (Witter, 2007). The pathways through the 

hippocampus and its layers are shown in Figure 1.1B and C respectively. 
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Figure 1.1: Hippocampal structure and circuitry 
A) A Nissl-stained sagittal section of a mouse brain, with the forebrain to the left and the cerebellum and back of the brain to the right. 
Within the square is the hippocampus located within the temporal lobe. The hippocampus is relatively easy to identify due to its 
unique structure, which is prominent in this section and can be described as two interlocking C’s. This image was obtained from the 
brain atlas. B) The main flow of information follows what has been referred to as the trisynaptic loop. This involves information entering 
the hippocampus from the entorhinal cortex (EC), travelling through the perforant pathway (PP). The PP synapses onto granule cells 
located in the dentate gyrus (DG). These pass information down mossy fibres (MF) to CA3. Here they synapse with CA3 pyramidal 
cells that project information to the CA1 via Schaffer collaterals (SC) where they synapse to CA1 pyramidal neurons and these then 
project back to the EC. There are multiple alternative routes information can take within the hippocampus. Inputs from the EC can 
also travel using the PP to activate the CA1 and CA3 regions directly. Information from the EC can also travel via the temperoammonic 
(TA) pathway to stimulate the subiculum (SB). Another route for information into the hippocampus is via the associational commissural 
pathway (ACP) which can relay information from the CA3 from the contralateral hippocampus and project to CA1 neurons. Neurons 
from the CA1 can also project to the EC via the SB. This was adapted from Lopez-Rojas and Kreutz (2016) and Centre of Synaptic 
Plasticity, University of Bristol (2019). C) There are four layers within the hippocampus. Starting from the outer edge, stratum oriens 
(SO), pyramidal cell layer (PCL), stratum radiatum (SR) and the stratum lacunosum moleculare (SLM). This image demonstrates the 
general architecture of a CA1 pyramidal neuron, with the cell body located within the PCL, basal dendrites projecting into the SO and 
apical dendrites projecting into the SR (proximal) and SLM (distal). This was adapted from Ishizuka et al. (1995).

A B C 

 ACP 
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1.2.2. Hebbian synaptic plasticity 
 

Investigating neuronal function has been possible since the 1940’s when 

electrophysiology was initially achieved in the giant squid axon (Hodgkin and 

Huxley, 1939). After the initial pioneering work, Hebb hypothesised that  “when 

an axon of Cell A is near enough to excite a Cell B and repeatedly or 

persistently takes part in firing it, some growth process or metabolic change 

takes place in one or both cells such that A’s efficiency, as one of the cells 

firing B, is increased”, postulating that neurons were able to respond and adapt 

to incoming signals (Hebb, 1949; Morris, 1999). Work undertaken by Bliss, 

Lomo and Kandel helped to further unravel this phenomenon of synapses 

altering their transmission efficiency in response to incoming signals, which is 

now referred to as synaptic plasticity (Bliss and Lomo, 1973). This capability 

to interpret signalling changes and store this information intracellularly occurs 

through functional and structural changes at the synapse. Some functional 

adaptations include changing pre-synaptic vesicle release, modifying and 

translocating proteins to specified regions of the synapse, alterations in 

transcription and translation, the number of glutamate receptors on the post-

synaptic membrane and the activation of various signalling cascades. 

Structural alterations include changes to the size of the pre-synaptic terminals 

and post-synaptic spine area (Bailey et al., 2015; Bliss and Lomo, 1973; 

Desmond and Levy, 1986; Lu et al., 2008; Lynch, 2004; Takeuchi et al., 2014; 

Turrigiano, 2008). The structural change of increased spine head size after 

LTP has been shown to occur simultaneously to the increase of AMPAR 

expression on the membrane (Herring and Nicoll, 2016).   

 

LTP is one form of Hebbian synaptic plasticity where rapid and long-lasting 

strengthening of excitatory post-synaptic potentials (EPSPs) occur after 

induction. One well documented form of LTP is N-methyl-D-aspartate receptor 

(NMDAR)- dependant LTP. NMDARs are heterotetrameric ionotropic 

glutamate receptors formed by the glutamate NMDA receptor subunits (GluN): 

GluN1, GluN2A-D and GluN3A-B subunits. Specific characteristics of these 

receptors are their slow rise and decay times, their ability to allow calcium to 
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pass and their voltage-dependant block (Iacobucci and Popescu, 2017).  A 

mechanism for NMDAR-dependant LTP induction in response to glutamate 

release into the synaptic cleft is mediated by α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPARs), further discussed in Section 1.4. 

Once activated, AMPARs are in an open channel state that allows sodium and 

potassium to enter the cell. The increase in positive ions within the cell 

depolarises the membrane, removing the magnesium block from NMDARs. 

Certain forms of neuronal stimulation can induce specific signalling across 

synapses, provoking intracellular signalling that results in increased 

production and insertion of AMPARs into the post-synaptic density (PSD) 

(Figure 1.2). This increased abundance of AMPARs in the synaptic membrane 

results in greater depolarisation of the cell in response to the same stimulation, 

thus inducing LTP (Chater and Goda, 2014; Lüscher and Malenka, 2012).  

 
Figure 1.2: Hebbian plasticity 
Long-term potentiation (LTP) and long-term depression (LTD) are two forms 
of Hebbian plasticity. LTP often involves specific trains of stimuli, which 
increases the signalling efficacy to future stimuli. This is likely to occur through 
the trafficking of AMPARs (shown in light blue) into the membrane region 
closest to the synapse, known as the post-synaptic density (PSD). LTD, 
involves the reduction of efficacy to incoming stimuli, which can again be 
induced by specific stimuli including low frequency stimulation. LTD has been 
shown to occur through the trafficking of AMPARs out of the PSD either into 
the peri-synaptic membrane or through endocytosis. NMDARs (shown in dark 
blue) appear to have a key role in this mechanism however, their levels in the 
membrane appear to remain consistent. Created with BioRender.com.  
 

 

Induction of LTP has been shown to occur within the excitatory pathways of 

the hippocampus both in vitro and in vivo and appears to be vital for certain 

memory tasks (Bliss and Collingridge, 1993; Bliss and Lomo, 1973; Lu et al., 

2008; Neves et al., 2008). LTP appears to comprise of two distinct phases, 
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early- and late- LTP (E-LTP; L-LTP respectively). E-LTP has been shown to 

last for 2-3 hours, independent of protein synthesis while L-LTP can last 

several hours in vitro and weeks in vivo and is dependent on intracellular 

signalling and protein synthesis. In vivo studies have shown that inhibiting 

protein synthesis has limited effects on STM but impacts LTM, suggesting a 

link between STM and E-LTP and LTM and L-LTP (Hernandez and Abel, 2008; 

Lu et al., 2008; Lynch, 2004).  

 

Two types of stimulation trains are commonly used to induce LTP in vitro: 

tetanus and theta bursts. Tetanus typically lasts several seconds and is 

delivered at frequencies within the 25 to 400 Hz range (Blundon and 

Zakharenko, 2008; Lu et al., 2008). In contrast, theta bursts typically consist 

of a short burst of five pulses delivered at 100 Hz. Multiple bursts are applied 

at 5 Hz and may be repeated several times to create a sequence. The latter 

can be repeated two to three times over a 10- to 15- minute time frame. Theta 

bursts resemble more closely a natural stimulus of LTP induction in 

comparison to tetanus (Blundon and Zakharenko, 2008; Larson and 

Munkacsy, 2015; Novkovic et al., 2015).  

 

Long-term depression (LTD) is another form of Hebbian plasticity where 

specific stimulation leads to a persistent reduction in EPSPs. LTD works in a 

similar way to LTP, still involving NMDARs and AMPARs, however the 

response to the stimuli received induces the opposite effect, with a reduction 

of AMPARs on the surface and reduced EPSPs to the same input (Figure 1.2). 

One method for inducing LTD is through activating specific metabotropic 

glutamate receptors (mGluRs) (Kumar and Foster, 2014; Palmer et al., 1997). 

These are part of the g-protein coupled receptor family, which form constitutive 

dimers, and contain extracellular ligand binding sites that, in response to 

ligand binding, leads to a conformational change within the receptor and 

initiates intracellular signalling cascades. There are 3 Groups of mGluRs, 1-3 

(Niswender and Conn, 2010). LTD can be achieved chemically using a group 

I mGluR selective agonist, (R,S)-3,5-dihydroxyphenylglycine (DHPG). Group 

1 mGluRs are shown to couple with Gq/G11, activating phospholipase C 
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(PLC)b leading to an increase in inositol -1,4,5- triphosphate (IP3). Increases 

in intracellular IP3 induces calcium mobilisation and the activation of protein 

kinase C (PKC). PKC can activate the mitogen-activated protein kinase / 

extracellular signal-regulated kinase (MAPK/ERK) pathway and the activation 

of this pathway has been shown to induce the internalisation of AMPARs 

(Bellone et al., 2008; Correa et al., 2012; Endo and Launey, 2003; Niswender 

and Conn, 2010). The GluA2 subunit appears to play the most prominent role 

in LTD induction (Diering and Huganir, 2018). Other methods used to induce 

LTD are low frequency stimulation, less than 10 Hz, and NMDA application. 

All these different methods of LTD induction appear to involve the 

internalisation of AMPARs (Collingridge et al., 2010). It is now well recognised 

that the dynamic trafficking of AMPARs in and out of the post-synaptic 

membrane is a key mechanism in forming and maintaining the synaptic 

strength imposed by LTP and LTD (Huganir and Nicoll, 2013). By altering the 

level and threshold of mGluR-mediated LTD, reversal learning and cognitive 

flexibility are shown to be impacted, likely through altering the process of 

memory acquisition (Privitera et al., 2020; Wall et al., 2018).  

 

1.2.3. Homeostatic synaptic scaling 
 

The effects of LTP and LTD rely on positive feedback loops to allow for fast 

and long-lasting input-specific synaptic changes, which could eventually lead 

to the saturation of these networks (Galanis and Vlachos, 2020; Turrigiano, 

2008). In 1998, the term synaptic scaling was introduced and refers to the 

compensatory mechanisms that ensure neuronal signalling remains within the 

dynamic range of activity. This involves providing negative feedback, 

preventing extreme levels of either excitation or inhibition (Galanis and 

Vlachos, 2020; Turrigiano et al., 1998).  
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Figure 1.3: Homeostatic scaling 

At the neuronal level, synaptic scaling occurs to ensure neurons remain firing 
within their dynamic range of activity, preventing over stimulation or removal 
of synapses after positive feedback paradigms such as LTP or LTD. This 
involves the regulation of AMPAR levels in the membrane and relative 
abundance to be upscaled or downscaled proportionally, maintaining the 
relative signalling efficacy of each synapse.  Created with BioRender.com. 
 

 

Synaptic upscaling was first shown by Turrigiano et al. (1998) using cultured 

neurons. Turrigiano found that halting activity through chemicals such as 

tetrodotoxin (TTX; which blocks voltage gated sodium channels) could 

increase firing rates back to control levels on a global scale. This global effect 

during homeostatic scaling allows the synaptic weight of each synapse to be 

preserved, ensuring that their relative signalling strengths are maintained 

(Figure 1.3) (Vitureira and Goda, 2013). Studies have suggested that the 

regulation of AMPAR number, subunit composition or both are involved in 

synaptic scaling (Chowdhury and Hell, 2018; Henley and Wilkinson, 2013; 

Turrigiano, 2008). For example, TTX incubation can induce serine (Ser) 845 

phosphorylation of AMPARs, consequently promoting the insertion of 

AMPARs into the PSD, thus leading to upscaling. Dephosphorylation of the 

same residue in AMPARs occurs after bicuculine administration, which 

increases neuronal signalling, through antagonising gamma-aminobutyric acid 

(GABA)-ergic inhibition. Both these experiments demonstrate the importance 

of AMPARs, in particular their trafficking and phosphorylation, for allowing 

homeostatic scaling (Diering et al., 2014).  
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1.3. Ultrastructure of synapses 
 

1.3.1. Post-synaptic density 
Synapses are divided into two main subclasses: excitatory and inhibitory. 

Excitatory synapses are found on dendritic spines and contain vesicles within 

the pre-synapse and are differentiated from inhibitory as they possess a 

thickening of the post-synaptic membrane, the PSD (Harris and Weinberg, 

2012; Sheng and Kim, 2011). The area of the PSD has been shown to 

positively correlate with spine volume (Meyer et al., 2014). The thickness of 

the PSD can be quantified in these excitatory asymmetric synapses by 

measuring the area and dividing the area by the length of the PSD (Dosemeci 

et al., 2001; Siskova et al., 2009). This complex specialisation behind the post-

synaptic membrane has been shown to be ~30 nm thick (Kennedy, 2000) and 

~300 nm long (Chen et al., 2011; Chen et al., 2008).  

 

The PSD is formed by an accumulation of proteins at the membrane, which 

includes cytoskeletal and scaffolding molecules including actin, PSD-95, 

shank and homer; kinase signalling proteins such as Ca2+/calmodulin-

dependent kinase II (CamKII); GTPase signalling pathway molecules including 

syn GTPase activating protein and also glutamatergic signalling receptors, 

NMDARs and AMPARs (Dosemeci et al., 2016; Sheng and Kim, 2011). This 

collection of proteins in close proximity to the membrane of the post-synapse 

allows for rapid responses to incoming signals, enhances the efficiency of 

intracellular signalling transduction and likely allows effective coordination of 

changes that occur during plasticity events (Ziff, 1997).  

 

PSD-95 has been shown to play a vital role in PSD size and innervation.  

Through the removal of PSD-95, Chen et al. (2011) demonstrated significant 

changes in PSD length and thickness and provided further evidence that the 

PSD is essential for receiving and transducing pre-synaptic signals. If PSD-95 

is overexpressed, an increase in the number of multi-innervated spines (MIS) 

within the CA1 region of the hippocampus has been shown (Giese et al., 

2015).  
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Structural changes to the PSD have been seen to correlate with changes in 

synaptic function. After stimulating neurons to induce enhanced signalling, 

PSD size has been seen to increase in multiple studies (Bosch et al., 2014; 

Bourne and Harris, 2011; Dosemeci et al., 2001; Ostroff et al., 2002; Popov et 

al., 2004). This increase in PSD volume has also been seen to occur after in 

vivo paradigms such as eye blink conditioning (Geinisman et al., 2000).  

 

Alongside PSD dimensions, the number of innervations onto a dendritic spine 

is also seen to increase after LTP. These multiple inputs can be seen through 

identifying perforated and complex PSDs alongside MISs (Giese et al., 2015; 

Mezey et al., 2004; Stewart et al., 2005). Another structural change seen in 

response to increased activity is the transformation of stubby spines into thin 

dendritic spines (Popov et al., 2004). These all provide evidence that 

functional changes in activity can be identified through specific changes in 

synaptic structure.  

 

1.3.2. Synaptic vesicles  
 

Neurotransmitters are packaged in pre-synaptic vesicles that are, on average, 

~35 nm in diameter and are strategically localised within the pre-synaptic 

terminal to enable rapid and finely controlled release (Harris and Weinberg, 

2012). There are three main pools of neurotransmitters. The readily releasable 

pool (RRP) are those held close to the membrane through soluble N-

ethylmaleimide sensitive factor (NSF) attachment protein receptor (SNARE) 

proteins until calcium influxes into the neuron and induces a controlled release 

of neurotransmitters into the synaptic cleft (Kaeser and Regehr, 2017). 

Vesicles further away from the membrane are said to be within the reserve 

pool (RP).  Thirdly there is the recycling pool which contains the membranes 

recycled from vesicles that have undergone exocytosis and goes on to form 

new synaptic vesicles, which then enter the RP. These pools can also be 

differentiated functionally, with low levels of stimulation being required for the 
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release of vesicles from the RRP, while high frequency stimulation is needed 

to release those within the RP (Denker and Rizzoli, 2010). 

 

Clear differentiation of these pools is hard to establish visually, so the two 

classes of vesicles within EM studies are those that are docked and local.  

Docked vesicles, predominantly comprising vesicles in the RRP, includes 

those in contact with or are within approximately one vesicle diameter of the 

membrane. Local vesicles include those within the RP and those recycling and 

are located beyond docked vesicles (Applegate and Landfield, 1988; Custer 

et al., 2006; Denker and Rizzoli, 2010). The defined distance is variable 

between experiments with docked vesicles being described as those between 

20 - 40 nm from the membrane (Custer et al., 2006; Kong et al., 2009), while 

local vesicles have included those within 150 – 200 nm from the membrane, 

excluding those that are docked (Applegate and Landfield, 1988; Kong et al., 

2009). Another method of measuring vesicles is to identify the density rather 

than total number, providing better normalisation to the size of the synapses 

imaged (Applegate and Landfield, 1988).  

 

Changes in levels of synaptic vesicles within different populations can lead to 

dysfunctional synapses demonstrated in diseases such as spinal muscular 

atrophy (SMA) and cathepsin D deficiency. In SMA murine models, there is a 

reduction in both total and docked vesicles, which is suggested to be the 

contributing factor to the reduction in quantal release observed in this disease 

(Kong et al., 2009). The neurological disease cathepsin D deficiency leads to 

epilepsy, brain atrophy and premature death after a few postnatal days. EM 

experiments identified an increase in the overall vesicle number, particularly 

in docked vesicles (Koch et al., 2011). These demonstrate that changes in the 

number of vesicles within synapses can have severe implications on neuronal 

function.  
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1.4. AMPARs  
 

AMPARs support the majority of fast glutamatergic neurotransmission in the 

mammalian CNS (Chowdhury and Hell, 2018). These receptors are functional 

as tetrameric structures containing two subunit dimers that can comprise of 

either glutamate ionotropic receptor AMPA type subunit (GluA) 1, GluA2, 

GluA3 or GluA4. The three main combinations found in adulthood are 

homotetramers containing GluA1 and heterotetramers GluA1A2 and GluA2A3 

(Fleming and England, 2010; Henley and Wilkinson, 2013). Around 80% of 

AMPARs in the CA1 of the hippocampus are GluA1A2 heteromers (Lu et al., 

2009) supported by the majority of AMPAR transmission being mediated by 

GluA1A2 (Reimers et al., 2011). GluA4 is predominantly seen during 

development and is replaced by GluA2 in adulthood (Henley and Wilkinson, 

2016).  

 

GluA1 and GluA3 are relatively similar while 99% of GluA2 subunits undergo 

RNA editing, leading to the insertion of an arginine instead of a glutamine at 

position 607, located in the pore forming domain (Sommer et al., 1991; Wright 

and Vissel, 2012). The inclusion of an arginine impairs calcium permeability 

into the neuron and with the most common AMPAR composition being 

GluA1A2 heteromers, these receptors are calcium impermeable. GluA2 

lacking AMPARs, also referred to as calcium permeable (CP-) AMPARs, are 

most commonly comprised of GluA1 homomers ( 

Post-translational modifications (PTMs) on AMPARs can impact their 

localisation.  For example, ubiquitination via neural precursor cell expressed 

developmentally down-regulated protein (Nedd) 4-1 and 4-2 has been seen to 

mediate homeostatic down scaling through the internalisation and degradation 

of AMPARs in response to increased activity (Widagdo et al., 2017). Another 

PTM example is the phosphorylation of Ser845 on the AMPAR subunit GluA1. 

This phosphorylation by protein kinase A (PKA) can promote the insertion of 

AMPARs into the PSD, increase channel open probability and is involved in 

upscaling, while the dephosphorylation of this residue promotes downscaling 
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through loss of AMPARs at the membrane (Diering et al., 2014; Diering and 

Huganir, 2018; Malinow and Malenka, 2002; Sanderson et al., 2016). 

 
 
). Calcium entry into the neuron can induce downstream signalling cascades 

such as the activation of calcineurin, which can induce the internalisation of 

CP-AMPARs and this specific cascade has been suggested to play a role in 

LTD induction (Fleming and England, 2010; Sanderson et al., 2016).  

 

The biogenesis of these tetramers are still being determined. Multiple 

hypothesised mechanisms have been proposed to try and account for the 

rapid changes in AMPAR subunit composition and localisation observed 

during various plasticity events. The endoplasmic reticulum extends into 

dendritic trees, with AMPAR subunit mRNA accumulating here as well, leading 

to the hypothesis that AMPAR subunits are locally and rapidly synthesised in 

response to neuronal activity (Gan et al., 2015). Interestingly, chronic activity 

in cultured neurons has shown increased transcription of GluA1 and not GluA2 

subunits within dendrites, possibly leading to an increase in CP-AMPARs 

(Diering and Huganir, 2018; Gan et al., 2015). 

 

 
Figure 1.4: AMPAR subunit compositions 
AMPARs are tetrameric structures and consist of dimers of dimers which in 
adulthood are made up from GluA1, GluA2 and GluA3. Due to GluA2 
containing an arginine within the pore forming domain, GluA2 containing 
AMPARs are not calcium permeable while GluA1 homomers are calcium 
permeable.  Adapted from Henley and Wilkinson (2013). 
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In many forms of synaptic plasticity, including LTP, alterations in signalling can 

result from changes in the trafficking of AMPARs in and out of the PSD either 

between intracellular pools or via lateral diffusion from peri-synaptic 

membranes (Collingridge and Singer, 1990; Fleming and England, 2010; 

Henley and Wilkinson, 2013).  Various proteins are involved in the trafficking 

of AMPARs. One such protein is protein interacting with C kinase 1 (PICK1) , 

which can interact with GluA2A3 and cause endosomal recycling of AMPARs 

(Widagdo et al., 2017). Activity-regulated cytoskeleton-associated protein/ 

activity regulated gene 3.1 (Arc/Arg3.1) is another protein shown to induce the 

internalisation of AMPARs with its regulation impacting the level of AMPARs 

at the membrane (Correa et al., 2012; DaSilva et al., 2016). NSF can bind to 

the cytoplasmic tail of GluA2 and is suggested to have importance in AMPAR 

exocytosis, as impairing this interaction leads to a reduction in signalling, likely 

resulting from the AMPARs within the PSD (Malinow and Malenka, 2002).   

 
Post-translational modifications (PTMs) on AMPARs can impact their 

localisation.  For example, ubiquitination via neural precursor cell expressed 

developmentally down-regulated protein (Nedd) 4-1 and 4-2 has been seen to 

mediate homeostatic down scaling through the internalisation and degradation 

of AMPARs in response to increased activity (Widagdo et al., 2017). Another 

PTM example is the phosphorylation of Ser845 on the AMPAR subunit GluA1. 

This phosphorylation by protein kinase A (PKA) can promote the insertion of 

AMPARs into the PSD, increase channel open probability and is involved in 

upscaling, while the dephosphorylation of this residue promotes downscaling 

through loss of AMPARs at the membrane (Diering et al., 2014; Diering and 

Huganir, 2018; Malinow and Malenka, 2002; Sanderson et al., 2016). 
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1.5. Environmental enrichment 

1.5.1. Environmental enrichment and behavioural effects 
 

Hebb found in 1947 that rats he had taken home performed better in maze 

learning tasks compared to rats maintained in standard laboratory conditions 

(Hebb, 1947). Following this, research further validating and exploring the idea 

that a more stimulating environment can improve cognition began. 

Environmental enrichment (EE) requires increased levels of cognitive, 

sensory, social and/or motor stimulation. For example, EE of the home 

environment of a mouse can involve a larger housing cage, increased number 

of cage mates and a more complex environment. Increased complexity can 

be achieved by adding more toys, tunnels, wheels and/or nesting to the 

environment (Nithianantharajah and Hannan, 2006; Slater and Cao, 2015; van 

Praag et al., 2000). As initially described by Hebb, EE animals continue to 

demonstrate cognitive improvements in various memory paradigms such as 

spatial memory (Falkenberg et al., 1992) and novel object recognition (NOR) 

(Kazlauckas et al., 2011).    

 

Since Hebb’s discovery, many positive effects on the CNS can be seen at the 

structural and functional levels of healthy neuronal models, as well as in 

diseases, such as AD, and psychiatric disorders, such as depression, 

schizophrenia and autism spectrum disorders (Gubert and Hannan, 2019; 

Hattori et al., 2007; Nithianantharajah and Hannan, 2006). Investigations into 

enrichment in humans has shown that individuals partaking in social and 

cognitive activities midlife, such as home hobbies, clubs, visiting family and 

friends and going to the movies, can delay the onset of dementia (Carlson et 

al., 2008). This relays what has been seen in animals where one study, using 

continuous EE, demonstrated a reduction in age related decline in spatial 

memory (Bennett et al., 2006).  

 

Creating EE for animals that fully mirrors that of humans is unlikely to be fully 

established (Carlson et al., 2008; Sale et al., 2014) and there have been many 

different procedures used to study the specific effects of EE in rodents. Some 
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institutions use protocols involving daily placement of animals into EE and then 

returning them to standard housing (SH) while in other studies, animals are 

housed in EE with the enrichment being replaced by new stimuli on a regular 

basis (Frick and Benoit, 2010; Rampon et al., 2000b). The number of animals 

within the EE also varies, with between 4 and 20 mice being used. The control 

group that EE mice are compared to also differs, with some studies comparing 

enriched animals to those that have been deprived and others comparing them 

to SH mice (Falkenberg et al., 1992). A final example of the differences 

between EE experiments is that some studies have involved enrichment from 

birth (Correa et al., 2012; Prusky et al., 2000) while others have involved 

placing mice into enrichment later in life (Jankowsky et al., 2005; Kazlauckas 

et al., 2011). It has been suggested by the Rosenzweig laboratory that the 

positive effects of behaviour can happen to the same extent in rats placed into 

EE at weening, juvenile and young adult stages of life (Rosenzweig and 

Bennett, 1996). Studies have shown that impairments in memory, which 

occurred after knocking out NMDAR in the CA1 region, can be rescued by 

daily enrichment, including NOR and other hippocampal-dependant 

behaviours (Rampon et al., 2000b). 

 

1.5.2. Biomolecular effects of environmental enrichment 
 

On top of improvements in behavioural and memory tasks, EE has been 

shown to have many positive effects on the CNS, with the expression levels 

of several proteins involved in neuronal structure and signalling differing after 

enrichment. 

 

One such protein is PSD-95, a scaffolding protein for key signalling molecules 

in excitatory neurons. PSD-95 is seen to increase within the hippocampus 

after EE (Huganir and Nicoll, 2013; Nithianantharajah et al., 2004; Rampon et 

al., 2000a). Overexpression of PSD-95 has been seen to increase AMPAR 

currents, mimicking LTP and demonstrated that PSD-95 selectively transports 

GluA1 containing AMPARs. AMPAR production has been suggested to be 

directly impacted by EE, with levels of AMPAR subunit GluA2 increasing in 
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response to EE (Naka et al., 2005). EE not only induces post-synaptic effects. 

This has been shown by EE inducing an increase in the levels of hippocampal 

synaptophysin, a membrane protein located within synaptic vesicles 

(Nithianantharajah et al., 2004).   

 

Neurotrophic factors are also seen to increase after enrichment and one such 

factor is brain-derived neurotrophic factor (BDNF), where its messenger 

ribonucleic acid (mRNA) levels have been shown to become elevated after EE 

(Falkenberg et al., 1992). BDNF is a small dimeric protein, released during 

neuronal activity and protein expression of BDNF have both been shown, in 

mice, to increase during enriched experiences (Kazlauckas et al., 2011; 

Novkovic et al., 2015). With reduced levels of BDNF, LTM in mice is impaired 

and the positive effects of enrichment become reduced, demonstrating the 

importance of BDNF in LTM formation and in allowing the positive effects of 

EE to occur (Novkovic et al., 2015). This increase in BDNF after EE is 

accompanied by an increase in its receptor, the tropomyosin receptor kinase 

B receptor (TrkBR), alongside an increase in CREB transcription (Hu et al., 

2013).  

 

The mRNA levels of Arc have been seen to rapidly increase after EE exposure 

and appears to return to baseline levels 2 hours after behavioural training 

(Guzowski et al., 2000). This protein is an immediate early gene (IEG) seen to 

increase in response to activity and has been suggested to play roles in 

dendritic spine structure (Pinaud et al., 2001), AMPAR endocytosis (DaSilva 

et al., 2016) and LTP, with Arc KO mice demonstrating an enhanced early-

phase and impaired late-phase of LTP, manifesting behaviourally through 

impacting the spatial learning strategies of these mice alongside specific 

learning paradigms (Plath et al., 2006).  

 

EE displays increased levels of hippocampal LTP, increases in neurogenesis 

and the integration of new-born cells into functional circuits (van Praag et al., 

2000). Anatomical effects have also been seen with EE animals having a 
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greater number of synapses and overall dendritic spine density (Rampon et 

al., 2000b).   
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1.6. MSK1  

1.6.1. MSK1 in the BDNF-MAPK pathway 
 

Synaptic plasticity is well documented to be influenced by neuronal activity. 

This activity-dependant plasticity can occur in response to neurotrophins such 

as BDNF. BDNF has demonstrated activity-dependent expression and 

secretion within glutamatergic pyramidal neurons of the hippocampus and 

within neurons of the adult forebrain either released pre- or post- synaptically 

(Aicardi et al., 2004; Lu et al., 2008). This is likely to be made possible by the 

mRNA of BDNF being trafficked to the dendrites of these neurons and 

subsequently synthesised in response to specific stimulation such as tetanus 

or theta bursts, associating the release of BDNF with LTP (Lu et al., 2008).  

 

The TrkBR is a high affinity receptor for BDNF and is closely associated with 

PSD-95 and NMDARs (Lu et al., 2008). After activation, TrkBRs dimerise, 

auto-phosphorylate and can activate three downstream targets: 

phosphatidylinositol 3-kinase (PI3K), which can lead to the activation of the 

serine/threonine kinase (AKT); PLCg, which induces the production of IP3 and 

diacyl glycerol; and thirdly the MAPK/ERK pathway (Guo et al., 2014; Gupta 

et al., 2013).  

 

The pathway focussed on in this thesis is the MAPK/ERK pathway. This 

pathway allows extracellular signalling to alter the expression of synaptic 

membrane protein composition through the phosphorylation of proteins, 

including transcription factors, via the mitogen- and stress- activated protein 

kinase 1 (MSK1). This phosphorylation occurs as a result of activated ERK 

translocating into the nucleus, where MSK1 is localized. While ERK 

phosphorylates MSK1 downstream of TrkBR activation by BDNF, mitogen-

activated protein kinase 14 (P38) is also seen to activate MSK1 in response 

to stress signals and pro-inflammatory cytokines (Deak et al., 1998). One 

protein seen to become phosphorylated after MSK1 activation is CREB.  
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Figure 1.5: Pathways leading to CREB activation 
Phosphorylation of CREB at Ser133 activates its transcriptional activity. This 
can occur downstream of BDNF, through activating the TrkBR leading to the 
activation of the MAPK/ERK pathway. This can induce the activation of MSK1 
which can phosphorylate CREB. Activation of TrkBRs can also induce PLCg 
and PI3K, with PI3K stimulating AKT which can activate CREB. NMDAR and 
VGCC activation both lead to an increase in intracellular divalent calcium 
(Ca2+). This increase in Ca2+ and active calmodulin (Cam) can activate PKC, 
CamK IV and aCamK II, which can all phosphorylate CREB. Activation of 
specific GPCRs and the increase in intracellular calcium in response to 
NMDAR and VGCC activation can also induce adenylate cyclase (AC) and the 
production of cAMP. This can go on to activate PKA which is able to 
phosphorylate CREB. This activation of CREB can go on to induce the 
transcription of different genes including IEGs. Created with BioRender.com.  
 

 

CREB has been seen on many occasions to be critical in orchestrating 

synaptic plasticity events through its transcription of genes such as IEGs.  As 

well as MSK1, many alternative pathways can lead to CREB activation through 

the phosphorylation of Ser133. These other kinases include PKC, CamKII & 

IV, and PKA, all acting through their own specific signalling cascades 
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(Sakamoto et al., 2011). Increased calcium levels through activation of 

NMDARs or voltage gated calcium channels (VGCCs) can induce both PKC 

and lead to the activation of CamKs. This increase in calcium and activation 

of specific GPCRs can also lead to the activation of adenylate cyclase (AC), 

which increases intracellular levels of cAMP and activate PKA, resulting in 

CREB phosphorylation (Lonze and Ginty, 2002; Sakamoto et al., 2011). These 

various pathways for inducing CREB are shown in Figure 1.5.  

 

1.6.2. MSK1 activations and downstream effects 
 

MSK1 is highly expressed within: neuronal cells of the striatum (Heffron and 

Mandell, 2005); the hippocampus, particularly within excitatory cell layers; 

progenitor cells within the SGZ; and adult-born immature neurons (Chwang et 

al., 2007; Karelina et al., 2012). MSK1 is an enzyme that localises within the 

nucleus due to the nuclear localisation sequence (NLS) within the protein. 

MSK1 also contains two kinase domains, the N terminal kinase (NTK) and C 

terminal kinase (CTK). The CTK becomes activated once phosphorylated by 

ERK1/2 and this causes autophosphorylation within the MSK1 protein. After 

autophosphorylation, allosteric activation of the NTK can occur and the NTK 

can then phosphorylate downstream substrates, such as CREB at Ser133. 

Asp194 within the NTK domain is critical for the kinase activity of MSK1 

(Arthur, 2014; Arthur and Cohen, 2000; Kaiser et al., 2007). This activation 

cascade is shown in Figure 1.6. The proteins targeted by MSK1 include: 

CREB, histone H3, activating transcription factor 1 (ATF1), high mobility group 

nucleosome binding domain 1 (HMGN1), nuclear factor-κ light-chain enhancer 

of activated B cells (NFκB) and retinoic acid receptor (RAR)a1 (Arthur, 2014; 

Casadio et al., 1999; Vaynman et al., 2003; Ying et al., 2002).  

 

Dominant negative forms of CREB have been shown to influence AMPAR 

composition in the PSD. This influence is further supported by a reduction in 

AMPAR mediated miniature excitatory post-synaptic currents (mEPSCs) 

(Middei et al., 2013). The inhibition of CREB has also introduced deficits in 

learning paradigms alongside neuronal plasticity (Guzowski and McGaugh, 
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1997; Jancic et al., 2009). One possible mechanism for this is due to a 

decrease in the transcription of the IEG Arc, which would reduce AMPAR 

internalization, increasing neuronal activity and prevent subsequent BDNF 

release to induce synaptic downscaling (DaSilva et al., 2016; Shepherd et al., 

2006; Waung et al., 2008). The short-term effects of Arc have been shown to 

impact the transport of AMPARs, while long-term effects of Arc impact the 

adaptability of dendritic spine structure and supports the accommodation of 

AMPAR insertion (Correa et al., 2012). The pathway from BDNF to the 

transcription and translation of IEGs and subsequent alterations in AMPARs 

can be seen in Figure 1.7.  

Figure 1.6: Activation cascade of MSK1 

MSK1 is located within the nucleus and this occurs because of the nuclear 
localisation sequence (NLS) found towards the C terminal. MSK1 can become 
phosphorylated by ERK at regions on and around the C terminal kinase (CTK). 
This activates the CTK and causes auto-phosphorylation leading to allosteric 
activation of the N terminal kinase (NTK). Within the NTK is Asp194 which 
when mutated to Ala, stops the activation of the NTK and subsequently 
prevents downstream proteins, such as CREB, becoming phosphorylated. 
Adapted from Arthur (2014). 
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Figure 1.7: BDNF-MAPK-MSK1 pathway 
BDNF binds to TrkBRs, inducing dimerization and intracellular signalling. 
Rapidly accelerated fibrosarcoma (RAF) is first to be activated by the TrkBR 
which then phosphorylates mitogen-activated protein kinase kinase 1/2 
(MEK1/2), which in turn phosphorylates ERK1/2. ERK1/2 can translocate into 
the nucleus where it can phosphorylate and subsequently activate the MSK1 
protein. MSK1 has multiple targets, two are shown in this diagram being 
histone H3 and CREB. Both are seen to increase the transcription of IEGs 
such as Arc. Arc is a protein that contributes to the internalisation of AMPARs 
from the membrane, allowing high levels of activity and subsequent BDNF 
signalling to induce synaptic downscaling. This was adapted from Correa et 
al. (2012). Created with BioRender.com. 
  



 

 

28 

MSK1, as well as activating CREB, can also induce the phosphorylation of 

histone H3 at Ser10 (Maze et al., 2013). This has been seen to occur at 

promoters and coding regions for IEGs (Crosio et al., 2003; Maze et al., 2013). 

IEGs seen to undergo transcription in response to Ser10 phosphorylation of 

histone H3 include cellular Fos (c-fos) and MAP kinase phosphatases (MKP)-

1, MKP-3 (Crosio et al., 2003). Ser10 on histone H3 is also seen to regulate 

the transcription of Arc/Arg3.1 (Hunter et al., 2017).  

 

ATF1 can be phosphorylated at Ser63 by MSK1 and influences the 

transcription of c-Jun. C-jun can heterodimerise with c-fos and related family 

members or can form homodimers (Gupta and Prywes, 2002). Once 

dimerised, c-fos and c-jun can bind to DNA and help create the transcriptional 

regulator activator protein 1 (AP1), which can regulate processes such as 

proliferation (Szaloki et al., 2015). HMGN1 can also be activated by MSK1 and 

binds in a structure specific manor to nucleosomes, loosening chromatin to 

allow processes like transcription and DNA repair to occur (Murphy et al., 

2017). NFκB, a transducible transcription factor, is activated by MSK1 and is 

required for survival and axonal maintenance (Engelmann et al., 2014). RARa 

is a ligand-dependant transcriptional regulator targeting genes involved in 

differentiation and proliferation (Duong and Rochette-Egly, 2011).  

 

Another IEG of interest which has been suggested to be related to this 

pathway is early growth response protein 1 (EGR1), a transcription factor 

which can lead to translation of genes involved in neuronal signalling and 

plasticity (Duclot and Kabbaj, 2017). EGR1 has been seen to impact 

endocytosis, vesicle transport (Koldamova et al., 2014), Arc transcription, actin 

cytoskeleton formation (Li et al., 2005) and influence pathways such as the 

MAPK pathway (Revest et al., 2005). EGR1 induction can occur via a rapid 

onset (within 30 min) which is MAPK independent, alongside a slower onset 

mechanism, occurring within 2 hours and is suggested to be MAPK dependant 

(Revest et al., 2005).  
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1.6.3. MSK1 mutant murine studies 
 

Even with this information, there is still much to understand about how various 

types of memory are stored in this complex map of neurons, especially at the 

molecular level. Questions such as: how the reception of information at the 

synapse is modified in response to stimulation, the biochemical cascades 

which occur after neuronal stimulation, the impact on transcription, the 

resulting changes in regulation of proteins and how affecting one part of this 

multitude of effects could result in a behavioural phenotype, all still require 

greater understanding.  

 

The role of MSK1 in the regulation of neuronal functionality and memory has 

been investigated in murine tissue previously, initially looking at mutant mice 

with MSK1 knocked out (KO). Without MSK1, disfunction in histone H3 

acetylation and CREB phosphorylation were identified (Arthur et al., 2004; 

Chandramohan et al., 2008; Chwang et al., 2007). Alongside this, reductions 

in dendritic branching, spinogenesis and level of progenitor cell proliferation 

were also observed in MSK1 KO animals (Karelina et al., 2012).  

 

MSK1 KO mice have also demonstrated behavioural and learning deficits, 

shown using an array of tasks including Morris water maze trials, fear 

conditioning, passive avoidance (Arthur, 2014; Chwang et al., 2007) Barnes 

maze and NOR (Karelina et al., 2012). These MSK1 KO mice also did not 

demonstrate learning and memory benefits that usually results from an 

enriched environment (Karelina et al., 2012). After tasks such as fear 

conditioning, reduced levels of CREB phosphorylation were observed in MSK1 

KO mice compared to wild type (WT). These suggest that behavioural 

responses to varying environmental stimuli, from fear to novelty, likely involves 

the BDNF-MSK1-CREB pathway (Arthur, 2014; Chwang et al., 2007; 

Gutierrez-Mecinas et al., 2011).    

 

Using KO mice has disadvantages such as the potential for closely related 

proteins to compensate for the deletion, reducing the impact of the knocked-
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out gene. There may also be structural as well as functional roles of the 

knocked-out protein, which may be lost upon deletion. For MSK1, the stress 

response has been suggested, using co-immunoprecipitation experiments, to 

induce a physical signalling complex between ERK1/2, MSK1 and the 

glucocorticoid receptor (Arthur, 2014; Gutierrez-Mecinas et al., 2011). 

Glucocorticoid receptors are ligand-gated transcription factors and have been 

seen to increase the enzymatic activity of the MAPK pathway (Revest et al., 

2005), increase histone H3 acetylation, increase the levels of EGR1  

(Gutierrez-Mecinas et al., 2011; Revest et al., 2005) and also appears to be 

important in the transcription of c-Fos, particularly in response to stress 

(Gutierrez-Mecinas et al., 2011). However, a large majority of the genes 

transcribed is suggested to occur as a result of MSK1 activation resulting from 

CREB phosphorylation at Ser133 (Hunter et al., 2017; Wiggin et al., 2002).  

 

To better isolate the roles of the kinase activity and subsequent CREB 

phosphorylation, MSK1 kinase dead (MSK1 KD) mutants were produced 

(Correa et al., 2012).  These mice have a knock in mutation from aspartate to 

alanine at 194, (Asp194Ala), located within the NTK domain of MSK1 (Arthur, 

2014). This mutation showed no gross developmental brain defects however 

did diminish MSK1 kinase activity, shown using an immunoprecipitation assay. 

This assay was achieved by using phorbol 12-myristate 13-acetate (PMA), 

which, through activating PKC can activate MSK1. After kinase activation via 

PMA administration, WT animals have an increase in MSK1 activity while 

MSK1 KD and KO did not (Correa et al., 2012).  

 

Reduced CREB phosphorylation in MSK1 KD animals after BDNF 

administration was observed using immunohistochemistry (Figure 1.8Error! 
Reference source not found.A) further demonstrating MSK1s role in the 

BDNF-dependant phosphorylation of CREB (Daumas et al., 2017). Field 

excitatory post-synaptic potentials (fEPSPs) were measured after different 

stimulus strengths to identify input/output responses and MSK1 KD mice 

demonstrated a deficit in synaptic transmission at higher stimulus strengths 

(Figure 1.8B). No effects were identified when observing paired-pulse 
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facilitation, mGluR-mediated LTD or in tetanus- or theta-burst- mediated LTP. 

The LTP induced here was dependent upon transcription, but with no 

difference identified between the genotypes, MSK1-dependant transcription 

does not appear to contribute towards LTP. Under SH conditions, no effects 

were identified in water maze based spatial memory tasks between genotypes 

(Daumas et al., 2017).  

 

Figure 1.8: MSK1 KD mice have impaired BDNF-induced CREB 
phosphorylation, GluA1 trafficking and basal synaptic transmission  
A) Immunofluorescence labelling of p-CREB (in green) in the CA1 of the 
hippocampus demonstrates an upregulation of p-CREB in WT mice after 
BDNF application while slices from MSK1 KD mice show little or no change in 
p-CREB levels after BDNF administration (Daumas et al., 2017). B) MSK1 KD 
tissue has a deficit in basal synaptic transmission within the CA1 of the 
hippocampus. Plotting fibre volley versus slope demonstrates a reduction in 
the slope measurements within MSK1 KD animals at higher stimuli (Daumas 
et al., 2017). C) Homeostatic upscaling of synapses after TTX incubation 
causes an increase in surface expression of GluA1 and not GluA2 in WT 
animals, shown via the mean pixel intensity produced during the GluAs cell 
surface immunostaining of cultured neurons. In MSK1 KD neurons, this 
increase is not seen and there is instead a higher basal amount of cell surface 
GluA1 in hippocampal neurons (Correa et al., 2012). 
 

TTX induces a form of homeostatic plasticity, synaptic upscaling, which blocks 

BDNF, reduces Arc levels and subsequently reduces endocytosis of AMPAR, 

increasing mEPSC amplitudes. MSK1 KD animals did not show the typical 

GluA2 GluA1 

A B

C 



 

 

32 

increase in GluA1 to the surface within cultured neurons after signalling 

deprivation induced by the administration of TTX ( Figure 1.8C).  Within MSK1 

KD cultured neurons, TTX also did not induce the typical upregulation of 

mEPSCs or downregulation of Arc/Arg3.1 (Correa et al., 2012). Homeostatic 

scaling is suggested to become heightened in EE animals, with WT EE mice 

showing increased mEPSPs and hippocampal spine density compared to SH 

EE mice. MSK1 KD animals did not demonstrate this increase in transmission 

after EE, observed in mEPSCs, and also showed a dampened increase in 

spine density (Correa et al., 2012). Alongside impairments in upscaling after 

TTX in cultures, homeostatic enhancement of mEPSCs in EE brain slices after 

incubation in the selective astroglia activator TFLLR are not seen within those 

gained from MSK1 KD animals (Correa et al., 2012; Lalo et al., 2018). This 

suggests that MSK1 likely has a role in mediating the positive structural and 

functional effects seen after enrichment.  

 

Recently within the Frenguelli laboratory, enrichment in WT animals led to an 

enhancement in the dynamic range, shown by a greater outward shift in their 

responses to LTP and LTD, while MSK1 KD animals demonstrated no 

enhancement in both these plasticity paradigms after EE (Figure 1.9A). It was 

also demonstrated that MSK1 KD animals had impairments in cognitive 

flexibility, shown through having an increased latency to the new platform 

location in the reversal learning task (Figure 1.9B) (Privitera et al., 2020).  

 

Due to this lack of increase in mEPSC amplitude after EE being observed, the 

level of AMPARs active at the synapse are likely to remain constant in the 

MSK1 KD mice, unlike WT animals. This could result from impaired trafficking 

or due to differences in AMPAR composition under basal activity, such as 

through impacts in the ratio between GluA1:GluA2 subunits on the post-

synaptic membrane, increased levels of AMPARs overall, altered PTM on 

AMPARs or due to altered regulation of MSK1-controlled gene expression.  
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Figure 1.9 Lack of MSK1 activity impairs dynamic range and cognitive 
flexibility 
A) Using electrophysiology in the CA1 region of the hippocampus, theta burst-
induced LTP and low frequency stimulus-induced LTD were used to 
investigate the dynamic range and found that after EE, WT mice had an 
expansion in their cumulative distributions, while this was not seen in MSK1 
KD, where both EE and SH responses overlapped with WTSH tissue. B) Mice 
underwent a reversal learning task, an adaptation of the Morris water maze 
task, and WT mice showed shorter latencies to the reversed platform location 
than MSK1 KD, with KDEE mice taking greater lengths of time to locate the 
platform compared to WTEE, suggestive of impaired cognitive flexibility 
(Privitera et al., 2020).  
  

A B
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1.7. Overview of this project 
 

The overarching aim of this project was to investigate the role of MSK1 in the 

molecular underpinnings of neuronal activity. I hoped to gain a more detailed 

understanding of the impact EE and MSK1 activity had in proteins important 

in synaptic function, such as the AMPAR subunits GluA1 and GluA2 and IEGs 

such as Arc and EGR1. I also have a particular interest in the cause of the 

basal synaptic transmission deficit in MSK1 KD animals. This may occur as a 

result of impaired trafficking of the excitatory glutamatergic AMPARs, as this 

receptor is well documented to be key in the plasticity of synapses and 

differences have previously been reported in MSK1 KD neurons. Another 

avenue I aim to investigate is observing impacts at an ultrastructural level on 

key synaptic features, such as the PSD, which could be impacted in MSK1 KD 

mice if less receptors are maintained at the synaptic membrane. How this 

deficit in synaptic signalling influences behaviour of these mice will also be 

further investigated, to help understand the underpinnings of the cognitive 

flexibility impairment previously seen. These experiments will increase our 

understanding of the role that MSK1 plays in regulating protein levels, 

structural features and in specific learning and memory tasks.  

 

Aims: 
1) Identify behavioural impacts of MSK1 in relation to acute environmental 

enrichment with specific interest in spatial working memory, LTM and 

exploratory behaviour.  

2) Measure the total protein level changes of IEGs and AMPAR subunits, with 

respect to both genotype and housing, alongside changes in cell surface 

expression of AMPARs. 

3) Repeat the basal synaptic transmission experiments undertaken in Privitera 

et al. (2020).  

4) Analyse changes in AMPARs incorporation into the PSD and measure pre- 

and post -synaptic ultrastructural features of excitatory glutamatergic 

synapses in the CA1 region of the hippocampus of both WT and MSK1 KD 

animals. 
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2. Methodology 
 

2.1. Animals  
 

All experiments undertaken used male mice. For comparing genotypes, MSK1 

KD mice alongside age matched WT counterparts were utilised. The MSK1 

KD animals contained a mutation where Asp194 within the endogenous MSK1 

gene was replaced with Ala. This mutation occurs in the N terminal kinase 

domain rendering the kinase function of this protein inactive. These mutations 

were introduced into C57Bl/6J mice and lines were maintained as separate 

WT and MSK1 KD animals. These animals were produced by Simon Arthur 

and initially tested by Correa et al (2012) for gross neurological defects, and 

no such defects were identified.  

 

To avoid genetic drift, where spontaneous mutations in one strain may occur 

and induce differences not related to the specific mutation under investigation, 

the two lines were bred from het x het backcrosses every two years. All animal 

experiments conformed with the United Kingdom Animals (Scientific 

Procedures) Act 1986 alongside local ethical review procedures and all 

experiments were approved by the local Animals Welfare and Ethics Board 

(AWERB) at the University of Warwick.  Behavioural experiments were also 

conducted under the project licenses 70/7821 and PA69C1971.  

 

2.2. Housing 
 

Mice were maintained under a 12/12 light dark cycle (with illumination between 

7.00 am and 7.00 pm) in a facility kept between 20-24 °C and were given ad 

libitum access to standard mouse chow and water. SH cages were individually 

ventilated Tecniplast sealsafe 1284L mouse cages with the dimensions 365 x 

207 x 140 mm and contained: wood shavings, nesting, one cardboard and (for 

mice undergoing behavioural tasks and subsequent 5-week western blotting 

analysis) one polyacrylamide handing tunnel with 2-5 mice per cage 

(maximum of three animals for all behavioural tasks and for the 5-week 
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western blotting analysis). For EE housing, individually ventilated rat cages 

Tecniplast sealsafe 1500U were used with the dimensions 480 x 375 x 210 

mm and housed 4-7 mice. The enriched cages contained: wood shavings, 

nesting, a cardboard tube and polyacrylamide handling tunnel (for behavioural 

animals and subsequent 5-week western blotting analysis) alongside a 

running wheel, seesaw tunnel and either a two-story house or a suspended 

house, these two houses were exchanged every week. Examples of the two 

environments are shown in Figure 2.1. 

 

The enrichment condition was induced for three different lengths of time to 

observe the temporal effects on protein differences within these animals and 

were compared to SH mice of equivalent ages. The first group of mice were 

housed in enrichment for 1 week once they reached 2 months of age. Another 

cohort was enriched for 5 weeks once 2 months of age, and these animals 

underwent the behavioural studies in this thesis. The final group of murine 

tissue was previously obtained in the Frenguelli laboratory, where animals 

were enriched from birth and housed in enrichment for 3 months, with mice 

undergoing behavioural tests during this time.  
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Figure 2.1: Example of the differences between EE and SH conditions 
Individually ventilated cages containing wood shavings and nesting, with ad 
libitum access to mouse chow and water, were used. SH (left) comprised of 2-
5 mice housed in a 365 x 207 x 140 mm cage containing a cardboard tube and 
polyacrylamide handling tunnel. EE (right) mice were housed in a larger 480 x 
375 x 210 mm cage, housing 4-7 mice and containing one cardboard and one 
polyacrylamide handling tunnel alongside a running wheel, seesaw tunnel and 
either a two-story house or a suspended house, these final two were 
exchanged weekly. The image above shows the two-story house.  
 

  

Top view 

Side view 

Standard Enriched 

Standard Enriched 
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2.3. Spatial working memory task 
 

Five cohorts of animals were used for these experiments. Once the youngest 

mouse reached two months of age, mice were either placed into EE or a new 

SH cage using the polyacrylamide tunnel. This produced four groups of mice: 

wild type standard housed (WTSH), wild type environmentally enriched 

(WTEE), MSK1 KD standard housed (KDSH) and MSK1 KD environmentally 

enriched (KDEE). Animals were kept in their respective housing conditions for 

3 weeks and polyacrylamide handling occurred during the weekly cage 

cleaning. Mice were weighed during the transfer, cage cleaning and after each 

task, and all mice maintained a healthy weight throughout. After 3 weeks in 

their respective housing condition, the behavioural task commenced and at 

the beginning of the day, all animals were placed into the testing room and 

allowed to acclimatise to the room for a minimum of 45 min.  

 

Due to this spatial working memory task (SWMT) investigating normal 

exploratory behaviour, it was defined as subthreshold on the severity scale 

and stress levels were not specifically measured. However, weight and 

aggression were both monitored after these tasks and if aggression was 

observed, the animal house staff were consulted, and measures were 

undertaken such as providing wooden gnawing blocks within the cage. 

Aggression that was observed during these behavioural protocols were not 

considered to be related to the task being undertaken.  

 

The SWMT apparatus was an 8-armed maze (Ugo Basile) with four arms 

blocked off. This was placed in the centre of four poster boards covered with 

cream curtains. One cue was attached to each poster board, and these cues 

included a red circle, blue square, yellow star and green triangle. Up lighting 

was used to produce illumination of approximately 25 lux at the centre of the 

apparatus. The setup is shown in Figure 2.2.   

 

Each mouse was placed into the centre of the 4-armed maze, facing the same 

direction, using the cardboard tunnel, and the animal could freely explore the 

maze while being tracked using Anymaze (Stoelting Labs), for 10 min. The 
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cardboard tube was used for handling as the polyacrylamide tunnel did not fit 

inside the apparatus. Mice were removed from the SWMT apparatus using the 

cardboard tunnel and were weighed before being placed in a holding cage of 

the same housing style. The holding cage contained half of the enrichment 

found within their normal cage and contained some of the nesting from their 

home cage to try and prevent fighting once multiple animals were placed into 

their respective holding cages. Once all mice had undergone the SWMT, mice, 

tunnels and enrichment were returned to the housing cage and mice returned 

to their housing rack. The SWMT apparatus was cleaned with 70% ethanol 

before each animal was placed into the apparatus for testing and cleaned once 

all animals had undertaken the task. 

 

Figure 2.2: Spatial working memory task apparatus 
An 8-armed maze (Ugo Basile) was used, and 4 arms were occluded (these 
four arms are shown by the red lines. The apparatus was placed on a table 
under a suspended camera. This was surrounded by four poster boards 
covered in cream curtains. For the spatial working memory task an image was 
placed on each of the walls. These images were a red circle, blue square, 
yellow star and green triangle. Before each mouse was tested, the apparatus 
was cleaned with 70% ethanol. All animals were placed into the apparatus 
using a cardboard tube, with the mouse facing the same wall (shown with the 
orange arrow).  
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The distance travelled, number of arms and sequence of arms entered were 

recorded for 10 min using Anymaze software and subsequently analysed. 

Distance travelled during each time-period represented the level of exploration 

of the apparatus undertaken by the mice. The animals head was required to 

reach 25% into the arm to qualify as an arm entry. To quantify the number of 

times the four arms were entered with no repetition (a correct sequence) an R 

script, shown in Appendix 1 was used. Figure 2.3 demonstrates in green the 

order in which an animal would be described as having undergone two correct 

arm sequences (1, 2, 3, 4 and 2, 3, 4, 5). Meanwhile, red shows an example 

of no correct arm sequences being achieved.  

 

Figure 2.3: SWMT set up and defining correct and incorrect arm sequences 
To measure spatial working memory, mice freely explored a four-armed maze 
for 10 min while Anymaze recorded arm entry, when the head passed 25% 
into the arm. The number of correct arm sequences were measured within 
specified lengths of time from the start. A correct arm sequence (represented 
by green numbers) occurred twice during this sequence, when the animal 
entered four arms without repeating (1, 2, 3, 4 and 2, 3, 4, 5). Red depicts an 
incorrect arm sequence, where the animal re-enters the western arm before 
exploring the remaining arm available.  
 

From the output of this script, the percentage of correct arm sequences was 

determined using this calculation: !"#$%&	()	"*+,"%	-%,"%*.%-
/(012	*"#$%&	()	1&#-	%*0%&%345 	#	100. The 

animals were analysed in time batches, which all started from the beginning 
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and progressed to either 1, 2, 3, 4, 5, 6, 8 or 10 min. This was due to an 

assumption that mice would become uninterested after a given amount of time 

and looking only at the full 10 min may miss key differences that occur within 

the first few minutes of the experiment. However, previously, the full 10 

minutes had been observed (Privitera et al., 2020) so timepoints between 1 

and 10 minutes were analysed. The script was adjusted to determine the 

number of times animals entered the same arm twice and serial sequences.  

 

The genotype of animals was blinded throughout these experiments. For 

practical reasons housing was not blinded during the video capture of the tasks 

while the analysis was performed blind to both genotype and housing 

condition.  

 

 
2.4. Object preference trial  
 

As a prelude to NOR being undertaken, male C57Bl/6J mice were exposed to 

the two objects to identify any avoidance or preference, gauging their 

suitability in the task. At ~2 months of age, mice either remained in SH or were 

moved into EE for 1 week. EE mice were examined during the preference trial 

to ensure that the enrichment within their home cage did not interfere with their 

interactions with the objects. The overall timeline for this preference test is 

depicted in Figure 2.4. EE animals were also used during the preference test. 

 

Figure 2.4: Timeline of protocol used for object preference trial 
Once ~2 months of age, using a polyacrylamide tunnel, four C57Bl/6J mice 
were transferred into a new SH cage (2 mice per cage) while 4 further mice 
were put into EE. On the second- and third-day, mice were further tunnel 
handled in the polyacrylamide tube. On Day 4 and 5, each cage of mice was 
given 10 min to explore the NOR arena. Day 6 and 7 each mouse was given 
5 min to explore the arena individually. On Day 8, animals were again placed 
into the arena individually, but within the arena were the two objects, massage 
ball and bubble pot. The sides these objects were placed on was alternated. 
Video capture was done on the individual habituation days (6 and 7) and 
during the object preference test (Day 8).  
 

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

Into housing condition 
Tunnel handling Tunnel handling Tunnel handling Group Habituation 

(10 mins)
Group Habituation

(10 mins)
Individual Habituation

(5 mins)
Individual Habituation 

(5 mins) 
Object preference test 

(5 mins)
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On the day mice were moved into their respective housing condition, and the 

subsequent 2 days, mice underwent polyacrylamide tunnel handling, involving 

mice walking freely into the tube and being maintained in there for 30 sec. 

Following this, mice were gently tipped backwards into a cage placed on 

scales to record their weight before being placed, using the polyacrylamide 

tunnel, back into their home cage (on day 1 this was into their new either SH 

or EE cage). This intense three days of tunnel handling was not undertaken 

for future experiments as this could induce some levels of enrichment to the 

SH animals, so polyacrylamide handling only occurred during cage cleaning 

days, undertaken on a weekly basis.  

 

Figure 2.5: The external set up used for both NOR and the SWMT 
The apparatus for both NOR and the SWMT were placed on a table 
underneath a suspended camera. In these images the NOR apparatus set up 
is shown. The left image demonstrates the four poster boards covered with 
curtains and the up lighting used to produce 25 lux in the centre of the 
apparatus. The image on the right illustrates the setup from inside the poster 
boards which, for NOR, had no external cues, while coloured shapes were 
attached to the boards during the SWMT. The computer used for recording 
activity was located outside of the poster boards and the test animals were 
kept the furthest distance from the arena throughout testing. This room was 
also used to store clean cages and racks, which can be seen in the 
background.  
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On the morning of each habituation and test day, mice were placed into the 

testing room in their home cages for a minimum of 45 min prior to testing. A 

44 x 44 x 44 cm open field apparatus (Ugo Basile #47432), with 1 cm of wood 

shavings covering the base, was enclosed within the same poster boards used 

for the SWMT. Again, the centre was illuminated to 25 lux using floor lamps 

spaced evenly around the poster boards. This set up is shown in Figure 2.5.  

 

After the three days of tunnel handling described above, these mice underwent 

10-min group habituation across the subsequent two days followed by two 

days of 5-min individual habituation. For all days, mice were placed into the 

NOR apparatus facing the southern wall using the polyacrylamide tube. After 

this acclimatisation to handling and the arena, the mice could explore the two 

objects: a massage ball and a bubble pot, for 5 min. These objects are shown 

in Figure 2.6. For future NOR experiments the extensive habituation 

undertaken here was not done to prevent any enrichment of the SH animals.  
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Figure 2.6: Objects used for NOR 
The two objects used for NOR was a blue massage ball with a falcon tube lid 
attached and a green bubble pot. The blue massage ball measured a total 8 
cm in height and 7.5 cm in width (shown on the left). The lid was attached to 
the bottom to provide a flat surface to Blu-Tac to the bottom of the arena. A 
green bubble pot measuring 16 cm in height and 7cm in width, always placed 
with the indentations at the bottom facing the northern and southern walls of 
the apparatus (shown on the right). 

Bubble potMassager
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The objects were placed 10 cm from the edges of the northern and side walls 

and secured with Blu-Tac, measured between the centre of the object to the 

two closest edges. The side the objects were placed (east or west) was 

alternated. The layout of the NOR arena and object placement is shown in 

Figure 2.7. 

 

Figure 2.7: NOR set up  
This set up was used for both the preference test and NOR, involving 1 cm of 
sawdust to line the bottom of the apparatus at the beginning of each protocol. 
For each session, animals were placed into the apparatus using the 
polyacrylamide tunnel facing the southern wall. On trial and test days, the 
objects were placed with the centre of the object located 10 cm from the north 
wall and its closest side wall. The object was secured with Blu-Tac. Between 
each mouse, faecal pellets were removed, and all sawdust was shuffled.  
 

 

The mice were removed from the NOR apparatus using the polyacrylamide 

tunnel and underwent the same protocol as after the SWMT, by being weighed 

and placed into a holding cage until all mice had completed the task and were 

North 

 

South 

 

East 

 
W

es
t 
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then returned to their housing cages. No effects on weight or aggression were 

identified during this task. This preference test for NOR is a subthreshold 

procedure as it observes normal exploratory behaviour. Due to this, stress 

levels were not specifically measured; however, weight and aggression were 

both monitored after each task and no impact was observed during any days 

of the protocol.   

 

For practical reasons, blinding to housing condition was not possible during 

the video capture of all tests, however, blinding for housing and genotype was 

undertaken during the analysis after video acquisition. All animals were 

tracked using the Anymaze software and time investigating the objects was 

recorded. The criteria required for object investigation was the head of the 

mouse facing and being within 4 cm of the object. To ensure that there was 

no preference to the east or west side of the arena, time spent within 11 cm of 

the east and west sides, including corners, was also recorded during the 

individual habituation and during the task. Guidance on undertaking the NOR 

protocol was provided by Dr Gareth Barker (Bristol University, UK) and Dr 

Elliot Ludvig (University of Warwick, UK).  

 

2.5. Novel object recognition 
 

During the 4th week within their respective housing conditions, one week after 

the SWMT, animals, both WT and MSK1 KD, underwent the three-day NOR 

protocol. On the morning of each day, mice were placed into the testing room 

in their home cages for a minimum of 45 min prior to testing. The set-up of the 

NOR apparatus was the same as that used for the preference test. Again, as 

this behavioural paradigm explored normal exploratory behaviour, these tasks 

were defined as subthreshold on the severity scale and stress levels were not 

specifically measured. However, weight and aggression were both monitored 

after these tasks with weight remaining stable for all mice during these tasks. If 

aggression was observed, the animal house staff were consulted and 

measures were undertaken, such as providing wooden gnawing blocks within 
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the cage. Aggression that was observed was not considered to be related to 

the behavioural tasks.  

 

Day one involved habituating the mice to the apparatus by allowing mice to 

individually explore the apparatus for 5 min. Mice again were placed into the 

apparatus facing the southern wall using the polyacrylamide tube. The 

sawdust was cleared of faecal pellets and shuffled between each mouse. On 

day two, the apparatus contained two identical objects placed 10 cm from the 

north and edge walls and secured to the floor of the arena using Blu-Tac. The 

use of the bubble pot or massage ball during familiarisation was randomly 

assigned. Mice, after being placed facing the southern wall using the 

polyacrylamide tunnel, were recorded for 10 min freely exploring the arena 

and the identical objects. On day 3, 24 hr after familiarisation, mice were 

placed into the NOR apparatus with one familiar and one novel object and 

animal exploration was recorded for 5 min. This 24-hr retention time was 

chosen to ensure LTM performance was being assessed. The novel object 

was randomly allocated to either the east or west side. The protocol and set 

up are shown in Figure 2.8. 

 

Figure 2.8: Protocol for NOR 
The protocol for NOR was undertaken over three days. On day 1 habituation 
took place in an empty arena and animals individually explored for 5 min. On 
day 2, animals were given two identical objects to explore for 10 min. On day 
3, animals were presented with two different objects, one familiar and one 
novel object. The side the novel object was placed was randomised. Anymaze 
was used to record the location of animals within the arena during these trials.  
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Same as all previous tasks, after each test, mice were removed from the NOR 

apparatus using the polyacrylamide tunnel and weighed before being placed 

into a holding cage. Once all mice had undergone the task, mice and the 

enrichment were returned to the housing cage and the cage returned to the 

housing rack.  

 

Anymaze tracked each animal during these tasks and the videos were 

manually scored blind to determine the amount of time animals faced the 

object with the head within 4 cm of the object and 20% validation was 

undertaken. This distance ensured mice were close enough to be fully 

interacting with the object, accurately demonstrating their level of interest 

towards it. Time animals spent on top of the massage ball was not included in 

the investigation of the object. Due to this criterion not being easily achieved 

by Anymaze, these videos were manually scored blind to both housing and 

genotype and underwent 20% validation. The discrimination index (DI) was 

calculated using the following formula: (!(7%2481#+2+1&)(!(7%2	:	81#+2+1&) 	#	100. Mice that did not 

interact with both objects for more than 20 sec during the familiarisation and 

did not explore both objects for a total of 4 sec during the test were removed 

from the analysis. Three mice, all SHKD, did not reach the inclusion criteria 

and were subsequently removed from the analysis.  

 

2.6. Western blotting 
 

During all western blotting protocols, tissue was processed and analysed 

blind. The mice used in these experiments were all male and either WT or 

MSK1 KD mice housed in either SH or EE. Mice were first culled via cervical 

dislocation and the brain was removed. For the 1-week and 5-week tissue, the 

hippocampus was dissected out and immediately snap frozen and kept at -80 
°C. Hippocampal dissection involved splitting the brain down the midline and 

removing the hippocampi from both hemispheres. The left or right hippocampi 

were randomly chosen for lysis. The 3-month tissue had been prepared by 

previous members of the Frenguelli laboratory and individual hemispheres had 

been immediately snap-frozen in liquid nitrogen and stored at -80 °C. Before 
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lysis of the 3-month tissue, the frozen brain hemisphere, of which the left or 

right hemisphere was chosen at random, was partially defrosted, and the 

hippocampus dissected. The hippocampus for all time points underwent the 

same lysing and western blotting protocol. The hippocampus was 

homogenised in lysis buffer containing: 50 mM Tris-HCl, pH 7.5, 1% Triton X-

100, 0.1% SDS, 1 mM Na3VO4, 50 mM NaF, 5 mM Na4P2O7, 0.27 M sucrose, 

0.02% NaN3, and protease inhibitor mixture tablets (Roche). The tissue was 

weighed and 30 µl/mg of lysis buffer was added. For samples weighing 30 mg 

or more, 900 µl of lysis buffer was added. The tissue and lysis buffer were 

combined in a Dounce homogeniser and underwent mechanical disruption on 

ice. Samples were stored on ice until all tissue had been homogenised. All 

samples were then rotated at 4 °C for 30 min, followed by 12,000 g 

centrifugation for 20 min at 4 °C. The protein concentration of each sample 

was calculated using a standard BCA curve. Samples were aliquoted out to 

equal concentrations, mixed with loading buffer (7.5 mM tris HCl pH 6.8, 25% 

glycerol, 2% SDS, 0.01% bromophenol blue) in a 2:1 ratio of sample to loading 

buffer, and stored at -20 °C until required for western blotting. Any lysate not 

aliquoted at this step was stored at -80 °C until required.  

 

After defrosting, samples were brought to 80 °C for 5 min, spun briefly and the 

proteins were separated using SDS-PAGE electrophoresis in either an 8 or 

15% polyacrylamide gel (depending on the molecular weight of the protein of 

interest). After separation, proteins were transferred onto nitrocellulose 

blotting membrane (GE Healthcare) in a semi-wet system for 2.5 hr at 200 µA. 

The membrane was blocked in 10% Marvel milk powder and 0.5% TWEEN in 

phosphate buffered saline (PBS) for 1 hr. Membranes were incubated in a 

primary antibody against a house keeping gene, either glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) or, if the molecular weights of the protein 

of interest and GAPDH were to close, Actin, in 1% Marvel milk powder in 

0.05% PBS TWEEN (PBS-T) solution for 2 hr at room temperature (RT), 

followed by the washing protocol, consisting of four 10 min washes in 0.1% 

PBS-T. Samples were incubated overnight at 4 °C with a 2nd primary antibody, 

targeted against the protein of interest, and then washed with the same 
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protocol as before. Concentrations of primary antibodies and the required gel 

concentrations are shown in Table 2.1.  

 

Table 2.1: Antibody information for western blotting 
This table describes the antibodies, their supplier (and catalogue number in 
parentheses) and concentration used, alongside the concentration of the lane 
control antibody, GAPDH. Actin was the control antibody used for BDNF due 
to having a greater difference between the molecular weights. The percentage 
of polyacrylamide for the gels used for electrophoresis for each antibody is 
also stated.  
Primary 
Antibody 

Supplier Concentration 
of Primary 

Concentration 
of GAPDH 
(CST 2118s) 

Gel 
Percentage 

GluA1 Abcam 
(ab31232) 

1:1000 1:40’000 8 

GluA2 Merck (ab1768) 1:2000 1:40’000 8 
EGR1 CST (4153s) 1:500 1:160’000 8 
Arc Abcam 

(ab183183) 
1:500 1:160’000 8 

CREB CST (4820) 1:1000 1:40’000 15 
ERK CST (9120) 1:000 1:160’000 15 
P38 CST (9212) 1:000 1:40’000 15 
BDNF Sigma 

(SAB2108004) 
1:1000 Actin (Sigma 

A2066) 1:8000 
15 

 

Membranes were incubated for 1-2 hr in HRP-conjugated anti-rabbit antibody 

(1:10,000 dilution, thermofisher #31460). After washing as previously 

described, membranes were incubated for 2 min in clarity western ECL 

reagent (BioRad) and imaged using the Image Quant LAS 4000 CCD 

Biomolecular Imager. Image Studio Lite vs 5.2.5 was used to analyse the 

signal of the bands and the protein of interest was normalised to the control 

protein analysed.  

 

2.7. Electrophysiology 

2.7.1. DHPG-induced LTD on the submerged chamber 
  

Male C57Bl/6J mice were culled by cervical dislocation, and the brain was 

quickly removed and chilled in ice-cold high magnesium artificial cerebrospinal 

fluid (aCSF; 124 mM NaCl, 4.4 mM KCl, 1 mM Na2HPO4, 25 mM NaHCO3, 10 

mM glucose, 11 mM MgCl2, 2 mM CaCl2). A razor blade was used to cut a thin 
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sagittal section off both hemispheres before halving the brain down the 

midline. This allowed the brain to be mounted medial side up onto the 

vibratomes metal platform using Loctite superglue. Sagittal sections of 400 µm 

were cut on the vibratome (Campden Instruments, 7000smz2) in high 

magnesium aCSF under the following settings: frequency 70 Hz, amplitude 

1.5 mm, blade advance speed 0.08 mm/s. The CA3 was removed and these 

sections were then allowed to recover within an incubation chamber for 1 hr at 

32 °C in oxygenated aCSF (using a 95% O2/ 5% CO2 gas mixture; 124 mM 

NaCl, 4.4 mM KCl, 1 mM Na2HPO4, 25 mM NaHCO3, 10 mM glucose, 1 mM 

MgCl2, 2 mM CaCl2). The incubation chamber consisted of a 250 ml beaker 

containing a mesh support and a plastic syringe to allow a continuous flow of 

oxygenated aCSF, ensuring adequate perfusion of the slice.  

 

For experiments using the submerged chamber, which was used to best 

replicate the submerged nature to be undertaken for the biotinylation DHPG 

controls, the aCSF was set to 32 °C with a flowrate of 2 ml/min. Once a 

baseline was observed for 10 min, drug application commenced. For control 

experiments using adenosine, slices were submerged in aCSF containing 100 

µM adenosine for 5 min. Slices were then allowed to recover in normal aCSF 

for 30 min. For mGluR-dependant LTD experiments, slices were incubated in 

the NMDA receptor glycine site antagonist L689,560 (5 µM) and GABAA 

receptor blocker picrotoxin (PTX; 50 µM) for 10 min. Slices were then 

submerged for 10 min in 100 µM of the Group I mGluR agonist (R, S) -3,5-

DHPG (hello Bio) in aCSF containing L689,560 and PTX. After this, slices 

were recovered for 1 hr in the initial aCSF containing L689,560 (5 µM) and 

PTX (50 µM).  

 

2.7.2. Input/output and paired pulse analysis on the interface chamber 
 

Sagittal sections of 400 µm slices were cut in high magnesium aCSF solution 

(124 mM NaCl, 4.4 mM KCl, 1 mM Na2HPO4, 25 mM NaHCO3, 10 mM 

glucose, 12 mM MgCl2, 2 mM CaCl2) and subsequently allowed to recover for 

1 hr in oxygenated aCSF at 32 °C (124 mM NaCl, 4.4 mM KCl, 1 mM 
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Na2HPO4, 25 mM NaHCO3, 10 mM glucose, 2 mM MgCl2, 2 mM CaCl2) before 

being placed into the interface chamber, also set to 32 °C, with a flow rate of 

2 ml/min. Higher levels of magnesium were used in these experiments to 

replicate the aCSF used previously in Privitera et al. (2020). Slices were 

acclimatised to the interface chamber for a minimum of 10 min before gaining 

a 10-min baseline. WIN-LTP was used to introduce the specified stimulation 

protocols.  

 

The stimulus-input / fEPSP-output and paired pulse profile of synaptic 

transmission within the CA1 area of the hippocampus was determined for WT 

and MSK1 KD mice. Input output was determined between 2 and 300 µA and 

the slope measurements of the fEPSP and amplitude of the fibre volley (FV) 

gained were analysed.  

 

For paired pulse experiments, the amplitude of the fEPSP was set to 1 mV by 

adjusting the stimulus strength and the inter-pulse interval for the two stimuli 

ranged between 50-350 ms and the fEPSP slopes were analysed. Stimuli 

occurred every 15 sec and for both the input output and the paired pulse 

protocols, four responses were taken and averaged for each stimuli or interval 

respectively.  

 
2.8. Biotinylation  
 

The same slice acquisition protocol as used for electrophysiology was 

undertaken for these experiments, but slices for biotinylation were cut to 300 

µm thick. For control biotinylation experiments, male C57Bl/6J mice were used 

and these sections (with the CA3 intact) were placed into an oxygenated 

recovery chamber containing aCSF at 32 °C and allowed to recover for 1 hr. 

For these control DHPG experiments, slices were then moved into a second 

smaller recovery chamber (50ml capacity beaker) with aCSF containing 

L689,560 (5 µM) and PTX (50 µM). Slices were incubated in these drugs for 

30 min before the addition of (R, S) -3,5-DHPG (100 µM), or an equal volume 

of distilled water (500 µl), to the aCSF. DHPG incubation was undertaken for 
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either 10 min or 1 hr. The compounds used during these biotinylation 

experiments and their supplier can be found in  

 
 
Table 2.2.  

 
 
Table 2.2: Compound information for biotinylation  
This table states the compounds, their supplier and catalogue numbers used 
during biotinylation experiments.  

 

To compare MSK1 KD and WT animals, the slices acquired were placed into 

recovery chambers for 1 hr at 32 °C in the same aCSF used for the interface 

chamber electrophysiological experiments.  

 

Slices were moved into a 24 well plate on ice and rapidly chilled with three 

washes of ice-cold aCSF, followed by a 45-min incubation with sulfo-NHS-SS-

biotin (cell-impermeable biotin) 1 mg/ml in aCSF. The free biotin was 

subsequently quenched via two 25-min washes in glycine-aCSF (100 mM). 

After washes in ice-cold aCSF, the hippocampus was dissected from each 

slice and lysed using 300 µl of ice-cold lysis buffer, the same lysis buffer as 

previously used for western blotting. Mechanical and chemical lysis occurred 

using a p200 pipette tip and after a 1,350 g centrifugation at 4 °C for 17 min, 

the supernatant was removed and stored on ice. Protein concentration was 

determined using a BCA curve.  

 

To separate membrane and intracellular proteins, 50 μg of protein was added 

to 20 μl of streptavidin beads. For the control experiments, the proteins were 

more greatly concentrated so 30 μl of lysate were added to the beads. This 

 
Compound Supplier Catalogue number 
L689,560 Tocris 0742 

PTX Acros organics 131210050, 124-87-8 

(R,S) - 3, 5 - DHPG Hello Bio HB0026 

Sulfo-NHS-SS-biotin Pierce PG82077 

Streptavidin agarose beads Sigma S1638 
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allowed the complete intracellular portion to be analysed. For the DHPG and 

genotype experiments, samples were made up to 200 μl to ensure complete 

and thorough mixing of the streptavidin beads and protein sample. This meant 

only 10% of the intracellular fraction was able to be added to the 

polyacrylamide gel. For the DHPG experiments, protein concentration levels 

were low, and due to the volume capacity of the polyacrylamide gel wells, only 

50% of the total protein that had been added to the beads was added to the 

total protein well.  

 

Table 2.3 reiterates the amount of lysate added to the beads for each 

experiment and the percentages of the total and intracellular fractions added 

to the wells.  

 

Table 2.3: Biotinylation experimental designs 
This table describes the volume of protein lysate required to add 50 μg of 
protein to the beads, the percentage of total protein lysate added to the total 
protein well, alongside the percentage of the supernatant added from the 
beads that reflected the level of intracellular proteins.  
 

 
Beads were rotated overnight at 4 °C while total protein was stored overnight 

at -20 °C in loading buffer, as previously described for western blotting. The 

beads were spun for 30 sec at 43 g and the supernatant containing intracellular 

proteins was removed and 50 µl of the supernatant was mixed with 25 µl of 

loading buffer. The beads were washed three times in lysis buffer and the 

Experiment Lysate added 
to beads 

Lysate added to 
total protein well 

Supernatant 
recovered from 

beads, representing 
intracellular portion, 

added to gel 
Control 30 μl (50 μg) Range between 

12.5% and 100% 

100% 

DHPG 200 μl (50 μg) 50% 10% 

MSK1 KD 
vs WT 

200 μl (50 μg) 100% 10% 
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bound membrane proteins were eluted using 20 µl of loading buffer. The bead, 

supernatant and total samples were all heated to 80 °C for 5 min. These 

samples then underwent the same western blotting protocol as before, using 

an 8% gel to separate the proteins within the intracellular, membrane and total 

fractions and antibodies against GluA1 and GluA2 were used, with the 

antibodies and concentrations shown in  

 
Table 2.4.   

 
Table 2.4: Antibody information for biotinylation  
This table describes the antibodies, their supplier (with catalogue number in 
parentheses) and concentration used, alongside the concentration of the lane 
control antibody against Actin. The percentage of polyacrylamide used in the 
gel for each antibody is also stated.   
 

 

2.9. Immunofluorescence  
 

300 µm sagittal hippocampal slices were prepared from 2-6-month-old 

C57Bl/6J mice, using the same protocol as for electrophysiology. Once 

sectioned, slices were immediately fixed for 2 hr in either 4% 

paraformaldehyde (PFA) or 4% PFA and 0.1% glutaraldehyde (glut) in PBS, 

pH 7.4. Slices were then washed with PBS and stored at 4 °C for up to three 

days. Samples were blocked for 1 hr in blocking solution, consisting of 1% 

bovine serum albumin (BSA) and one of three different Triton X-100 

concentrations, which were: 0.4%, 0.05% and 0.025% all in PBS. A 1:200 

dilution of GluA1 antibody (Abcam; ab31232) and GluA2 (Merck; ab1768) in 

blocking solution, diluted by 10%, was used to incubate slices for 1 hr at RT 

followed by an overnight incubation at 4 °C. Slices were washed five times for 

5 min in PBS and then incubated for 4 hr in 1:250 goat anti-rabbit conjugated 

Primary 
antibody 

Supplier Concentration 
of primary 

Concentration 
of actin (Sigma 

A2066) 

Gel 
percentage 

GluA1 Abcam (ab31232) 1:1000 1:8000 8 

GluA2 Merck (ab1768) 1:2000 1:120000 8 
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to Alexa488. After five more 5-min washes in PBS, slices were mounted with 

flouroshield mounting media containing 4′,6-diamidino-2-phenylindole (DAPI; 

Sigma, F6057) and left for 1 hr before imaging using Zeiss LSM 710 and Zen 

software for image acquisition and processing.  

 

2.10. Immunogold 
 

300 µm brain slices, collected using the same method as previously 

discussed, were fixed immediately after sectioning for 1 hr in 4% PFA and 

0.1% glut. After five 5-min washes in PBS, the stratum radiatum of the CA1 

region was isolated and blocked for 1 hr in 1% BSA, 0.025% Triton X-100 in 

PBS. Samples were then incubated overnight at 4 °C in 1:200 primary GluA1 

antibody (Abcam; ab31232) made up in blocking solution diluted by 10%. After 

five 10-min washes in PBS, samples were incubated in secondary antibodies 

with Fluoronano gold for 1 hr at RT in blocking solution diluted by 10%. 

Samples were washed again five times for 5 min and then post fixed in 1% 

glut for 30 min. After rinsing with distilled water twice, some samples were HQ 

silver enhanced (nanoprobes; #2012) for 10 min in the dark. Following this, 

samples were again washed with distilled water five times for 5 min. 

 

Optimisation steps for the above protocol were undertaken including differing 

the length of time for HQ silver staining which were 5 min, 10 min and 20 min, 

using 10 nm gold particles (BBI solutions) instead of the 1.4 nm particles on 

Fluoronano gold, undertaking a greater 7 hr of secondary antibody incubation 

(using the 10 nm gold particles) with 1 hr RT followed by 6 hr at 4 °C both with 

and without silver staining.  

 

Washed samples were incubated in 1% osmium tetroxide for 1 hr, followed by 

three 5-min washes in PBS, a rinse in PBS and then a rinse with distilled 

water. Acetone was used to gradually dehydrate the samples with 15-min 

incubations at 25%, 50%, 75% and finally 100%. Tissue was then incubated 

in LV resin at increasing concentrations (25%, 50% and 75%) for 1 hr each 

and then overnight at -20 °C at 100%. Samples were then put into fresh LV 
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resin for 5 hr before being orientated in a mould so that the Schaffer collateral 

projections were perpendicular to the direction of sectioning and baked for 48 

hr at 65 °C. 90 nm sections were then cut and placed onto copper grids. The 

steps between osmium tetroxide incubations and sectioning and placement 

onto copper grids were undertaken by individuals within the advanced 

bioimaging team. These 90 nm samples on the copper grids were post-stained 

for 15 min in 2% uranyl acetate (UA) followed by 15 min of washing with 

distilled water. Grids were then stained with 2% Reynolds lead solution for 15 

min and then washed with distilled water for 15 min. A JEOL 2100 plus TEM 

was used to acquire electron micrographs of excitatory synapses which were 

identified by having two adjacent membranes, one with a thickening of the 

membrane, reflecting the PSD, and the adjacent membrane containing an 

accumulation of vesicles. Guidance on undertaking immunogold was provided 

by Anton Page (University of Southampton, UK) and Dr Igor Kraev (The Open 

University, UK). 

 

2.11. Electron microscopy 
 

Animals were culled via cervical dislocation and the brain extracted, the same 

as done previously, from male WT and MSK1 KD mice 4-6 months of age. 

300 µm brain slices were sectioned and were immediately placed into 

oxygenated aCSF at 32 °C and allowed to recover for 1 hr. After recovery, 

slices were fixed in 4% PFA and 3% glut for 1 hr. After five 5-min washes in 

PBS the CA1 region of the stratum radiatum was isolated and left in PBS at 4 

°C until the embedding process.  

 

Washed samples were incubated in 1% osmium tetroxide for 1 hr and after 

washing, en bloc staining with 2% UA for 20 min, followed by further washes. 

Acetone was used to gradually dehydrate the samples with 15-min incubations 

at 25%, 50%, 75% and finally 100%.  Tissue was then incubated in LV resin 

at increasing concentrations (25%, 50% and 75%) for 1 hr each and then 

overnight at -20 °C at 100%. Samples were then put into fresh LV resin for 5 

hr before being orientated in a mould and baked for 48 hr at 65°C. 90 nm 
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sections were then cut and placed onto a copper grid. The steps between 

osmium tetroxide incubations and sectioning and placement onto copper grids 

were undertaken by individuals within the advanced bioimaging team. Grid 

sections were stained with 2% Reynolds lead solution for 15 min and then 

washed with distilled water for 15 min. 

 

Images of excitatory synapses within sections were acquired in order of 

appearance using a raster-type search method. Excitatory synapses were 

identified by having two adjacent membranes, one with a darkening of the 

membrane, reflecting the PSD, while behind the adjacent membrane vesicles 

were present. Images were analysed using FIJI. The Freehand area function 

was used to determine spine, terminal and PSD area. Freehand line function 

was used to measure the PSD length by drawing along the post-synaptic 

membrane. The average thickness of the PSD was calculated by dividing the 

length from the area. The straight-line function was used to measure 40 nm 

from the pre-synaptic membrane to determine docked vesicles and then this 

straight-line function was also used to measure 120 nm from the end of the 

docked vesicle area to produce the local vesicle zone. The local area was 

occasionally restricted by organelles such as mitochondria or the terminal 

itself, and in these cases the area of these local zones was adjusted 

accordingly. The diameter of vesicles were measured by using the straight-

line function between the centre of the membrane on one side to the centre of 

the membrane on the other side of the vesicle and therefor only vesicles with 

half or more of their circumference visible were included in the count. 

Perforated synapses were determined if two PSDs along the same membrane 

were observed and both PSDs opposed a vesicle population. Multi-spine 

boutons (MSBs) were identified by one terminal having two spines where pre- 

and post-synaptic features were identifiable within both. All these steps were 

undertaken blind to genotype.   

 

2.12. Statistical analysis 
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For the western blotting, NOR data and SWMT duplicated arm analysis, the 

parametric test two-way analysis of variance (ANOVA) was undertaken using 

Origin. The Bonferroni means comparison was also observed to further 

compare genotype and housing. For all the remaining SWMT analysis, a 

repeated measures (RM)-ANOVA was undertaken using SPSS, with time as 

a within subject factor and genotype and housing as the between subject 

variables. Tests within subject effects, tests between subjects’ effects and 

estimated marginal means post hoc analysis were calculated. The Mauchlys 

test of sphericity identifies if the differences of all possible difference scores of 

all groups are equal. If this is violated, a correction method for the within 

subject tests for the data analysed is suggested.  

 

Biotinylation results were analysed using three different methods. First to be 

examined was the raw signal obtained via the image studio lite software of the 

membranous AMPAR bands from each group and these were compared using 

a two-sample T-test. The second method gained the ratio between the 

AMPAR subunit membrane signals of both groups and involved the one-

sample T-test, comparing the ratio between the two conditions to 1. The third 

method took the AMPAR subunit membrane signal and normalised it to total 

AMPAR subunit signal for both groups and a two-sample T-test was used. 

 

The differences between WT and MSK1 KD ultrastructural measurements was 

achieved using the Mann-Whitney U test. A Two-sample T-test was carried 

out to determine the differences between genotype when comparing 

percentage of perforated synapses and MSBs.  
 

Significance is displayed as * p < 0.05, ** p < 0.01, *** p < 0.001. 
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3. Spatial working memory and exploratory 
behaviour are influenced in response to 

environment and MSK1 function 
 

3.1. Introduction 
 

Since Hebbs discovery that taking rats home improved their capabilities in 

behavioural tasks (Hebb, 1947), a vast amount of research into EE and the 

role it plays in learning and memory has been undertaken (Frick and Benoit, 

2010; Huttenrauch et al., 2016; Nithianantharajah and Hannan, 2006). These 

enriched environments are usually comprised of greater social interactions, 

cognitive and sensory stimulation alongside increased levels of exercise. 

These environmental changes have demonstrated cognitive enhancements in 

both humans and animals (Ball et al., 2019; Nithianantharajah and Hannan, 

2006).  

 

There are multiple forms of memory to consider when looking into cognitive 

improvements after EE. These include; LTM which in mice is usually 

demonstrated with information being stored for 24 hr or more (Melani et al., 

2017; Moore et al., 2013; Vogel-Ciernia and Wood, 2014), STM, those which 

are stored and retrieved between minutes (Moore et al., 2013) and hours 

(Vogel-Ciernia and Wood, 2014), and working memory, involving the 

temporary storage over seconds (Aben et al., 2012; Adam and Serences, 

2019; Baddeley and Hitch, 1974). Previous studies have shown EE animals to 

perform better in spatial memory tasks, such as the Morris water maze 

(Falkenberg et al., 1992; Huttenrauch et al., 2016) and also have improved 

short-term and long-term recognition memory shown via NOR tasks 

(Kazlauckas et al., 2011; Melani et al., 2017).  

 

Mice are inherently curious animals and will freely explore a new environment 

such as a Y- or radial arm maze and, if their spatial working memory is intact, 

will aim to look down all the arms before revisiting the same arm (Kraeuter et 

al., 2019; Sarnyai et al., 2000; Yau et al., 2007). The output from this type of 
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spatial working memory task (SWMT) is the percentage of correct arm 

sequences; when the mouse goes down each arm without any arm repetitions 

(Sarnyai et al., 2000; Yau et al., 2007). Spatial working memory appears to 

involve multiple regions of the brain including the pre-frontal cortex, parietal 

cortex and the hippocampus (D'Esposito and Postle, 2015; Shen et al., 1996; 

van Asselen et al., 2006).  

 

NOR is an adaptable task which utilises the innate behaviour of mice in which 

they explore unfamiliar objects. During NOR, first, a mouse is placed into an 

arena and allowed to explore freely two identical objects. The animal is then 

returned to their home cage for a specified amount of time, ranging between 

hours and days. After this period of time, one familiar object is maintained 

within the arena and a novel object replaces the other. If the memory of the 

familiar object is strong enough, the mouse will spend more time exploring the 

novel object. The output is usually shown as the percentage of time 

investigating the novel object (Antunes and Biala, 2012; Vogel-Ciernia and 

Wood, 2014). NOR has been shown, using various lesion studies, to involve 

the temporal lobe, in particular the hippocampus and the entorhinal and 

perirhinal cortices (Antunes and Biala, 2012; Clark et al., 2000; Hammond et 

al., 2004).   

 

Previously, enrichment in WT animals led to an increase in the level of LTP, 

induced by theta burst stimulation, within the CA1 region of the hippocampus, 

while MSK1 KD animals demonstrated no increase in LTP after EE. MSK1 KD 

animals also have impaired memory persistence and cognitive flexibility 

(Privitera et al., 2020).  

 

Due to the impaired enhancement in LTP within the hippocampus and the 

behavioural phenotypes identified in MSK1 KD mice, the aim of this chapter 

was to elaborate on the behavioural phenotypes apparent in MSK1 KD 

animals. This includes spatial working and LTM, which both require fully 

functioning hippocampi alongside general exploratory behaviour. I aim, with 

the use of the MSK1 KD mutants, to further establish the role that the kinase 

function of MSK1 plays in inducing the positive effects of EE.  
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3.2. Results 

3.2.1. Spatial working memory task  
The number of spontaneous alternations was monitored over time, looking at 

the number of correct sequences up to each specified timepoint (Figure 3.1A). 

Using a RM-ANOVA to test between-subject effects, there was a significant 

difference in genotype (F (1,57) = 6.98, p = 0.011). From the graphs it is 

demonstrated that MSK1 KD mice have a higher percentage of correct 

sequences compared to WT. Only SH animals had a significant effect when 

comparing between the two genotypes (F (1,57) = 4.77, p = 0.033). This ability 

for MSK1 KD animals to score better in the SWMT was unexpected and further 

investigation into how the different groups were exploring the arena was 

undertaken.  

 

Identifying if a more serial exploratory approach to the four-armed maze was 

undertaken by MSK1 KD animals could provide an explanation for the 

improvement obtained in their percentage correct arm sequences. This was 

achieved by quantifying the percentage of events where three arms were 

visited sequentially over time (Figure 3.1B). No significant effect was seen 

using a RM-ANOVA. 

 

I also investigated distance travelled to further analyse overall exploratory 

levels (Figure 3.1C). Mauchly's test of sphericity indicated that the assumption 

of sphericity had been violated, (χ2(27) = 726.37, p = 6.09 x10-135). The 

estimated epsilon (ε) was 0.176, so the greenhouse geisser correction was 

used for the RM-ANOVA analysis. There were multiple significant effects 

gained from the RM-ANOVA analysis. Time demonstrated a significant 

difference (F (1.24,70.38) = 950.21, p = 2.30 x10-45) alongside having a 

significant interaction with housing (F (1.24,70.38) = 9.80, p = 0.001). Tests 

between-subjects demonstrated a significant effect when comparing the 

genotypes (F (1,57) = 5.395, p = 0.024) and when comparing housing 

conditions (F (1,57) =16.051, p = 1.81 x10-4). A significant interaction was seen 

between SH and EE in both WT animals (F (1,57) = 10.513, p = 0.002) and 

MSK1 KD animals (F (1,57) = 6.132, p = 0.016).  
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Figure 3.1 :Spatial working memory task  
WT and MSK1 KD mice were either housed in standard (WTSH, N = 16; 
KDSH, N = 13), or enriched (WTEE, N = 18; KDEE, N = 14) conditions for 3 
weeks. They were placed into the 4-armed maze and allowed to freely explore 
for 10 min. A) Arm entries were recorded when mice travelled 25% down an 
arm and a successful sequence occurred when all 4 arms were entered 
without any repeats.  The percentage of success up to each timepoint 
measured is plotted. Using a RM-ANOVA, a significant effect of genotype (F 
(1,57) = 6.98, p = 0.011) was observed. Using estimated marginal means to 
identify effects between genotypes and housing, SH animals had significant 
effects when comparing genotype (F (1,57) = 4.77, p = 0.033). B) To determine 
levels of serial and random exploration, if three sequential arms were entered 
in a row this was scored as one serial exploration. The total number of serial 
explorations was divided by the total number of sequential 3 arm entries 
possible, in order to gain the percentage. No significant difference was seen 
between genotype or housing over time using a RM-ANOVA.  C) The distance 
travelled was observed over time within the 4-arm maze and a RM-ANOVA 

Correct sequences over time 

Number of arms entered over time Distance travelled over time 
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WT (SH x EE) *** 
KD (SH x EE) * 
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showed a significant effect on time (F (1.24,70.38) = 950.21, p = 2.30 x10-45). 
Time and housing showed a significant interaction (F (1.24,70.38) = 9.80, p = 
0.001). Genotype had a significant effect (F (1,57) = 5.40, p = 0.024) and so 
did housing (F (1,57) =16.05, p = 1.81 x10-4). Using estimated marginal 
means, a significant interaction was seen between both SH and EE in both 
WT animals (F (1,57) = 10.51, p = 0.002) and MSK1 KD animals (F (1,57) = 
6.13, p = 0.016). D) The number of arms entered was observed over time and 
found, using a RM-ANOVA, that there were significant effects on time (F 
(1.46,83.45) = 1059.92, p = 3.62 x10-55) and a significant interaction between 
time and housing (F (1.46, 83.45) = 9.67, p = 6.88 x10-4). Tests between-
subjects demonstrated significant effects comparing genotype (F (1,57) = 7.03 
p = 0.01), and housing (F (1,57) = 20.34, p = 3.29 x10-5).  Estimated marginal 
means comparing housing and genotype found that within WT mice significant 
effects of housing were identified (F (1,57) = 16.43, p = 1.55 x10-4) and MSK1 
KD mice also showed significant effects of housing (F (1,57) = 5.89, p = 0.018). 
When observing SH animals, a significant effect of genotype was also seen (F 
(1,57) = 5.98, p = 0.018). E) The percentage of occasions where animals re-
entered the same arm twice in a row over the 10 min was recorded and divided 
by the total number of arm entries minus 1 to determine the percentage. No 
significant difference was seen between housing and genotype using a two-
way ANOVA.  
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SH animals move more rapidly within the maze than EE mice for both 

genotypes. WT animals also appear to travel further than their MSK1 KD 

counterparts in both housing conditions. This suggests that EE mice are less 

interested in the arena, possibly due to it being relatively basic in comparison 

to their enriched home cages. MSK1 KD animals travel less than their WT 

counterparts. This could occur for multiple reasons, such as, being more 

nervous, being less motivated to explore or being slower at processing new 

environments.  

 

The total number of arm entries was an additional method used to observe the 

exploration levels of these mice within the maze (Figure 3.1D). Arms entered 

over time appears to mirror the phenotypes between housing and genotype of 

the distance travelled, as would be expected. Mauchly's test of sphericity 

indicated that the assumption of sphericity had been violated, (χ2(27) = 

533.78, p = 5.43 x10-95). The ε was 0.209, so the greenhouse geisser 

correction was used. The RM-ANOVA undertaken found significant effects on 

time (F (1.46,83.45) = 1059.92, p = 3.62x10-55) alongside a significant 

interaction between time and housing (F (1.46,83.45) = 9.67, p = 6.88 x10-4).  

Tests between-subjects demonstrated significant effects comparing genotype 

(F (1,57) = 7.032 p = 0.01), and housing (F (1,57) = 20.34, p = 3.29 x10-5).  

Significant effects of housing were demonstrated in both WT (F (1,57) =16.43, 

p = 1.55 x10-4) and MSK1 KD mice (F (1,57) = 5.891, p = 0.018). Within SH 

animals, a significant effect of genotype was also seen (F (1,57) = 5.983, p = 

0.018). This shows that the genotype and time effects observed depend upon 

housing condition.  

 

SH mice explored more arms than their enriched counterparts. This is most 

likely due to EE mice showing limited interest in the environment after having 

greater amounts of enrichment and activities within their home cage, while this 

new environment provides more space and interest to SH animals. This 

difference caused by housing appears to be greater in WT mice than it is in 

MSK1 KD animals, suggesting the benefits of EE to be more prominent in WT 

animals. The MSK1 KD mice in both housing conditions explored fewer arms 
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than their WT counterparts. This could suggest that the reason MSK1 KD 

animals achieved greater correct spontaneous alternations is due to exploring 

more cautiously than their WT counterparts and in turn improving their scores. 

 

The number of times mice re-explored the same arm sequentially was 

recorded and the percentage out of total possible duplicates was determined 

(Figure 3.1E). Here there was no significant difference observed, suggesting 

that housing and genotype do not induce any repetitive exploratory 

behavioural alterations which could account for the significant differences 

seen in the percentage of correct spontaneous alternation sequence analysis.  
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3.2.2. Preference test 
 

It has been well established previously that EE has a positive effect on multiple 

learning paradigms including NOR (Kazlauckas et al., 2011; Rampon et al., 

2000b). Within MSK1 KO mice, there was a deficit in both NOR and its 

enhancement after EE (Karelina et al., 2012). I undertook NOR with MSK1 KD 

animals to determine if any deficits were present in their LTM as a result of 

their specific loss of kinase function. On top of this, I wanted to see if there 

was any implication on the positive effect of EE within these mice after 4 weeks 

in their housing conditions.  

 

Before performing these NOR experiments, I ensured that the set up was not 

introducing any bias that could implicate the results. To do this I used 8 mice, 

4 of which were SH and the remaining 4 were put into EE for 1 week. EE mice 

were used to ensure that the enrichment used did not interfere with their 

interaction towards the objects used during the NOR task. These animals went 

through 1 week of tunnel handling and high levels of habituation to the 

apparatus. Due to the potential of this enriching SH animals, this level of 

handling and habituation was not used in further studies.  

 

For these experiments, the two days where mice were individually habituated, 

and the test day were analysed. I wanted to check there was no preferences 

to one side of the apparatus monitored over the two habituation days, and 

preferences to either object, investigated on test day. To test side bias, I used 

a two-way ANOVA comparing housing condition and time investigating the 

four different sides of the arena (animals were placed facing the south side of 

the arena). On habituation day 1, SH animals (Figure 3.2A) demonstrated a 

significant effect (F (3,12) = 3.52, p = 0.049), and were seen to spend greater 

time on the south side than the remaining sides. While EE animals (Figure 

3.2B), did not show any preferences. Example heat maps for individual 

habituation days 1 are shown in Figure 3.2C and all can be found in Appendix 

2.1. 
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On habituation day 2, SH animals (Figure 3.2D), demonstrated a significant 

side preference of (F (3,12) = 5.59 p = 0.012), and were seen to spend 

significantly more time at the south than at the north of the arena with this 

second habituation showing a significant effect using the Bonferroni post hoc 

test (T (3,12) = 3.93, p = 0.012). EE animals on day 2 of habituation still did 

not show any preference (Figure 3.2E). Example heat maps are shown in 

Figure 3.2F for habituation days 2 and all heat maps can be found in Appendix. 

2.2. 

  

This preference to the south side seen only in SH animals could suggests that 

either one week of EE increases the time spent away from the initial starting 

place or that SH mice prefer to remain where they were placed into the arena. 

This may insinuate that EE animals are less averse to exploring new larger 

spaces, in contrast to SH animals, after being moved into EE 1 week 

previously, which involves a much larger cage.  

 

The objects were alternated as to which side of the arena they were placed on 

and no preference was seen when looking at SH (Figure 3.2G) or EE (Figure 

3.2H) animals. This suggests that there is no preference to either object and 

that the blue massage ball and green bubble pot both provide an equal amount 

of interest to mice and these can be used during the NOR experiments. There 

was no significant difference between housing condition on total time exploring 

the two objects, with the average of both EE and SH equalling 55 sec. Example 

heat maps are shown in Figure 3.2I and the heat maps of the preference test 

day for each mouse can be found in Appendix. 2.3.  

 

Distance travelled was also analysed during both individual habituation days 

and the test day (Figure 3.2J). Using a two-way ANOVA, distance travelled 

showed significant differences between housing (F (1,18) = 24.91, p = 

9.47x10-5) and differences between experimental days (F (2,18) = 6.46, p = 

0.008). EE animals appeared to move less than SH animals as shown by the 

Bonferroni post hoc analysis (T (1,18) = -5.00 p = 9.47x10-5). The distance EE 

mice travelled did not appear to change across days. The post hoc analysis 

demonstrated a significance between habituation day 1 and test day (T (2,18) 
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= 3.58, p = 0.006).  This significance may arise from the large increase seen 

in the SH animals on test day (T (2,18) = -3.92, p = 0.015). This increase in 

SH animals likely occurs because of increased excitability over the habituation 

days, leading them to become more confident in moving and exploring on test 

day. This suggests that there is likely a reduction in exploratory behaviour in 

the EE mice, most likely due to the NOR apparatus not being stimulating in 

comparison to their home environment.   

 

Time in centre was also examined as an indirect measure of anxiety (Figure 

3.2K). The idea behind this is that mice feel safer in the corners of the arena 

than they do in the open, so greater time spent in the centre would suggest 

reduced levels of fear. This analysis found no significant effect on housing, 

genotype or test day investigated.  
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Figure 3.2: Preference test analysis  
C57Bl/6J mice were used in this preference task and either remained in SH or 
were moved into EE housing 1 week prior to testing. A) During the 1st day of 
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habituation, using a two-way ANOVA, SH animals showed a significant effect 
of time spent at each side (F (3,12) = 3.52, p = 0.049). B) While EE mice 
showed no significant difference between time spent at each side. C) Example 
heat maps of both groups during habituation day 1. D) On habituation day 2, 
SH animals still showed a significant effect of time spent along each side (F 
(3,12) = 5.59 p = 0.012). Using Bonferroni post hoc analysis, there was a 
significant difference between time spent on the north and south side (T (3,12) 
= 3.93, p = 0.012). E) EE mice still showed no significant difference in time 
spent along each side. F) An example heat map from both groups on 
habituation day 2 are shown. When looking at time spent exploring the objects 
on test day, there was no significant effect when observing G) SH animals or 
H) EE animals. There was no significant difference in the total exploration of 
the objects between EE and SH animals, with the average time spent exploring 
both objects being 55 sec for both groups. I) An example heat map from both 
groups during the preference test. J) Distance travelled was analysed using a 
two-way ANOVA and showed significant differences between housing (F 
(1,18) = 24.91, p = 9.47x10-5) and difference between experimental days (F 
(2,18) = 6.46, p = 0.008). From the Bonferroni post hoc analysis, EE mice 
moved less than SH (T (1,18) = -5.00, p = 9.47x10-5). The distance EE mice 
travelled did not appear to change across days. The post hoc analysis 
demonstrated significant differences between habituation day 1 and test day 
(T (2,18) = 3.58, p = 0.006). Only the distance travelled results gained from 
the test day showed a significant difference between EE and SH (T (2,18) = -
3.92, p = 0.015). K) When observing time in the centre using a two-way 
ANOVA, there was no effect on housing condition or experimental day.  
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3.2.3. Novel object recognition 
 

On day 1 of the NOR protocol, these animals were individually habituated, 

which involved mice exploring the empty NOR arena for 5 min. The next day, 

animals were familiarised with identical objects for 10 min and on the following 

and final day, exploration of one familiar and one novel object was undertaken 

for 5 min. The time spent exploring the objects was manually scored blind and 

exploration was determined by the animal facing the object with its head within 

4 cm of the object.   

  

During habituation, total distance travelled was analysed as a measure of 

general interest of the new environment to the mice (Figure 3.3A). This was 

also to see if a similar phenotype emerged to that seen within the preference 

test and SA, where SH animals travelled further than EE animals. Distance 

travelled during habituation showed a significant difference in housing (F 

(1,57) = 7.79, p = 0.007). Using the Bonferroni post hoc test, a significant 

difference between EE and SH animals continued to be observed (T (1,57) = 

-2.77, p = 0.007).  This difference was the same as that seen previously with 

EE animals travelling less than their SH counterparts. This suggests that EE 

animals are less inclined to explore the new environment, most likely due to 

the empty arena being unstimulating in comparison to their home cage. While, 

for SH animals, this arena provides a lot more space to investigate compared 

to their home cages, increasing their interest to explore, encouraging the 

greater distances travelled. The total amount of exploration of the identical 

objects was also analysed during habituation (Figure 3.3B) and found a 

significant difference in genotype (F (1,57) = 10.49, p = 0.002). Using 

Bonferoni means comparison a significant difference between genotype was 

observed (T (1,57) = -3.18, p = 0.002). This suggests that MSK1 KD animals 

explore the objects less than their WT counterparts.  

 

Distance travelled was also analysed during the test (Figure 3.3C) and showed 

significant differences between genotype (F (1,57) = 24.66, p = 6.56 x10 -6), 

housing (F (1,57) = 9.52, p = 0.003) alongside a significant interaction between 

housing and genotype (F (1,57) = 7.208, p = 0.009). The Bonferroni post hoc 
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analysis found significant differences between genotype (T (1,57) = -4.81, p = 

1.15x10-5) and housing (T (1,57) = -3.36, p = 0.001). This statistical analysis 

test also identified significant differences between WTEE and WTSH mice (T 

(1,57) = -4.33, p = 3.61 x10-4) and KDSH and WTSH mice (T (1,57) = -5.29, p 

= 1.22 x10 -5). Comparing the WT animals, I see the same phenotype emerge 

where SH animals travel and explore more than their EE counterparts. KDSH 

animals appear to explore significantly less during the test day than WTSH 

mice and, likely due to the reduced exploration in KDSH mice, no significant 

difference between the two housing conditions was identified in MSK1 KD 

animals.  

 

During the habituation of the NOR task, the percentage of time in the centre 

was analysed as an indirect measure of anxiety. The data shows no significant 

difference between housing or genotype, suggesting that the reduced 

exploration seen in these tasks does not arise from an anxiety phenotype 

(Figure 3.3D). This lack of difference in time spent in the centre is the same 

as seen previously during the preference test.   

 

Total time exploring the objects during the test was observed (Figure 3.3E) 

and, using a two-way ANOVA, there was a significant effect between housing 

conditions (F (1,57) = 8.03, p = 0.006), and a significant effect of genotype (F 

(1,57) = 44.35, p = 1.17x10-8). Using the post hoc test to further analyse these 

effects, significant differences were identified between genotypes (T (1,57) = 

-6.62, p = 1.37 x10-8) and housing conditions (T (1,57) = 2.73, p = 0.008). 

Further significant effects were also found between the following groups: 

WTEE and KDEE (T (1,57) = -3.62, p = 0.004), KDSH and WTSH (T (1,57) = 

-5.75, p = 2.22 x10 -6) and KDEE and KDSH (T (1,57) = 3.01, p = 0.023). A 

significant increase in total time exploring the objects after EE in MSK1 KD 

animals was seen. This likely came about due to KDSH animals showing a 

significant reduction in the exploration of the objects compared with WTSH 

animals. MSK1 KD animals starting with significantly lower exploration times 

may allow EE to induce a significant increase. Within the WT mice, there was 

no significant increase after EE, which had been observed previously during 

the preference test.   
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Although the amount of exploration of the two objects appears to be impacted 

in response to housing and genotype, no significant difference was observed 

in the DI (Figure 3.3F). This was produced after manually scoring and 

comparing the amount of time animals investigated the novel over the familiar 

object. Three animals from KDSH group were removed for not meeting the 

minimum criteria, 20 sec of exploration during familiarisation and 4 sec of 

exploring the objects during the test. It is interesting that only animals from 

KDSH did not reach both these criteria, further suggesting a reduced interest 

in exploration in these mutant mice. Example heat maps gained from each 

group are shown in Figure 3.3G, however these do not fully reflect what is 

seen as only time facing the object within 4 seconds was calculated. Heat 

maps for each genotype can be found in Appendix 3.  
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Figure 3.3: NOR analysis 
NOR was undertaken on either WT or MSK1 KD mice that had been housed 
in either SH or EE for 4 weeks prior to the test commencing (WTSH, N = 16; 
WTEE, N = 18; KDSH, N = 13; KDEE, N = 14). A) The distance travelled by 
mice during the 5-min habituation was analysed and, using a two-way ANOVA, 
a significant effect between housing conditions was observed (F (1,57) = 7.79, 
p = 0.007). Using the Bonferroni post hoc test, a significant difference between 
EE and SH animals continued to be observed (T (1,57) = -2.77, p = 0.007). B) 
Time exploring objects during habituation was analysed and found a 
significant difference in genotype (F (1,57) = 10.49, p = 0.002). Using 
Bonferroni means comparison a significant difference between genotype was 
observed (T (1,57) = -3.18, p = 0.002). C) The distance travelled during the 
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test was analysed and found a significant difference between the genotypes 
(F (1,57) = 24.66, p = 6.56 x10-6). The different housing conditions induced a 
significant effect (F (1,57) = 9.52, p = 0.003). A significant interaction between 
housing and genotype was also identified (F (1,57) = 7.208, p = 0.009). The 
Bonferroni post hoc test found significant differences between genotype (T 
(1,57) = -4.81, p = 1.15x10-5) and housing (T (1,57) = -3.36, p = 0.001). Testing 
between groups found significant differences between WTEE and WTSH (T 
(1,57) = -4.33, p = 3.61 x10-4), and KDSH and WTSH (T (1,57) = -5.29, p = 
1.22 x10 -5). D) Time in the centre of the NOR arena during habituation was 
observed and demonstrated no significant difference in the two-way ANOVA 
undertaken. E) The time mice spent exploring the two different objects 
demonstrated significant effects in the two-way ANOVA between the housing 
conditions (F (1,57) = 8.03, p = 0.006), and between the genotypes (F (1,57) 
= 44.35, p = 1.17x10-8). There was also a significant interaction between 
housing and genotype (F (1,57) = 7.208, p = 0.009). Using the post hoc test 
to further analyse these differences, significant effects were found between 
genotype (T (1,57) = -6.62, p = 1.37 x10-8), and housing (T (1,57) = 2.73, p = 
0.008). I also discovered significant effects between WTEE and KDEE (T 
(1,57) = -3.62, p = 0.004), KDSH and WTSH (T (1,57) = -5.75, p = 2.22 x10 -

6) and KDEE and KDSH (T (1,57) = 3.01, p = 0.023). F) The DI was not affected 
by either genotype or housing condition. Three animals were removed from 
the KDSH group for not reaching the minimum threshold of exploring the two 
objects for 4 sec during the test and did not explore for more than 20 sec during 
the familiarisation. These points removed from the analysis are shown as grey 
squares. Including these three KDSH mice into the analysis did not affect the 
lack of statistical significance (data not shown). Error bars exclude the three 
mice that failed to meet the inclusion criteria. G) Example heatmaps of head 
location of individual mice from each group are shown. 
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3.3. Discussion 

3.3.1. Spatial working memory task 
 

Two-month-old animals that had been placed into EE for 3 weeks showed 

enriched mice to have reduced levels of exploration in both WT and MSK1 KD 

animals, which has been seen before, and with this I would expect these EE 

animals to explore less but with greater success (Falkenberg et al., 1992; 

Melani et al., 2017; Privitera et al., 2020). This reduced exploration in EE 

animals most likely arises from the 4-armed maze not providing enough 

interest in comparison to the greater space, alongside the sensory and 

cognitive stimulation, found in their home cage. This phenotype further shows 

that 3 weeks of EE from 2 months of age is sufficient to introduce an 

enrichment phenotype in these animals.  

 

The exploratory behaviour of MSK1 KD animals appeared to be lower than 

WT animals, shown by shorter distances being travelled and mice entering 

fewer arms. This phenotype was seen to be more prominent under SH 

conditions and was identified to a lesser extent in EE animals. Surprisingly, 

the MSK1 KD animals demonstrated a higher percentage of correct arm 

sequences in comparison to WT animals, with SH animals showing the biggest 

effect compared to EE mutant mice. With the apparent increased exploration 

seen in the WT animals, care into observing all the arms methodically appears 

to diminish, so this faster exploration may lead to higher errors, shown by 

these SHWT animals exploring the most arms while achieving the worst 

scores for correct arm sequences. 

 

This could suggest that these MSK1 KD animals explore the environment 

more slowly, due to the reduced number of entries and distance travelled, but 

more precisely as shown by the correct arm entries. There are a few 

possibilities for the causes of these findings in MSK1 KD mice. One would be 

that these animals are more fearful, making them take more care exploring to 

avoid predators and improve their chances of escape. However, previous work 

conducted in the Frenguelli lab (Privitera et al., 2020) on these mice using an 
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elevated plus maze showed no differences between MSK1 KD and WT, 

suggesting similar anxiety levels. This was also supported by the lack of 

difference in the time spent in the centre of the apparatus during habituation. 

Another option is that these MSK1 KD mice explore more methodically and 

enter in a more serial fashion, undertaking less duplications into the same arm, 

however, after investigating these, their method of exploration did not appear 

to be the cause. A further possibility is that they are less motivated to explore, 

slowing them down but are equally as good at remembering, introducing the 

appearance of improved performance. General motivation of MSK1 KD 

animals could be further evaluated by undertaking progressive ratio 

schedules, used to determine how willing an animal is to pursue a task in order 

to receive a reward such as food (Cagniard et al., 2006).  A final option is that 

these mice take longer to process their environment, leading to fewer arms 

explored and this slower pace leads to greater accuracy in SWMTs.  

 

Previously, MSK1 KD animals within a comparable age range to my 

experiments underwent the same SWMT and the effect of this mutation and 

EE from birth was investigated. This previous study found a housing effect with 

EE improving success. However, in these experiments SH animals appeared 

to have similar levels of success, and, while WT animals demonstrated an 

improvement after EE, this was not apparent in MSK1 KD animals (Privitera 

et al., 2020). In contrast, the MSK1 KD animals in this thesis appeared to show 

improvements compared to their WT counterparts. In the previous study, 

animals had undergone two behavioural tasks, open field and elevated plus 

maze, with the last experiment, 1 week before the SWMT, while in my set up 

of behavioural tests, SWMT was undertaken first. This may have led to the 

differences in MSK1 KD effects seen between these two experiments.  

 

Currently in behavioural science there is a level of objectivity due to many 

terms used being derived from psychological terminology, which can lead to 

various interpretations of data acquired. To progress further in identifying 

behavioural phenotypes, objective neuroscience terminology is required and 

this could be achieved by looking at error between brain activity and behaviour 

(Buzsáki, 2020). Further understanding into more appropriate and accurate 
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terminology in specific learning paradigms such as here with the SLMT for 

distinct behaviours may, in the future, come to light, but with current 

understanding, we suggest that here, MSK1 KD mice have increased 

exploration and improved spatial working memory.  
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3.3.2. Preference task 
 

No biases were found between the east and west side of the arena, between 

objects or between SH and EE mice. This meant I could go ahead with NOR 

as biases with any of these could impact the discrimination of the new object 

that would be placed either towards the east or west hand sides. To further 

prevent influences of side preferences impacting the results, the novel object 

would be randomised with respect to which side it would be placed on during 

the NOR experiment.  

 

I did however find a bias between the north and south of the arena, where SH 

mice spent greater lengths of time in the south where they were initially placed. 

This extra time spent at the side they were initially placed could indicate that 

they are more fearful or anxious. However, the time spent in the centre of the 

empty arena, a measurement often used for analysing anxiety, was not 

different between the groups, suggesting that these SH mice are not scared 

of the environment but feel more comfortable in the location where they were 

initially placed. EE mice did not show the same preference to the south side, 

suggesting these mice felt more comfortable within the large open arena, 

potentially due to being housed in a larger cage. However, this bias would not 

impact the animal’s ability to discriminate between novel and familiar but could 

affect the level of exploration and familiarity with the objects, impacting these 

results. To ensure adequate exploration of the objects throughout the protocol, 

two criterions were put into place, 20 sec of exploration during familiarisation 

and 4 sec during the test. One way to identify if this is the case would be to 

place mice on different sides and observing how long they spend on the side 

they were first place. I would hypothesise that regardless of the side, mice 

would spend longer on the side they were placed initially. 

 

With only 1 week of EE, the same exploratory behavioural difference, with SH 

mice travelling further than EE animals, was identified. What was also noted 

was that SH animals appeared to travel more across each day while EE 

remained stable, suggesting that the EE animals did not feel stimulated to 

explore the NOR arena, a similar effect as was seen during SWMT.  
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3.3.3 Novel object recognition  
 

For NOR, animals were left for 1 week after SWMT before commencing the 

test. Like that seen in the preference test, there was no evidence of an anxiety 

phenotype during habituation that could explain why EE mice travelled less. 

Interestingly on the test day, the exploration of KDSH animals dropped to that 

of both EE groups. This lack of difference between the MSK1 KD animals most 

likely occurs due to the initial level of travel being lower, and unable to be 

further reduced. This appears to mirror what was seen during SWMT, with 

MSK1 KD animals travelling less and the WT animals having a greater 

difference between EE and SH compared to MSK1 KD mice. 

 

The time spent exploring both objects also showed differences, with MSK1 KD 

animals exploring them less than WT mice. This lack of exploration was also 

noted as the only animals to be removed, due to not meeting both exploratory 

criteria, were three animals from the SHKD group. Enriching the MSK1 KD 

animals appeared to improve their exploratory phenotype back to similar levels 

to that seen in WT animals. Distance travelled during the NOR test was less 

than that during the preference test. However, the time spent in the centre was 

comparable so does not appear to be due to greater anxiety. This difference 

may have arisen due to a greater habituation protocol being undertaken during 

the preference test which, due to the potential of enriching the SH animals, 

decided to not undertake during the test. Exploration time of the objects was 

also less than that seen during the preference test, potentially due to one 

object not providing as much interest having seen it previously.  The fact that 

the MSK1 KD mice had significantly less exploration of the objects during 

habituation while demonstrating a similar level of memory of the objects, 

shown by the DI, suggests that these MSK1 KD mice may learn more 

efficiently than their WT counterparts, which is also suggested in the SWMT 

task, with these KD mice having increased percentage of spontaneous 

alternations.  

 

There was no significant effect on LTM, shown using the DI, within these mice. 

This lack of significance could occur due to these SH animals not being 
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deprived and instead being fairly enriched, with their cages including nesting 

alongside one cardboard and one polyacrylamide tunnel. There does not 

appear to be any effect on LTM resulting from the loss of kinase activity in 

these MSK1 KD animals. The length of EE exposure, despite demonstrating 

positive effects in spatial working memory, may be too acute for LTM effects 

to be identified. Another factor may be that these mice were introduced to EE 

too late in life, at two months of age, to elicit the positive effects on LTM. 

Another possibility is that a 24 hr inter-trial interval is too challenging for mice 

in order to reveal benefits of enrichment and a shorter retention time frame 

may be able to pick up differences more easily. The heatmaps demonstrate 

the location of the head but not in which direction it is facing, and therefor does 

not fully represent exploration and the data obtained in these mice.  

 

Previously, NOR has been used to study short-term preference memory, of 1 

hr, in MSK1 KO animals (Karelina et al., 2012). While WT animals were able 

to discriminate between familiar and novel objects, the MSK1 KO animals 

were not (Karelina et al., 2012). LTM, of 1 day, was impaired in MSK1 KO 

animals using fear conditioning, a much stronger form of LTM induction 

(Chwang et al., 2007). MSK1 KD animals showing no impairment in LTM 

during the experiments in this chapter could be due to the NOR challenge of 

24 hr being too long for the potentially small impairment to be identified. 

However, from the study by Karelina et al. (2012), this does not appear to be 

the case as MSK1 KO mice appear to have impaired recollection of the object 

after 1 hr. In contrast, it could be that 24 hr is too easy to discriminate subtle 

effects on LTM, as studies in Melani et al. (2017) demonstrated that EE 

improvement in LTM were not identified at 24 hr and instead became 

significant after 9 days.  

 

 
  



 

 83 

3.4. Conclusion 
 

This late-stage short-term enrichment paradigm used for these behavioural 

studies appears to induce changes in exploration as has been described 

before, using different enrichment methods. The kinase function of MSK1 

appears to be important in exploration and spatial working memory but does 

not affect LTM capabilities.  
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4. The protein level of AMPAR subunits and 
immediate early genes can be regulated by 

housing and MSK1 
 

4.1. Introduction 
 

EE has been suggested to mediate its positive effects on the CNS through 

increases in BDNF levels and CREB phosphorylation (Cowansage et al., 

2010; Zhang et al., 2016). As a result of CREB phosphorylation, transcription 

of IEGs such as c-Fos, Arc and EGR1 occurs, allowing neurons to adapt to 

synaptic activity via modifications to their structure and function (Arthur, 2008; 

Hunter et al., 2017; Kaiser et al., 2007; Minatohara et al., 2015; Wiggin et al., 

2002; Ying et al., 2002). Impairments in CREB have been shown to influence 

euronal activity through altering AMPAR composition in the PSD (Middei et al., 

2013).  

 

Changes in AMPAR levels in the membrane can occur as a result of altered 

Arc transcription, as greater Arc expression leads to an increase in AMPAR 

internalisation resulting in a depression of neuronal signalling (DaSilva et al., 

2016; Hunter et al., 2017; Shepherd et al., 2006; Waung et al., 2008). Arc is 

likely involved in homeostatic synaptic downscaling, where a proportional 

reduction in synaptic activity occurs, allowing relative signalling strengths to 

be maintained, while preventing the overstimulation of highly activated 

synapses(Turrigiano, 2012). EGR1 is another IEG seen to influence neuronal 

signalling and plasticity (Duclot and Kabbaj, 2017).  This transcription factor is 

seen to influence a variety of neuronal functions including endocytosis, vesicle 

transport (Koldamova et al., 2014), Arc transcription, cytoskeleton formation 

(Li et al., 2005) and the MAPK pathway (Revest et al., 2005).  

 

Without fully functional MSK1, these homeostatic capabilities become 

impaired. In WT cultures, after TTX incubation, a time dependant decrease in 

Arc expression and an increase in the AMPAR subunit GluA1 occurs. 
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However, shown by Correa et al. (2012), in MSK1 KD hippocampal cultures, 

this was not seen. When observing neuronal activity, Daumas et al. (2017), 

demonstrated a deficit in basal synaptic transmission in MSK1 KD mice. This 

difference is unlikely to be a result of pre-synaptic changes, as no significant 

differences between the genotypes occurred when comparing the paired pulse 

ratio as well as the fibre volley measurements gained during the input output 

(IO). The impact on the IO did not occur in response to changes in inhibitory 

signalling, as shown by the deficit remaining when undertaken in the presence 

of the GABAA receptor blocker PTX. This all provided evidence that the most 

likely candidate to induce the basal synaptic transmission deficit in MSK1 KD 

tissue is post-synaptic glutamatergic signalling.  

 

In this chapter I aimed to further investigate the basal synaptic transmission 

deficit that occurs in MSK1 KD mice under basal conditions. To do this, I 

studied the total protein levels of two AMPAR subunits, GluA1 and GluA2, 

alongside the IEGs EGR1 and Arc, within hippocampal tissue of WT and 

MSK1 KD animals. GluA4 was not investigated as this subunit is only present 

during early development (Zhu et al., 2000). GluA3 was also not investigated 

due to their low abundance of approximately 15% (Lu et al., 2009).  How 

enrichment influenced basal AMPAR levels was also analysed using three 

different timepoints, 1 week, 5 weeks and 3 months in EE conditions, to allow 

temporal effects of enrichment to be further understood. I also aimed to 

estimate changes in the amount of AMPARs located in the plasma membrane 

using cell surface biotinylation. Due to the aim of further investigating the basal 

synaptic differences, only SH animals were investigated. With the identification 

of less plasma membrane bound AMPARs, reduced levels in the number of 

AMPARs in the PSD may also occur. This could be an explanation for the 

signalling deficits identified by Daumas et al. (2017).   
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4.2. Results  
 

To identify the protein changes within the hippocampus, western blots were 

undertaken allowing the effects of genotype and housing to be identified. 

These experiments occurred after mice were housed within their respective 

housing conditions for three different lengths of time: 1 week, 5 weeks and 3 

months. Due to the mutation in MSK1 inducing a reduction in basal synaptic 

transmission seen previously by Daumas et al. (2017) and Privitera et al. 

(2020), not seen in Chapter 4 (likely due to differences in the set-up), GluA1 

and GluA2 total protein levels were measured, as AMPARs were the most 

likely receptor to introduce this deficit. Alongside these, two IEGs involved in 

regulating synaptic signalling, Arc and EGR1, were also measured. Our aim 

was to determine if any of these proteins were influenced after different lengths 

of time in enrichment, with respect to MSK1 function.  

  

4.2.1. 1 week of enrichment 
 

To see how rapidly enrichment-induced protein changes occur, 2-3-month-old 

mice were placed into enrichment for one week. The hippocampus was 

extracted and lysed in order to quantify total protein levels by western blotting. 

This timepoint may be too soon to see affects in total AMPAR levels but may 

show the initial effect on IEGs as they respond rapidly to changes in their 

milieu.  

 

4.2.1.1. AMPARs 

 

I examined total protein levels of AMPAR subunits GluA1 and GluA2 within 

hippocampal tissue (Figure 4.1A, B).  After 1 week of enrichment there was 

no significant change in the expression of the AMPAR subunit GluA1 (Figure 
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4.1C). There was also no significant change in the expression of GluA2 (Figure 

4.1D). Statistical analysis for both GluA1 and GluA2 AMPAR subunits after 1 

week of enrichment can be found in Table 4.1.  

Figure 4.1: No significant change in total AMPAR subunit levels after 1 week 
of enrichment 
Four hippocampi per group were lysed and underwent western blotting and 
example blots are shown of A) GluA1 and B) GluA2. All blots and 
corresponding ladders for GluA1 and GluA2 after 1 week of enrichment are 
shown in Appendix 4.1 and 4.2 respectively. The signal from the house 
keeping protein, GAPDH, was detected in all blots and used to normalise the 
signals from GluA1 and GluA2.  No significant effect was seen in C) GluA1 or 
D) GluA2 using a two-way ANOVA.  
 
4.2.1.2. IEGs 

 

I looked at the total levels of two IEGs which appear to play a role in synaptic 

plasticity, EGR1 and Arc. EGR1 (Figure 4.2A, C) showed no significant effects 

of housing or genotype. Arc (Figure 4.2B, D), showed a significant effect on 

genotype (F (1,12) = 5.25, p = 0.04) using a two-way ANOVA. Arc levels were 

greater in MSK1 KD mice compared to WT. On closer inspection of the data, 

it appears that KDSH animals have much greater levels of Arc than all other 

A B 

C D 
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groups. This could suggest that the regulation of Arc was impaired in MSK1 

KD mice housed under standard conditions, leading to the higher levels found 

in the hippocampus of these mice. Meanwhile, enrichment doesn’t appear to 

effect Arc after just one week of enrichment in WT animals, potentially due to 

the tight regulation of its production and degradation. Statistical analysis for 

EGR1 and Arc after 1 week in their housing conditions can be found in Table 

4.1. 
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Figure 4.2: Significant effect on Arc expression in MSK1 KD mice 

Western blotting was undertaken on four hippocampi per group. The signal 
from the proteins of interest, A) EGR1 and B) Arc, were normalised to the 
signal gained from the housekeeper protein, GAPDH.  C) No significant effect 
was seen in EGR1.  D) A significant effect was observed when comparing Arc 
levels between the genotypes using a two-way ANOVA (F (1,12) = 5.25, p = 
0.04). KDSH animals have much higher levels of Arc compared to all other 
groups. All blots and their respective ladders for EGR1 and Arc after 1 week 
of enrichment are shown in Appendix 4.3 and 4.4 respectively.   
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Table 4.1: Statistical analysis of protein levels after 1 week 
Two-way ANOVAs were used to determine any effects of genotype and 
housing after 1 week in their respective housing conditions. The results from 
looking at the interaction and effect of genotype ware shown for GluA1, with 
no significance in either. The effects of genotype for GluA2 are shown with no 
significant difference. For both IEGs, the effect of genotype is shown, with Arc, 
and not EGR1, demonstrating a significant difference between genotypes.   

  

Time Protein Statistical test Comparison F value P value
GluA1 2 way ANOVA Interaction 0.271 0.612
GluA1 2 way ANOVA Genotype 0.114 0.741
GluA2 2 way ANOVA Genotype 1.508 0.243
EGR1 2 way ANOVA Genotype 1.901 0.193
Arc 2 way ANOVA Genotype 5.249 0.041

1 
w

ee
k
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4.2.2. 5 weeks of enrichment 
 

2.5-3-month-old mice, that had undergone their final behavioural task one 

week prior to tissue extraction, were used to examine protein expression within 

hippocampal tissue after five weeks in enrichment. Five weeks could provide 

a greater understanding into any transition effects on total protein expression 

of AMPAR subunits or IEGs between 1 week and 3-months of EE exposure.  

 

4.2.2.1. AMPARs 

 

I investigated the total protein levels of GluA1 and GluA2 within hippocampal 

tissue after 5 weeks of enrichment. There was no significant difference in the 

expression level of GluA1 and this may have occurred due to the high levels 

of variability between all groups, apart from WTSH (Figure 4.3A, C). GluA2 

also showed no significant difference after 5 weeks in their respective housing 

conditions (Figure 4.3B, D). This lack of change could suggest a homeostatic 

effect of AMPAR levels at 5 weeks ensuring appropriate signalling occurred 

within the hippocampus. The statistical analysis for both GluA1 and GluA2 

after 5 weeks are shown in Table 4.2. 
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Figure 4.3: No significant change in total AMPAR subunit levels after 5 weeks 
of enrichment 
Western blotting was undertaken on 4 hippocampi from each group. Both 
proteins of interest, A) GluA1, and B) GluA2 were normalised to its 
corresponding GAPDH signal. Using a two-way ANOVA, no significant effects 
were seen in C) GluA1 or D) GluA2. All westerns for GluA1 and GluA2 after 5 
weeks of enrichment and their respective ladders are shown in Appendix 5.1 
and 5.2 respectively.  
  

  

A B 

C D 
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4.2.2.2. IEGs 

 

The two IEGs EGR1 (Figure 4.4A,C) and Arc (Figure 4.4B,D) were analysed 

after 5 weeks of enrichment and no significant differences in their total protein 

expression were found using a two-way ANOVA. The statistical analysis for 

both EGR1 and Arc after 5 weeks in their respective housing conditions are 

shown in Table 4.2.  

Figure 4.4: No significant change in total IEG levels after 5 weeks of 
enrichment 
Western blotting was undertaken on 4 hippocampi from each group. Protein 
of interest signals for A) EGR1 or B) Arc were normalised to their 
corresponding GAPDH band. No significant effect, using a two-way ANOVA, 
was seen in C) EGR1 or D) Arc.  All westerns for EGR1 and Arc after 5 weeks 
of enrichment are shown in Appendix 5.3 and 5.4 respectively. 
 

  

A B 

C D 
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Table 4.2: Statistical analysis of protein levels after 5 weeks 
Two-way ANOVAs were used to determine significant effects of housing 
and/or genotype. The genotype effects for GluA1, GluA2, EGR1 and Arc are 
shown in the table below. Housing analysis on Arc are also shown. 

 
  

  

Time Protein Statistical test Comparison F value P value
GluA1 2 way ANOVA Genotype 0.630 0.443
GluA2 2 way ANOVA Genotype 0.512 0.488
EGR1 2 way ANOVA Genotype 1.788 0.206

Arc 2 way ANOVA Housing 2.151 0.168
Arc 2 way ANOVA Genotype 0.011 0.919

5 
w

ee
ks
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4.2.3. 3 months of enrichment 
 

Previous members of the Frenguelli laboratory extracted the brain from 3-

month-old WT and MSK1 KD mice, housed from birth in either SH or EE. The 

brain hemispheres were subsequently stored individually at -80 °C. The 

hippocampus from this tissue was extracted, homogenised and underwent 

western blotting alongside the 1-week and 5-week tissue.  

 

4.3.3.1. AMPARs 

GluA1 and GluA2 were investigated to identify effects of being housed for 3 

months in either SH or EE conditions and the relationship of these with MSK1’s 

kinase function. Neither housing nor genotype demonstrated any effect in their 

GluA1 expression (Figure 4.5A, C). The statistical analysis is shown in Table 

4.3. 

 

GluA2 (Figure 4.5B, D) did demonstrate a significant interaction between 

housing and genotype (F (1,12) = 5.71, p = 0.03) shown using a two-way 

ANOVA. This significant interaction was shown by WT mice after EE having 

increased levels of GluA2 while in the MSK1 KD mice, EE appeared to reduce 

total GluA2 expression. This suggests that 3 months of EE, from birth, allows 

for an upregulation of AMPAR subunit GluA2 when the kinase function of 

MSK1 was present. This may occur in order to achieve a greater pool of 

internal AMPARs within the post-synapse, ready to be translocated into the 

membrane in response to incoming stimuli, which is suggested by their higher 

basal activity. Without this kinase function, SH mice are less capable of 

undergoing synaptic homeostasis, increasing the amount of GluA2 available 

under these basal conditions. This may lead to EE inducing alternative 

intracellular pathways, and subsequently causing the downregulation of GluA2 

expression. The statistical analysis is shown in Table 4.3. 
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Figure 4.5: Significant effect in total AMPAR subunit GluA2 expression after 3 
months of enrichment 
Western blotting was undertaken on hippocampal tissue which had been 
collected and frozen by previous members of the laboratory. These animals 
were three months of age and had been housed in their respective conditions 
from birth.  Four hippocampi were used for each group. The signal produced 
by the proteins of interest, A) GluA1 and B) GluA2 were normalised to their 
corresponding GAPDH signal. A two-way ANOVA was used to determine 
statistical significance. C) GluA1 showed no significant effect between housing 
or genotype. D) GluA2 demonstrated a significant interaction between housing 
and genotype (F (1,12) = 5.71, p = 0.03). After EE, WT mice had greater levels 
of GluA2, while in MSK1 KD animals, EE induced a decrease in GluA2 levels, 
with KDSH levels starting higher than their WT counterparts. All westerns for 
GluA1 and GluA2 after 3 months of enrichment and their respective ladders 
are shown in Appendix 6.1 and 6.2 respectively. 
  

  

A B 

C D 
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4.2.3.2. IEGs 

 

The protein expression of the two IEGs EGR1 (Figure 4.6A, C) and Arc (Figure 

4.6B, D) both showed a significant interaction between housing and genotype. 

 

For EGR1, there was a large reduction after enrichment in WT mice and a 

small increase in the MSK1 KD after enrichment (F (1,12) = 7.17, p = 0.02) 

suggesting that normally the kinase function of MSK1 allows for a down 

regulation of EGR1 to occur, which was hampered in the MSK1 KD animals. 

This may be due to the mutation interfering with basal levels of EGR1, as 

KDSH mice demonstrate relatively low levels of EGR1 compared to WTSH 

animals. The statistical analysis is shown in Table 4.3. 

 

In WT mice, enrichment induces a reduction in Arc while there was an increase 

in Arc after EE in the MSK1 KD mice (F (1,12) = 9.95, p = 0.008). This 

reduction in WT animals after EE correlated with previous descriptions of 

homeostatic regulation, where a downscaling of AMPARs at synapses occurs 

after the increased stimulation of EE. This effect was not seen in the MSK1 

KD animals, with KDSH animals having much lower levels in comparison to 

their WTSH counterparts. This suggests that the kinase function was important 

in maintaining high basal levels of Arc. The lower levels of Arc in SHKD mice 

likely prevents the further downscaling after EE and activation of alternative 

mechanisms likely leads to the upregulation of Arc observed in these MSK1 

KD animals after EE. The statistical analysis is shown in Table 4.3. 
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Figure 4.6: Significant effects on both IEGs EGR1 and Arc after 3 months of 
enrichment 
Western blotting was undertaken on hippocampal tissue which had been 
collected and frozen by previous members of the laboratory. These animals 
were three months of age and had been housed in their respective conditions 
from birth.  Four hippocampi were used per group. Signals from both proteins 
of interest, A) EGR1 and B) Arc were normalised to their corresponding 
GAPDH signal. C) EGR1 expression showed a significant interaction between 
housing and genotype (F (1,12) = 7.17 p = 0.02). In WT animals, EE induced 
a significant reduction of EGR1 while in MSK1 KD animals EE showed no 
change or an increase. D) Arc expression showed a significant interaction 
between housing and genotype (F (1,12) = 9.95, p = 0.008). In WT animals, 
EE induced a reduction in total protein levels of Arc, while in MSK1 KD animals 
there was an increase after EE. The significance was determined using a two-
way ANOVA.  All westerns, and their ladders, for EGR1 and Arc after 3 months 
of enrichment are shown in Appendix 6.3 and 6.4 respectively. 
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4.2.4. MSK1 pathway proteins 
 

I also wanted to further investigate if there were any effects of proteins involved 

in the MSK1 pathway to determine if any compensatory mechanisms were 

being activated. CREB (Figure 4.7A), P38 (Figure 4.7B) and ERK (Figure 

4.7C) all showed no significant difference between housing and/or genotype 

using a two-way ANOVA. The statistical analysis is shown in Table 4.3. 

 

 

Figure 4.7: No significant change in the total levels of MSK1 pathway-related 
proteins after 3 months of enrichment 
Western blotting was undertaken on hippocampal tissue which had been 
collected and frozen by previous members of the laboratory. These animals 

A B 

C 
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were three months of age and had been housed in their respective conditions 
from birth. Four hippocampi were used per group. The protein of interest in 
each of these was normalised to GAPDH. No significant differences between 
housing or genotype were seen in A) CREB, B) P38 or C) ERK. ERK 
immunodetection was undertaken after stripping the CREB western 
membrane, so the GAPDH measurements from CREB were used to normalise 
ERK levels. All westerns for CREB, P38 and ERK are shown in Appendix 6.5, 
6.6 and 6.7 respectively. 
 

Table 4.3: Statistical analysis of tissue gained after 3 months of enrichment 
Two-way ANOVAs were used to analyse the different effects of housing and/or 
genotype. The effects of genotype and interaction of GluA1, GluA2, EGR1, 
Arc, CREB, ERK and P38 are shown in this table. There was a significant 
interaction between housing and genotype when looking at GluA2, EGR1 and 
Arc.  
 

 
 

  

Time Protein Statistical test Comparison F value P value
GluA1 2 way ANOVA Genotype 0.488 0.498
GluA1 2 way ANOVA Interaction 0.043 0.839
GluA2 2 way ANOVA Genotype 0.003 0.955
GluA2 2 way ANOVA Interaction 5.714 0.034
EGR1 2 way ANOVA Genotype 0.048 0.830
EGR1 2 way ANOVA Interaction 7.166 0.020
Arc 2 way ANOVA Genotype 0.014 0.906
Arc 2 way ANOVA Interaction 9.946 0.008

CREB 2 way ANOVA Genotype 0.052 0.823
CREB 2 way ANOVA Interaction 0.832 0.380
ERK 2 way ANOVA Genotype 0.471 0.505
ERK 2 way ANOVA Interaction 0.066 0.801
P38 2 way ANOVA Genotype 0.018 0.895
P38 2 way ANOVA Interaction 0.303 0.592

3 
m
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4.2.5. BDNF analysis 
 

To determine the role of BDNF between the genotypes, housing conditions 

and time spent in their respective housing conditions, analysis was done on 

all four groups at the three timepoints to observe changes in BDNF expression 

in response to enrichment alongside MSK1 kinase function. This experiment 

was undertaken as BDNF activates the MAPK pathway upstream of MSK1 

activation, alongside BDNF being seen previously to increase after EE. This 

allowed observations into how and if BDNF levels alter in response to time 

spent in EE and MSK1.  

 

I obtained three different measurements from this data: BDNF/Actin, Pro-

BDNF/ Actin and BDNF/Pro-BDNF, an example blot is shown in Figure 4.8A. 

None of these measurements showed a significant difference. Actin was used 

as the control protein to normalise the proteins of interest against, as the 

molecular weight of actin was a greater distance from BDNF in comparison to 

GAPDH. Normalising to actin allowed us to identify the total amount of both 

proteins, while the ratio between BDNF and Pro-BDNF provided an 

approximation of the breakdown of Pro-BDNF into BDNF. The statistical 

analysis of these can be found in Table 4.4. 

 

I observed the protein levels at each timepoint, 1 week, 5 weeks and 3 months 

and found BDNF/Actin levels to be similar (Figure 4.8 B, C, D). Across these 

three timepoints, Pro-BDNF/actin also remained stable between the four 

groups (Figure 4.8E, F, G), suggesting no upregulation in the production of 

Pro-BDNF after EE. BDNF/Pro-BDNF also shows no differences across the 

timepoints (Figure 4.8 H, I, J), suggesting no changes in Pro-BDNFs 

breakdown.  
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Figure 4.8: BDNF analysis of tissue after 1 week, 5 weeks and 3 months of 
enrichment  
Hippocampal samples from the 1 and 5 weeks alongside 3-month tissue were 
analysed to identify the effects of BDNF in the different genotypes and housing 
conditions. The genotypes and housing conditions were wild type mice either 
housed in standard (WS) or enrichment (WE) alongside MSK1 KD mice 
housed in either standard (KS) or enrichment (KE). A) An example blot of the 
BDNF analysis. The signal from BDNF was normalised to actin. No significant 
effect was seen in BDNF/actin analysis at B) 1 week C) 5 weeks or D) 3 
months of EE. Pro-BDNF/Actin had no significant effects between the 4 groups 
at E) 1 week, F) 5 weeks or G) 3 months. BDNF/Pro-BDNF showed no 
significant differences between housing or genotype at H) 1 week I) 5 weeks 
or J) 3 months of EE. N = 4 per group. All western blots and their ladders are 
shown in Appendix 7. 
 

 

 

A 
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Table 4.4: Statistical results of total BDNF, Pro-BDNF and BDNF/Pro-BDNF 
levels 
Two-way ANOVAs were used to analyse the interaction effects of housing and 
genotype. No significant interaction effects at 1 week, 5 weeks and 3 months 
were identified with BDNF normalised to actin, pro-BDNF normalised to actin 
and BDNF normalised to Pro-BDNF.   
 

 
  

Signal Normalisation Time Comparison F value P value
1 week Interaction 1.919 0.191
5 weeks Interaction 2.277 0.157
3 months Interaction 0.313 0.586
1 week Interaction 0.469 0.507
5 weeks Interaction 0.131 0.724
3 months Interaction 0.082 0.780
1 week Interaction 3.100 0.104
5 weeks Interaction 1.011 0.335
3 months Interaction 0.480 0.502

BDNF/Actin

Pro-BDNF/Actin

BDNF/Pro-BDNF
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4.2.6. Membrane quantification using biotinylation  
 

The basal synaptic transmission deficits seen in MSK1 KD mice likely occurs 

through the lack of AMPARs present at the synaptic membrane. This could 

occur not only at the total protein level but also through the number of AMPARs 

located within the membrane. Western blotting was able to identify some 

effects of EE and MSK1 KD but further discrimination of any differences in 

AMPAR subunit levels localised within the membrane is required for complete 

understanding.   

 

Another rationale for looking at membrane-bound levels of AMPARs comes 

from the western blotting analysis of Arc, a protein known for promoting the 

internalisation of AMPARs. In these, Arc was shown to be implicated by the 

functionality of MSK1 both after 1 week and also after 3 months in EE. To 

study the level of AMPAR subunits on the membrane, cell-surface biotinylation 

on brain slices was optimised and utilised. Cell-surface biotinylation allows the 

separation of surface proteins from those located intracellularly by incubating 

slices in cell-impermeable biotin.  Afterwards the tissue is lysed and then using 

streptavidin bound beads, membrane proteins are separated from intracellular 

proteins. This separation is achieved by the supernatant containing non-

biotinylated intracellular proteins, while those bound to the streptavidin beads 

are biotinylated membrane proteins and these membrane proteins are eluted 

using heat and loading buffer.  

 

To insure what was being identified within the supernatant and bead fractions 

was an accurate representation of intracellular and membrane bound AMPAR 

subunits respectively, the protocol undertaken by Holman and Henley (2007) 

was followed to identify the percentage of GluA1 on the surface. An example 

blot is shown in Figure 4.9A. Holman and Henley’s work found approximately 

60% of GluA1 to be located in the membranes and the remaining GluA1 to be 

located intracellularly. I repeated this experiment and found, when comparing 

the bead fraction to the standard curve produced, as done in Holman and 

Henley, 66% of GluA1 was located on the membrane. This suggests that my 

biotinylation process provides accurate quantification of membrane proteins.   
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Figure 4.9: Control biotinylation experiment 
A) An example western blot of the GluA1 signal obtained from the supernatant 
(intracellular protein) and bead (membrane bound protein) fractions was 
compared to the standard curve formed using different percentages of total 
protein. This allowed an approximation, using the same method as Holman 
and Henley (2007), to determine the percentage of surface GluA1 which here 
was found to be 66%. B) Quantification comparing the membrane and 
intracellular fraction to the total fraction found 81% of GluA1 to be present on 
the membrane and 18% of the total GluA1 to be intracellular. N=4. All westerns 
and their ladders are shown in Appendix 9.1. 
 

I also quantified these results by comparing the bead fraction against the 100% 

total protein band and this method suggested 81% of GluA1 to be on the 

surface (Figure 4.9B). When the internal fraction was compared to total control 

this suggested 18% of GluA1 is located intracellularly. This provided further 

evidence that accurate quantification was being undertaken as, on average, 

these results show that the remaining GluA1 is internal. During these 

experiments, a negative control was also undertaken using non-biotinylated 

samples. This demonstrated no proteins within the membrane bound fraction, 

providing evidence of no contamination and in turn showing that the washing 

steps within this protocol are effective.   

 

DHPG, a Group I mGluR agonist, has been shown to induce LTD via the 

internalisation of AMPARs. Control electrophysiological experiments 

demonstrated depression of synaptic transmission in slices after DHPG, which 

was maintained for 1 hr (Figure 4.10A).  

 

A B 
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Typically, DHPG-induced LTD shows some recovery to 60-80% of baseline 

(Kumar and Foster, 2014; Palmer et al., 1997), but this was not observed in 

these submerged slices. It is unlikely that this lack of recovery is due to DHPG 

not being washed out efficiently from the submerged chamber as experiments, 

using 100 µM adenosine, demonstrated that solutions wash out and allow full 

recovery of the fEPSP signal within 5 min (Figure 4.10B). This provides 

support that these long-term effects of DHPG do occur within this set up. It 

also does not appear to be due to the fEPSPs reducing over time and masking 

recovery as the submerged chamber was shown to provide stable recordings 

for over 1 hr as shown by the control experiments undertaken and represented 

in Figure 4.10 A. The paired pulse ratio during baseline, DHPG and recovery 

showed no significant difference and can be found in Appendix 8. For these 

experiments this is an accurate representation of the LTD induced in response 

to DHPG application.  

 
Figure 4.10: Averaged traces along with LTD induction over time  
A) DHPG-induced LTD experiments were undertaken to demonstrate that 100 
µM DHPG (in aCSF containing L689,560 and PTX with the CA3 cut) induces 
LTD, likely through AMPAR trafficking. Stimulating and recording electrodes 
were placed in stratum radiatum of CA1 and fEPSPs were recorded. DHPG 
was applied for 10 min and washed out for the next 60 min. Example traces 
before and after DHPG application of one slice is shown. B) To demonstrate 
that drugs applied to submerged slices are adequately washed off, adenosine 
(100 µM) was added for 5 min and the fEPSP recovered after approximately 
5 min of washing. Example waveforms are shown above. DHPG, control and 
adenosine experiments all had an N = 4.  
 

DHPG has been shown to induce LTD through the internalisation of AMPARs. 

With this knowledge I wanted to ensure that this cell surface biotinylation 
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system was able to detect changes of AMPARs on the membrane. To do this, 

slices underwent DHPG incubations. Preliminary data was gained after 10 min 

of DHPG incubations and example blots looking at GluA1 and GluA2 are 

shown in Figure 4.11A and B respectively. 

 

I used three different methods to identify changes between control and DHPG. 

The first shown in Figure 4.11C and D, for membrane levels of GluA1 and 

GluA2 respectively, was undertaken by observing the raw signal gained from 

image studio lite software of the respective bands. No difference was 

suggested in the membrane levels of GluA1 or GluA2. 

 

The second method was to take the ratio of the AMPAR subunit membrane 

signals of DHPG by H2O, shown for GluA1 and GluA2 in Figure 4.11E and F 

respectively. GluA1 and GluA2 did not show any differences. The third and 

final way to analyse this data was to take the AMPAR subunit membrane 

signal and normalise it to total AMPAR subunit signal. For GluA1 and GluA2 

there was still no difference, shown in Figure 4.11 G and H respectively. 
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Figure 4.11: Preliminary 10-min incubation in DHPG  

Biotinylation was undertaken on C57Bl/6J mice between 2-3 months of age. 
Slices were incubated in either 100 µM DHPG or equivalent volume of water 
for 10 min. Representative westerns are shown for A) GluA1 and B) GluA2.  
The raw signal detected by image studio lite of the membrane fraction with 
and without DHPG of both C) GluA1 and D) GluA2 found no significant 
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differences. The ratio of DHPG and H2O biotinylated membrane fractions was 
compared to 1 and demonstrated no significant effect on E) GluA1 or F) GluA2. 
The membrane fraction of DHPG and H2O was then normalised to the 
corresponding total levels of the AMPAR subunits G) GluA1 and H) GluA2 and 
no significant effect was seen. N = 4.  All western blot membranes for this are 
shown in Appendix 9.2.   
 

To ensure adequate incubation in DHPG, 300 µm hippocampal slices were 

kept in 100 µM DHPG or an equivalent volume of H2O for 1 hr. The same three 

methods of analysis were undertaken to compare the effects of DHPG 

incubated samples against control for GluA1 and GluA2, blots shown in Figure 

4.12A and B respectively. The first, shown in Figure 4.12C and D, for 

membrane levels of GluA1 and GluA2 respectively, observed the raw signal 

gained from image studio lite software of the respective bands. No difference 

was seen in membrane levels of GluA1.  

 

The second method, taking the ratio of the AMPAR subunit membrane signal 

of those incubated in DHPG by the control signal are shown for GluA1 and 

GluA2 in Figure 4.12E and F respectively. Using a one-way T-test comparing 

the ratio to 1, GluA1 showed no difference. A significant reduction was seen 

in GluA2 membrane expression ratio (T (7) = -2, p = 0.04), which depicts a 

reduction in the membrane levels of GluA2 after DHPG.  

 

The third method of analysing this data was to take the AMPAR subunit 

membrane signal and normalise it to total AMPAR subunit signal. No 

significant difference was seen in GluA1 (Figure 4.12G). For GluA2 there was 

still no difference, while the average demonstrated a drop of approximately 

20% from control to DHPG, however there appears to be a lot of noise and 

variability and this was not significant (Figure 4.12H). Overall, this suggested 

that the best way to analyse this data to identify changes within membrane 

levels of receptors was to use the ratio alongside a one-way T-test. It also 

suggested that only large-scale changes in the population of receptors within 

the membrane are likely to be identified using this method. Significances of 

the ratio and normalised analysis methods are shown in Table 4.5.  
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Figure 4.12: Effects of 1-hr DHPG incubations on AMPAR subunits localised 
on the membrane  
Biotinylation was undertaken on C57Bl/6J mice between 2 and 3 months of 
age. Slices were incubated in either 100 µM DHPG or equivalent volume of 
water for 1 hr. Representative westerns are shown for A) GluA1 and B) GluA2.  
The raw signal detected by image studio lite of the membrane fraction of both 
C) GluA1 and D) GluA2 were compared and showed no significant difference. 
The ratio of the raw signal produced in the biotinylated membrane fractions of 
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DHPG incubated to control samples was determined. This demonstrated no 
significant effect on E) GluA1 but did produce a significant loss of F) GluA2 
membrane levels after DHPG (T (7) = -2, p = 0.04), identified using the 1 
sample T-test. The membrane fraction was then normalised to the 
corresponding total levels of the AMPAR subunits G) GluA1 and H) GluA2. 
Neither subunit demonstrated a significant difference.  N = 10. All western 
blots are shown in Appendix 9.3.  
 
  
 

Table 4.5: Different statistical analysis methods to identify DHPG-induced 
differences within AMPAR subunits 
To determine the best method to identify the reduction in membrane bound 
AMPAR subunits after DHPG, the ratio between DHPG and H2O alongside 
levels normalised to total were investigated using one- and two- way T-Tests 
respectively.  
 

 
 

  

Conditions Protein Data Statistical test P value T stat DF
H2O vs DHPG GluA1 ratio One sample T test 0.549 0.126 7
H2O vs DHPG GluA1 normalised Two sample T Test 0.931 0.088 14
H2O vs DHPG GluA2 ratio One sample T test 0.043 -2.002 7
H2O vs DHPG GluA2 normalised Two sample T Test 0.394 0.879 14
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I then investigated the levels of both AMPAR subunits when comparing WT 

and MSK1 KD mice using the same analytical methods as for the DHPG 

control, example blots of GluA1 and GluA2 are shown in Figure 4.13A and B 

respectively. The first method of analysis, graphs shown in Figure 4.13C and 

D, demonstrates the raw membrane levels of GluA1 and GluA2 respectively, 

gained from image studio lite software of the respective bands. No difference 

was seen in membrane levels of GluA1 or GluA2. The second method was to 

take the ratio of the MSK1 KD AMPAR subunit membrane signal by the WT 

AMPAR subunit membrane signal, shown for GluA1 and GluA2 in Figure 

4.13E and F respectively. Using a one-way T-test comparing the ratio to 1, 

GluA1 and GluA2 showed no difference. The third analysis method was to 

normalise the AMPAR subunit membrane signal to its total AMPAR subunit 

signal for both GluA1 (Figure 4.13G) and GluA2 (Figure 4.13H) and compare 

those gained from MSK1 KD tissue against WT. For GluA1 there was a 

numerical increase of approximately 10% in the MSK1 KD animals, but this 

was not significant. Membrane bound GluA2 levels was again not significant.  

The significance levels gained for these is shown in Table 4.6. 



 

 113 

  

Figure 4.13: AMPAR subunit membrane composition comparison between WT 
and MSK1 KD mice  
Biotinylation comparing MSK1 KD and WT mice between 2 and 3 months of 
age was undertaken. Representative western blots of A) GluA1 or B) GluA2 
are shown. The raw signal detected by image studio lite of the membrane 
fractions of both C) GluA1 and D) GluA2 showed no differences between 
genotypes. The ratio was determined between the biotinylated membrane 
fractions of MSK1 KD and WT and demonstrated no effect on E) GluA1 or F) 
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GluA2. The membrane fraction was normalised to the corresponding total 
levels of the AMPAR subunits G) GluA1 and H) GluA2 and showed no 
significant difference between genotypes. N = 9. All western blots are shown 
in Appendix 9.4.   
 

 

  

Table 4.6: Different statistical analysis methods to identify genotype induced 
differences of membrane bound AMPAR subunits 
Three methods of analysis identifying changes in membrane bound AMPAR 
subunits between genotypes were used and the level of significance for the 
two normalised methods are described in this table. The ratio between MSK1 
KD and WT tissue alongside levels normalised to total were investigated using 
one- and two- way T-Tests respectively for both GluA1 and GluA2 subunits.  
 

 
  

  

Conditions Protein Data Statistical test P value T stat DF
WT vs MSK1 KD GluA1 ratio One sample T test 0.515 0.681 8
WT vs MSK1 KD GluA1 normalised Two sample T Test 0.435 -0.800 16
WT vs MSK1 KD GluA2 ratio One sample T test 0.212 -0.843 8
WT vs MSK1 KD GluA2 normalised Two sample T Test 0.492 0.702 16
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4.3. Discussion 

4.3.1. The role of enrichment and MSK1 in total protein levels within the 
hippocampus 

4.3.1.1. AMPAR expression regulation 

 

In the first half of this chapter, I investigated the protein basis of the basal 

synaptic transmission deficit demonstrated in MSK1 KD animals in 

comparison to WT alongside the impact of EE (Daumas et al., 2017; Privitera 

et al., 2020). I first investigated total protein expression of two AMPAR 

subunits, GluA1 and GluA2, within hippocampal tissue using western blotting. 

This was due to AMPARs being the most likely candidate for inducing this 

electrophysiological phenotype due to them being the primary receptor 

involved in fast excitatory neuronal responses (Henley and Wilkinson, 2013).  

 

After 1 week of enrichment, both GluA1 and GluA2 demonstrated no 

significant differences between housing or genotype, suggesting 1 week may 

be too short to see effects in AMPAR levels. Within the 5-week animals, there 

were still no significant differences suggesting this amount of time in EE may 

still be too short to see significant effects in AMPAR expression.  

 

These 5-week animals had undergone NOR the week before tissue extraction. 

This protocol involved three consecutive days of handling and exploration of a 

new location, potentially inducing mild enrichment to all animals. 1 week after 

the final task, animals were sacrificed for tissue with the hypothesis that this 

would provide enough time to remove any effects induced by the behavioural 

task undertaken. If one week was not long enough, this may also contribute to 

the lack of effects seen after 5 weeks if SH animals remained enriched from 

the behavioural task.  

 

The tissue collected after 3 months in enrichment from birth, showed an 

interesting phenotype, with a significant interaction between housing and 

genotype in GluA2 but no effect in GluA1 AMPAR subunits. This increase in 

GluA2 levels after EE in WT animals is likely to be involved in the positive 
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influence enrichment has on these mice, which becomes impaired when the 

kinase function of MSK1 is removed. These findings corroborate previous 

findings that GluA2 increases after enrichment (Naka et al., 2005). It has been 

suggested that shifting the composition of AMPAR subunits in the post-

synaptic reserve pool allows the rapid changes in active AMPAR subunit 

composition at the membrane to occur in response to specific stimuli, such as 

LTP. This post-synaptic reserve pool can be controlled by altering gene 

expression, induction of alternative splicing and or translating specific AMPAR 

subunits (Gan et al., 2015). This study suggests that the loss of MSK1 kinase 

activity hinders the increase in GluA2 synthesis that occurs after enrichment. 

In WT animals, the increase in GluA2 in the reserve pool may result in a 

decrease of CP-AMPARs in the membrane. This reduction of calcium influx 

via AMPARs after enrichment is unlikely to occur in MSK1 KD animals and 

potentially the opposite effect occurs due to EE in these mice.  

 

Experiments by Privitera et al. (2020) have been undertaken where LTP and 

LTD enhancement after enrichment was shown to be absent in MSK1 KD 

mice; alongside the impairment in basal synaptic transmission, shown by 

observing the IO of these MSK1 KD animals. The differences in response after 

LTP and LTD is likely due to AMPAR localisation, as these receptors are 

suggested to be rapidly transported and their numbers closely correspond to 

the input output levels of signalling (Diering and Huganir, 2018). These 

previously seen phenotypes in neuronal signalling could occur due to a 

reduced reserve pool of AMPARs, so the lack of movement results from lack 

of available receptors, which is suggested by there being an enhancement of 

GluA2 after EE in WT but not MSK1 KD mice. No increase may be seen in 

MSK1 KD mice as this genotype contains greater levels of GluA2 when 

comparing SH animals and may have reached their maximum limit, preventing 

the increase after EE.   
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4.3.1.2. Regulation of IEG expression 

 

As well as AMPARs, I also looked at IEGs that have roles in the translocation 

of AMPARs into the membrane. IEGs are the initial responders to changes in 

environment and may undergo observable alterations in their expression 

levels at early time points, such as 1 week. The two IEGs I focused on were 

EGR1 and Arc. EGR1 is a transcription factor and has been suggested to play 

a role in synaptic plasticity (Koldamova et al., 2014). Arc is shown to cause 

the internalisation of AMPARs, reducing the number available on the 

membrane, dampening the overall AMPAR response to incoming signals 

(Correa et al., 2012; DaSilva et al., 2016). 

 

After 1 week of enrichment, I identified that Arc demonstrated a significant 

genotypic difference. MSK1 KD hippocampi demonstrated a greater level of 

Arc, suggesting a reduced level of AMPARs on the membrane. This 

corresponds with the finding that MSK1 KD mice have a reduced IO. It may 

also suggest a foundation for why enrichment does not produce the same 

positive enhancement in MSK1 KD animals, as less AMPARs can reach the 

membrane due to the greater levels of internalisation occurring because of 

increased Arc expression. EGR1 expression at 1 week was not significantly 

impacted.  

 

At 5 weeks there were no significant differences identified within the four 

conditions. However, the lack of effects at 5 weeks could mean that the initial 

response to enrichment has undergone a homeostatic change that brings 

these proteins back to levels similar to baseline. This is hypothesised due to 

the previously described impairments in homeostatic scaling shown in these 

MSK1 KD mice (Correa et al., 2012).     

 

After 3 months of enrichment there was a significant interaction between 

housing and genotype in both Arc and EGR1 expression. Both these IEGs 

demonstrated the same expression pattern. In WT mice there is a reduction in 

the total levels of both these IEGs after EE, while in MSK1 KD animals EE 

induced an enhancement in the expression of both IEGs. Both these proteins 
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have been shown to have roles in neuronal signalling and this similarity in 

expression patterns corroborates the idea that the expression of these two 

proteins are under the same transcriptional regulation, the MAPK- MSK1- 

CREB pathway, and are in turn, likely to both contribute towards similar 

neuronal signalling alterations within the hippocampus.  

 

 

At 1 week there is an increase in the levels of Arc between genotypes, with 

MSK1 KD having higher levels, while at 3 months there is an interaction 

between housing and genotype where, after EE, WT animals have a reduction 

while MSK1 KD have increased expression of Arc. This genotype seen at 1 

week of EE not being replicated at 5 weeks or at 3 months could suggest 

temporal effects over time or, due to the lack of reproducibility or that this 1-

week difference may have arisen in error. A further possibility could be that 

KDSH animals were more stressed during culling than the other genotypes, 

as stress has been shown to increase Arc expression. It is unlikely that this 

procedural error is the case as all these animals were culled blind, preventing 

any biases being introduced between genotypes. 

 

4.3.1.3. Regulation of proteins within the MSK1 pathway 

 

MSK1 has been shown to become activated after enrichment through 

activation of the BDNF- MAPK pathway (Correa et al., 2012). It has previously 

been identified that after EE there is an increase in BDNF levels (Cowansage 

et al., 2010; Zhang et al., 2016). This could suggest that the levels of BDNF 

may fluctuate over different lengths of time in enrichment, however, I did not 

see this or any effect within the western blots of BDNF comparing between 

groups at each timepoint. The hypothesised result was for levels to rise in the 

enrichment groups, especially at the later timepoints. Within the literature, the 

half-life of BDNF is yet to be determined however is likely to be on the 

magnitude of hours, similar to neuronal growth factor, a protein of similar size 

and charge (Krewson and Saltzman, 1996; Sirianni et al., 2010). The effect of 

BDNF on the MSK1 pathway does not need a greater total amount of BDNF 
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but instead may result from a greater release. This also suggests that the 

changes downstream of MSK1 after enrichment appears to result only from 

the mutation in MSK1 and is not due to differences in the level of signalling 

upstream, which would be induced with changes in BDNF levels.  

 

There are many different forms of enrichment likely leading to the variability in 

results seen within the EE literature. One difference is between the control 

housing used. Some experiments compare EE to a “deprived” control housing 

condition, with few house mates, minimal nesting material and no toys or tubes 

(Slater and Cao, 2015). The SH mice in my experiments may be more 

enriched than others within the field due to SH cages containing nesting and 

a cardboard tunnel and those animals within the 5-week groups had an 

additional polyacrylamide tunnel. This may make differences between housing 

harder to identify.  

 

CREB showed no significant difference and with this lack of change shows 

that the transcription of proteins downstream is not being influenced by 

changes in CREB availability. ERK also did not show any significant effects 

and therefore downstream effects of MSK1 are not being impacted by changes 

in the availability of ERK for MSK1 activation. P38 did not show any significant 

differences or effects. P38 activates MSK1 through an alternative pathway and 

this lack of differences suggests that this pathway is not impacted by the 

mutation or EE.  

 

4.3.1.4. Protein expression correlates with RNA levels 

 

RNA sequencing was undertaken by a previous student within the Frenguelli 

laboratory (Daniel Cooper) on contemporaneous 3-month tissue to identify key 

pathways influenced by housing and MSK1 function. The results from RNA 

sequencing and the protein expression analysis gained from these western 

blots appear to marry up very well, giving confidence in these findings.  
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For example, RNA levels of EGR1 appears to be reduced in WT animals after 

EE, and this reduction did not occur in RNA gained from MSK1 KD tissue, 

same as seen in these western blots (Privitera et al., 2020; Appendix 11, 

Figure 9A). RNA sequencing looks at transcripts and does not necessarily 

represent protein levels within the tissue, so having both sets of data provides 

evidence that these changes in protein levels occur in response to altered 

transcription of the RNA. GluA2 was seen to have a significant difference in 

housing, with EE animals of both genotypes having greater levels, different to 

what was identified previously (data not published). The changes identified in 

GluA2 expression are therefore unlikely to result from changes in transcription 

but could result instead from various alterations such as in the subunits 

translation or degradation. GluA1 also showed no differences at the 

transcriptomic level.  

 

Western blotting is a well-established method known for its qualitative 

approach to protein expression. To reduce variability and to allow better 

comparison of proteins across membranes, each membrane per protein were 

done simultaneously within the same systems. This however limited the N 

numbers, leading to a larger variability and while gross changes were able to 

be identified, this may have prevented subtle changes within the groups being 

observed.  
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4.3.2. Biotinylation 
 

The effects seen in the total expression levels of the IEG’s, in particular Arc, 

led us to hypothesise that this effect on basal synaptic transmission may not 

only arise from changes in total AMPAR levels, but may be influenced by the 

number of AMPARs localised on the membrane. Due to wanting to identify 

specifically the causes of the basal synaptic effects, only SH animals were 

required for this set of experiments. In order to separate membrane bound and 

intracellular AMPAR subunits, cell surface biotinylation was undertaken.  

 

During the initial experiments, low levels of actin, a cytoskeletal protein located 

intracellularly, was present within the membrane fraction. Due to the nature of 

tissue sectioning, cells on the outermost surfaces become damaged and this 

may increase the accessibility of intracellular proteins to the cell-impermeable 

biotin used during this protocol. To determine if the presence of actin within 

the membrane fraction was due to this and not contamination from poor 

washing, a non-biotinylated sample control was undertaken. No proteins were 

observed in the fraction elucidated from the streptavidin beads within this 

control, suggesting that small amounts of actin are likely present from 

damaged cells.  

 

DHPG has been shown to cause LTD as a result of AMPAR internalisation. 

This electrophysiological response was observed after DHPG addition, 

however, did not appear to demonstrate the large amount of recovery of 20-

30% (Wall et al., 2018) usually achieved after the removal of DHPG from the 

chamber. It was ensured that this submerged chamber was able to clear away 

drugs by undertaking a similar experiment using adenosine. From this and the 

control experiments showing that slices remained stable for 1 hr, the LTD 

observed was shown to be the true result of the DHPG used in these 

experiments. Fibre volleys (FV) were not observable in these recordings. In 

order to identify the sensitivity of this biotinylation protocol, slices underwent 

equivalent incubation steps with DHPG to that used within electrophysiology, 

before proceeding to the biotinylation protocol. This was used as a control for 
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the sensitivity of the biotinylation protocol with the hypothesis that I would be 

able to observe a reduction of AMPARs within the membrane fraction.   

 

The DHPG biotinylation experiments did not provide the hugely significant 

decrease in membrane AMPAR levels as predicted. They did demonstrate 

significance when observing the direct ratio of membrane GluA2 levels 

between slices incubated in DHPG and control samples for 1 hr. This 

experiment gave us confidence that if there were gross changes in the 

membrane levels of GluA1 or GluA2 between the two genotypes, I would be 

able to identify this using the ratio.  

 

The raw signal and the signal normalised to total of each genotype was also 

analysed and did not show significance but did show a trend for GluA2 levels 

on the membrane to reduce after a 1 hr DHPG incubation. Normalising to total 

levels of the AMPAR subunits did not appear to reduce the biological or 

technical noise produced and even appeared to introduce it. Similar to that 

seen previously, these DHPG experiments showed between 60% and 80% of 

AMPAR subunits, GluA1 and GluA2 respectively, to be located on the 

membrane under control conditions, with a reduction to 60% of GluA2 after 

DHPG.  

 

One possibility for not seeing the anticipated large reduction in these results 

is due to using the entire hippocampus and not just the CA1 region where the 

electrophysiological phenotype was identified. The protein levels gained from 

just using the CA1 would not have been sufficient to allow this protocol to be 

undertaken. Another explanation is that the changes in membrane bound 

AMPAR levels are being diluted by AMPARs found on other cell types within 

the hippocampus, such as glial cells. The lack of changes in the membranes 

of these other cell types may impede the differences in excitatory neuronal 

membranes from being identified. For these biotinylation experiments the CA3 

region was not removed, and this may have led to increased epilepsy within 

the slices, altering the amount of internalisation within the sections. 
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During the DHPG control experiments, half the slices gained from one animal 

were used for the control and the other half were incubated in DHPG.  Due to 

having a small number of sections per group, the lysate produced was 

relatively dilute and only half the total protein concentration added to the beads 

could be added to the total protein wells. The resulting signal was then doubled 

to estimate the total signal. The concentration of the lysates gained during the 

genotype experiments allowed the total 50 µg to be added to the wells.  

 

With my hypothesis that localisation of AMPAR subunits leads to the 

differences between genotypes in basal synaptic transmission as shown by 

Daumas et al. (2017) and Privitera et al. (2020), membrane and intracellular 

fractions were separated and GluA1 and GluA2 were identified to detect any 

differences specifically between genotypes. No differences were seen 

between the genotypes when looking at either subunit. For GluA1, between 

70 and 80% were localised on the membrane as would be expected, while 

GluA2 appeared to show 100%. The same brain lysates were used to analyse 

GluA1 and GluA2, so this would indicate that in these samples the majority of 

GluA2 was localised on the membrane. With no difference seen using 

biotinylation this could suggest that AMPAR subunits are trafficked between 

the peri-synaptic membrane and PSD instead of being fully internalised in 

order to produce the basal synaptic transmission deficit seen previously.  
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4.4. Conclusion 
 

The IEG Arc appears to have a specific phenotype both early on after just 1 

week of EE alongside after 3 months from birth, while EGR1 and GluA2 appear 

to only be significantly influenced after prolonged enrichment. The 3-month 

results of the two IEGs corroborated well with the RNA sequencing that was 

done on contemporaneous tissue.  

 

Due to the role of Arc in the internalisation of AMPARs, their localisation was 

investigated, and no difference was seen in the expression of GluA1 or GluA2 

on the membrane. However, trafficking between the synaptic and peri-synaptic 

membranes may be occurring, and a more refined technique would be 

required to identify these differences.  
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5. Lack of electrophysiological differences 
between MSK1 KD and WT animals 

 

5.1. Introduction 
 

Using electrophysiology has allowed great bounds into our understanding of 

plasticity events within neurons. Different forms of synaptic memory have been 

discovered using this technique such as LTP, LTD and homeostatic synaptic 

scaling (Bliss and Lomo, 1973; Neves et al., 2008; Turrigiano, 2012). This has 

been achieved through different adaptations of electrophysiology. 

Extracellular fEPSP recordings allow changes in signalling of a population of 

neurons to be measured. Alternatively, techniques such as whole-cell patch 

clamp can measure changes in potential (mEPSPs) or currents (mEPSCs) 

from a single cell (Graziane and Dong, 2016). Field recordings can 

demonstrate a fibre volley (FV), which is the first inflection after the stimulus 

artefact, and this describes pre-synaptic excitability and can be used as a 

measurement of how much stimuli interacts with neurons.  

 

Establishing the underlying mechanisms of these synaptic plasticity events 

has been under scrutiny and many scaffolding proteins, kinases and 

receptors, including PSD-95, CamKII and AMPARs have demonstrated 

importance in the formation of such events (Ehrlich and Malinow, 2004; Henley 

and Wilkinson, 2013; Malinow et al., 1989). 

 

MSK1 KD animals have been used to investigate the role of its downstream 

effects, specifically those induced by the phosphorylation of CREB and the 

phosphorylation and acetylation of histone H3 (Chwang et al., 2007). MSK1 is 

also involved in structural signalling with glucocorticoid receptors, which would 

have been implicated in the full MSK1 KOs but is not in these MSK1 KD 

animals (Gutierrez-Mecinas et al., 2011; Revest et al., 2005). mEPSC 

amplitudes in MSK1 KD mice had no enhancement after EE compared to WT 

slices. These results appeared to occur due to an impairment in normal 

homeostatic regulation of AMPAR trafficking. This was shown by MSK1 KD 
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cultures having an increase in basal AMPAR abundance on the membrane 

with no changes induced after TTX, in contrast to the increase observed in WT 

cultures (Correa et al., 2012).  

 

MSK1 KD animals possess equal FV amplitudes to that of WT tissue under 

basal conditions. The fEPSP slope under basal conditions on the other hand, 

is shown to be significantly reduced in MSK1 KD tissue compared to WT, 

suggestive of changes in post-synaptic signalling, particularly at higher 

stimulus strengths (Daumas et al., 2017; Privitera et al., 2020). No differences 

have been reported in LTP or mGluR-LTD in these MSK1 KD animals, 

suggesting that homeostatic scaling in the MSK1 KD animals is specifically 

implicated in response to loss of MSK1 function and not long-term synaptic 

plasticity events (Daumas et al., 2017). In Privitera et al. (2020), although there 

was no difference in LTP or LTD under basal conditions, the enhancement 

after EE was not seen in the MSK1 KD animals.  

 

Within the CA1 of the hippocampus, when two stimuli are separated by 

between 10 – 100 ms, the second response becomes enhanced and the 

paired pulse ratio is gained by dividing the second slope by the first. This form 

of short-term plasticity provides evidence that mechanisms are in place to 

boost the release of neurotransmitter in response to a depleted number of 

vesicles from the initial stimuli. Many of the hypothesised mechanisms for why 

this facilitation occurs involves calcium signalling being influenced after the 

initial stimuli, such as, there being residual calcium, activation of specific 

calcium sensors or calcium current facilitators being activated (Jackman and 

Regehr, 2017). Previously, no differences in paired pulse facilitation occurred 

between MSK1 KD and WT tissue, suggesting this short-term pre-synaptic 

memory is not influenced by the kinase activity of MSK1. 

 

Within this chapter I wanted to replicate the IO and paired pulse facilitation 

findings obtained in Privitera et al. (2020) undertaken within an interface 

chamber. Interface chambers involve a thin layer of aCSF to cover the slice 

within an oxygenated humidified chamber. This set up can reduce the 

capacitance across the pipette wall to the bath, increasing the response size 
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obtained. The interface chamber is also able to improve tissue survival, as 

greater levels of oxygen can be obtained within humidified air compared to 

that possible within solution (Reynaud et al., 1995). By observing the IO and 

paired pulse ratio of both MSK1 KD and WT tissue, I should be able to identify 

if changes in either pre- or post-synaptic activity occurs.   
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5.2. Results 
 

Here I wanted to revisit electrophysiology to replicate the changes seen before 

in Daumas et al. (2017) and Privitera et al. (2020) when comparing the effects 

of genotype on the IO responses and paired pulse facilitation. 

 

5.2.1. Input output  
 

To determine the basal neuronal activity in MSK1 KD mice, IO measurements 

were taken. The FV was not identified within all brain slices used during these 

experiments and the FV amplitude can be taken to gain a better understanding 

of how much pre-synaptic activity is induced by the stimulus used. This led to 

two subpopulations of slices being analysed. Initially, to determine the IO 

response, and in turn identify post synaptic activity, all the fEPSP slope 

measurements against stimuli were analysed. Following this, the subset of 

slices with measurable FVs were used and those fEPSPs were plotted against 

both stimuli strength and FV amplitude. We analysed each animal as an N by 

averaging all analysis gained from one mouse, as is typical for 

electrophysiological experiments. Alongside this, we also demonstrate the 

effects of each slice as an individual N in order to get the best understanding 

of these experiments. A two-way RM-ANOVA was used for all these analyses 

and the statistical analysis for these differences between MSK1 and MSK1 KD 

tissue using the different subpopulations of slices and data accumulation are 

shown in Table 5.1. 

 

When all slices were analysed, I found no significant difference in fEPSP slope 

measurements between MSK1 KD and WT brain slices when analysing on a 

per slice or per animal basis, shown in Figure 5.1A and B respectively. This 

did not correlate with what was seen previously in Daumas et al. (2017) or 

Privitera et al. (2020).  

 

When the subset of fEPSPs from the FV analysis were compared against 

stimulus strength, there was still no significant difference between MSK1 KD 
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and WT mice on an individual or averaged basis, shown in Figure 5.1C and 

Figure 5.1D. In this same subset of slices, the amplitude of the FV was 

compared against stimulus strength and no significant difference between 

genotypes was seen in the individual (Figure 5.1E) or averaged (Figure 5.1F) 

data.  

 

I then compared those slices with FVs against their respective fEPSPs and 

this also showed no significant difference on an individual slice basis or 

averaged per animal, Figure 5.1G and H respectively. Figure 5.1I displays 

example waveforms taken from WT (left) and MSK1 KD (right) tissue. The 

beginning of a pop spike is visible in the MSK1 KD example and these were 

not uncommon within both genotypes, particularly at greater stimulus 

strengths.  
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Figure 5.1 Input output analysis observing no impact of genotype on both 
fEPSPs and FVs after analysing on an individual slice or averaged per animal 
basis 
400 µm slices were placed into an interface chamber and after 10 min of 
resting and 10 min of baseline the IO was undertaken stimulating at between 
2 and 300 µA. A) The stimulus and respective fEPSP outputs of each slice 
were plotted and no significant effect was seen (WT, N = 61; MSK1 KD, N = 
41). B) The fEPSPs gained from the IO were averaged on a per animal basis 
and found no significant difference (WT, N = 13; MSK KD, N = 8). C) Of those 
responses that had a measurable FV, the fEPSP responses were plotted 
against stimuli and demonstrated no significant difference between genotypes 
(WT, N = 35; MSK1 KD, N = 28). D)  The subset of fEPSPs that had FVs were 
averaged per animal and demonstrated no significant difference between 
genotypes (WT, N = 10; MSK1 KD, N = 8). E) The FV response to stimuli was 
analysed from each individual slice and found no significant difference in FV 
amplitude in response to stimuli (WT, N = 35; MSK1 KD, N = 28). F) The 
average FV of each animal was observed and no significant difference was 
seen (WT, N = 10; MSK1 KD, N = 8). G) Slices with FVs were plotted against 
their respective fEPSP slope measurements (WT, N = 35; MSK1 KD, N = 28).  
H) The averaged measurements of the FV and respective fEPSP were plotted 
(WT, N = 10; MSK1 KD, N = 8). I) Example fEPSP waveforms from WT (left) 
and MSK1 KD (right) with increasing stimuli.  
  

Table 5.1. Statistical analysis of input output between WT and MSK1 KD 
Two-way RM-ANOVAs were used to identify statistical differences seen 
between genotypes both on an individual slice basis and when averaged per 
animal. Three sets of analyses were undertaken, observing all fEPSP slopes, 
the subset of fEPSP slopes where FVs were identifiable and a comparison of 
FV amplitudes.  
 Individual  Average 

All fEPSP slope F(1,100) = 1.58, p = 0.21 F(1,18) = 1.68, p = 0.21 

Subset fEPSP slope F(1,61) = 12.28, p = 0.37 F(1,16) = 0.27, p = 0.61 

FV amplitude F(1,61) = 15.65, p = 0.09 F(1,16) = 0.98, p = 0.34 
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5.2.2. Paired pulse facilitation 
 

To identify any pre-synaptic alterations in vesicle fusion and short-term 

plasticity, paired pulse was used and found no differences between MSK1 KD 

and WT either individually or averaged per animal, shown in Figure 5.2A and 

B respectively. This data is very similar to that seen in Privitera et al. (2020), 

reaching a similar paired pulse ratio of 1.8 at the 50 ms interval and dropping 

to 1.2 after an interval of 350 ms. Figure 5.2C demonstrates example traces 

gained from WT and MSK1 KD slices. The statistical analysis comparing WT 

and MSK1 KD using individual and averaged methods are shown in Table 5.2. 

Figure 5.2 No differences between MSK1 KD and WT tissue when observing 
the paired pulse ratio 
400 µm slices were placed into an interface chamber and after 10 min of 
resting and 10 min of baseline and IO, the amplitude of the fEPSP was set to 
1 mV by adjusting the stimulus strength and four repeats of each inter-pulse 
interval was taken. (WT, N = 60; MSK1 KD, N = 40). A) The paired pulse ratio 
analysed from each individual slice showed no significant difference. B) No 
significant difference was identified after averaging the ratio gained from slices 
of the same animal. (WT, N = 13; MSK1 KD, N = 8). C) Example traces from 
WT (left) and MSK1 KD (right) brain slices demonstrated the response gained 
after two pulses were given at different inter-pulse intervals.  
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Table 5.2. Statistical analysis of paired pulse facilitation between WT and 
MSK1 KD tissue 
Two-way RM-ANOVAs were used to identify statistical differences in the 
paired pulse ratio seen between genotypes both on an individual slice basis 
and when averaged per animal.  
 Individual Average 

Paired pulse ratio F(1,97) = 0.03, p=0.87 F(1,19) = 0.15, p = 0.70 
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5.3. Discussion 
 

The basal synaptic transmission differences seen in the IO previously in 

Daumas et al. (2017) and Privitera et al. (2020) was not reiterated during these 

experiments, with no significant difference between the two genotypes when 

comparing the fEPSPs against stimulus strength. The FV was not identifiable 

within all recordings, likely due to the recording electrode being placed too far 

from the stimulating electrode. The subset of fEPSPs that did demonstrate a 

FV were further analysed and still did not demonstrate the reduced response 

seen previously in MSK1 KD tissue. To further understand what was occurring 

during these experiments, the FV against stimulus strength was investigated 

and showed no significant difference, as seen previously.  

 

To reduce the impact of irregularity between responses, the output from each 

mouse was averaged. However, the variability seen within the individual 

analysis remained. Previously, studies looking into the IO of these animals 

analysed each pathway separately, so the individual analysis undertaken here 

is most comparable to the former work shown in both Daumas et al. (2017) 

and Privitera et al. (2020).   

 

Within these experiments, the response was reaching greater slope 

measurements of approx. 3 mV/msec, while previously WT mice, which were 

significantly higher than MSK1 KD, only reached approx. 2 mV/msec. This 

increase in neuronal signalling most likely induced the pop spikes which were 

common in both genotypes, particularly at higher stimulus strengths, however, 

these did not implicate the slope measurements.  

 

Another hypothesised possibility for the difference in results compared to 

previous findings may occur as a result of the homeostatic differences 

between the WT and MSK1 KD slices. Unintentional differences within the set 

up used during these experiments may have led to increased signalling within 

the tissue, shown by the differences in slope measurements. This, in WT 

animals, with intact homeostatic regulation, may have led to a reduction in 

signalling while, within the MSK1 KD animals, no such homeostasis occurred, 
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leading to the trends identified and overall resulting in no significant difference. 

This increase in signalling may have occurred due to slight differences in the 

setup of humidity or aCSF level within the interface chamber compared to that 

previously undertaken. These two factors are determined by observing the 

water levels of the two compartments of the interface chamber by eye. 

Differences in these could potentially alter the levels of oxygen reaching the 

slice, impacting the signalling capabilities and leading to no significant 

difference being identified.  

 

When observing the paired pulse ratio, the same lack of difference was 

observed between MSK1 KD and WT animals as seen previously (Daumas et 

al., 2017; Privitera et al., 2020). This corroborates the hypothesis that there is 

no difference in the release mechanisms of vesicles from the pre-synapse. 

Due to previous findings showing differences in basal synaptic transmission, 

instead of setting the stimulus strength to ~50% of the maximum, all were set 

to an amplitude of 1 mV, to prevent bias caused by the previously identified 

differences in intrinsic neuronal activity. This manor of setting the stimulus 

strength was previously undertaken when analysing the paired pulse ratio in 

these genotypes.  
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5.4. Conclusion 
 

Paired pulse ratio analysis further provided evidence of no differences in pre-

synaptic activity between the genotypes, as seen previously. However, in 

contrast to previous experiments, no difference arose within the IO analysis, 

potentially due to differences in the set up leading to altered signalling and 

causing homeostatic scaling within WT and not in MSK1 KD tissue. 
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6. Pre- and post- synaptic ultrastructural 
differences between MSK1 KD and WT 

hippocampal tissue 
 

6.1. Introduction 
 

Within the stratum radiatum of the hippocampal CA1 region, a typical 

pyramidal neuron has been shown to receive over 30,000 synapses, with the 

majority of these being excitatory (Megias et al., 2001). EM can be used to 

identify excitatory synapses through their characteristic asymmetry, due to 

possessing two membranes, which oppose each other, and demonstrate 

different features. One membrane exhibits a thickening which reaches into the 

cytoplasm and is known as the PSD, while behind the opposing membrane an 

accumulation of vesicles are identifiable and this region of membrane is 

referred to as the active zone (Dosemeci et al., 2001).  

 

The PSD is formed from an accumulation of proteins such as glutamate 

receptors, kinases and scaffolding proteins (Dosemeci et al., 2016; Sheng and 

Kim, 2011). Many studies have looked into quantifying the PSD and have 

shown that its size correlates well with spine head size (Harris and Stevens, 

1989; Morimura et al., 2017) and that changes in PSD size can occur as a 

result of altered neuronal activity (Bosch et al., 2014; Bourne and Harris, 2011; 

Dosemeci et al., 2001; Ostroff et al., 2002; Popov et al., 2004). These suggest 

that measuring PSD dimensions can provide an indicator of incoming neuronal 

signalling and in turn be used as a proxy for protein accumulation at the 

synapse.  

 

As well as changes in PSD dimensions, the number of PSDs seen to interact 

with the same pre-synaptic terminal has been of interest. Multiple studies have 

shown LTP to increase the proportion of perforated synapses, those that 

possess two PSDs within one spine, and MIS, where two separate spines 

interact with the same terminal (Giese et al., 2015; Mezey et al., 2004; Stewart 

et al., 2005). These findings suggest that the level of signalling can also be 
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reflected by the number of PSDs interacting with the same terminal. As well 

as MIS, multi-spine boutons (MSBs) have also been seen to increase after 

LTP and also as a result of specific learning paradigms (Medvedev et al., 

2014).  

 

Within synapses, changes in size and density of vesicles appears to 

correspond with functional alterations. Vesicle size has been seen to positively 

correlate with the levels of neurotransmitter within the lumen (Budzinski et al., 

2009; Daniels et al., 2006) and in accordance with this, vesicle size appears 

to correlate with quantal size (Karunanithi et al., 2002; Stevens et al., 2012; 

Zhang et al., 1998). Despite smaller vesicles containing less neurotransmitter, 

several studies have shown vesicle size to inversely correlate with synaptic 

activity (Jackson and Chapman, 2008; Karunanithi et al., 2002; Sombers et 

al., 2004). This may occur due to smaller vesicles being able to form a lipidic 

fusion pore more easily with the synaptic membrane, increasing the efficiency 

of neurotransmitter release (Sombers et al., 2004). This efficiency is also 

suggested by smaller vesicles having shorter-lived fusion pores (Chang et al., 

2017; Sombers et al., 2004). Currently, there appears to be contradictory 

outcomes in response to vesicle size and this may occur due to different cell 

types being used experimentally and therefore, changes in vesicle make up 

alongside the mechanism of vesicular exocytosis and endocytosis could be 

coming into play (Chanaday et al., 2019; Gan and Watanabe, 2018).  

 

As well as vesicle size as a determinant of functionality, the density of vesicles 

is also a key determinant of specific neuronal properties including release 

probability (Dobrunz, 2002). Modifications in vesicle size and density could 

arise from changes in precision and efficacy of vesicle formation (Petralia et 

al., 2013). Adaptor protein 180 (AP180) has been shown on multiple occasions 

to influence size and density of vesicles, where dysfunction of AP180 

increases vesicle size and reduces vesicle density (Nonet et al., 1999; Petralia 

et al., 2013; Zhang et al., 1998). BDNF, a protein involved in the activation of 

MSK1, has been shown to increase vesicle number, resulting in an 

enhancement of quantal release (Lee et al., 2018; Tyler and Pozzo-Miller, 

2001). Multiple other proteins have also been shown to influence vesicle 
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density, and in turn neuronal functioning (Koch et al., 2011; Reist et al., 1998; 

Roche et al., 2002), suggesting that vesicle density is another good measure 

to identify the consequences of changes in neuronal activity.  

 

An extension of EM is immunogold which allows the location of individual 

proteins to be identified on an ultrastructural level. To pick up signal using EM, 

gold nanoparticles are attached to secondary antibodies which, due to golds 

electron dense property, provides a dark signal on electron micrographs in the 

location of the protein of interest to which the gold conjugated secondary is 

bound via a primary antibody. This technique has been used to examine the 

composition of proteins within synapses, such as the localisation of PSD-95 

and CamKII. It has been demonstrated that PSD-95 is localised predominantly 

in the PSD, within ~30 nm of the membrane, while CamKII is located further 

from the membrane, outside the core PSD, and becomes more concentrated 

towards the membrane after depolarisation (Dosemeci et al., 2016). 

Immunogold can provide an accurate representation of protein localisation 

suitable for looking at protein expression within the synapses of brain tissue.  

 

In this chapter I aim to understand whether the MSK1 KD mutation induces 

any ultrastructural differences within either the pre- or post-synapse using EM. 

To do this the CA1 Schaffer collateral region of the hippocampus from either 

WT or MSK1 KD mice was fixed and imaged under the EM to allow specified 

measurements of the PSD and vesicle populations to be quantified and 

compared. Using immunogold labelling, attempts were also made to establish 

the localisation of AMPARs with respect to the PSD and peri-synaptic 

membrane to determine changes in the proportion in and out of the PSD. This 

required optimising the protocol to allow both antibodies to penetrate and bind, 

while also preserving and visualising the membrane and PSD.   
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6.2. Results  

6.2.1. Immunogold 
 

Due to differences in basal synaptic transmission (Daumas et al., 2017; 

Privitera et al., 2020) and the impact seen in Arc expression within MSK1 KD 

but no obvious effect in the cell surface biotinylation, seen in Chapter 4, the 

localisation of AMPARs within the PSD and the peri-synaptic membrane was 

of great interest. This could be experimentally achieved using immunogold EM 

and optimisation steps were undertaken to obtain both good quality fixation 

and membrane preservation while also allowing antibody penetration and 

binding.   

 

6.2.1.1. Immunofluorescence 

 

First, using immunofluorescence, I wanted to ensure that no non-specific 

background fluorescence was being emitted alongside no non-specific binding 

of the secondary antibody. This was achieved using a negative control 

involving incubation with DAPI (blue) and secondary antibody conjugated to 

Alexa488 (green) with no primary antibody present. From this, no non-specific 

signal was seen within the control experiments after fixation using PFA ± Glut 

( 

Figure 6.1). To establish if fluorescence and therefore binding of antibodies to 

the proteins GluA1 and GluA2 could be obtained under stringent fixing and 

gentle permeabilization conditions, I applied antibodies in slices treated with 

PFA ± Glut. Binding of antibodies after incubation was seen in both PFA-

treated slices and those fixed with both PFA and Glut. Therefore, to maintain 

the greatest level of membrane preservation, the latter was used. The lowest 

level of triton, 0.025%, could still produce an immunofluorescent signal, 

verifying antigenicity allowing a reduced permeabilization protocol to be 

tested.  
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Figure 6.1 Immunofluorescence comparing fixation and permeabilization 
protocols 
300 µm brain slices were either fixed with 4% PFA ± 0.1% Glut. The Triton 
X100 concentration within the blocking solution also differed and the three 
concentrations used were 0.4%, 0.05% and 0.025%. Antibodies targeted 
against GluA1 and GluA2 were applied, and secondary antibodies conjugated 
to Alexa488 (Green) were used to determine the ability of antibody binding 
and in turn the best protocol for immunogold EM.  DAPI (Blue) was used to 
identify the CA1 region for imaging. Glut addition to the fixative did not induce 
non-specific binding or prevent antibody penetration and both antibodies 
appear to bind at all Triton X100 percentages. For best structural preservation 
under the EM, 0.025% Triton X100 with fixative containing both PFA and Glut 
were subsequently used.  
 

 

6.2.1.2. Immunogold  

 

Using 0.025% Triton X100, membranes still appeared to be intact under the 

EM. During the negative control (with no primary antibody present) there did 

not appear to be any non-specific binding or artefacts from the silver 

enhancement. When GluA1 primary antibodies were used with no silver 

enhancement, a small but not easily distinguishable signal was seen diffuse 

throughout the tissue and likely to be the signal from the nanogold particles. 

Due to the gold particles being small, at 1.4 nm in size, silver staining was 

likely to be required to enhance the signal. With silver enhancement, there was 

an increase in apparent staining, but these were not spherical, which may be 

expected from silver enhancement, but the signal remained diffuse throughout 

100 µm 

DAPI 

GluA1/2 



 

 142 

the section, and not localised within the post-synaptic spine as hypothesised. 

This finding was also present after using GluA2 primary antibodies. 

Representative electron micrographs of these four protocols are shown in 

Figure 6.2.   

 

Figure 6.2 Electron micrographs from the initial immunogold EM experiment  
To determine if nanogold conjugated secondary antibodies were visible on the 
EM, GluA1 and GluA2 antibodies were used and compared to a control. No 
signal was identified in the control electron micrographs. GluA1 antibody was 
used without silver enhancement and found some signal not seen in the 
control. GluA1 and GluA2 with silver staining demonstrated greater signalling; 
however, this was diffuse across the synapse including within the pre-synapse 
(white arrows), and not specifically localised within the post-synapse (black 
arrows).  
 

Various optimisation steps followed to try and improve the signal gained from 

the nanogold particles including different lengths of silver staining where, after 

5, 10 and 20 min of silver exposure, there did not appear to be any identifiable 

staining. An example micrograph after 20 min of silver enhancement is shown 

in Figure 6.3A. In case the gold particles were too small to be observed under 
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the EM, even after silver enhancement, I also tried 10 nm gold particles, 

targeting them against GluA1, and, without silver staining, these also did not 

show any signal within the electron micrographs (Figure 6.3B). The final 

optimisation attempt was to allow the 10 nm gold particles to incubate with the 

tissue overnight (7 hr; 1hr RT, 6hr 4 °C) and also undergo silver staining. 

Unfortunately, with both overnight incubation and silver staining no signal was 

identified, as shown in Figure 6.3C. Due to the lack of staining after these 

various optimisation attempts, immunogold labelling was not further pursued. 

 

 
Figure 6.3 Electron micrographs of immunogold optimisation steps 
To determine if gold conjugated secondary antibodies could be visible under 
the EM, various optimisation steps were undertaken using GluA1 primary 
antibodies and example electron micrographs are shown here of synapses, 
with the post-synapse (black arrows) and pre-synapse (white arrows) visible. 
A) Images acquired from sections after 20 min of silver staining post 
fluoronanogold incubation. No signal was identified. B) 10 nm gold conjugated 
secondary antibodies without silver enhancement also did not show any 
staining. C) 10 nm gold conjugated secondary antibodies incubated with the 
tissue overnight (7 hr, 1hr RTP, 6hr 4 °C) with silver staining also 
demonstrated no electron dense signal.  
 

6.2.2. Ultrastructural analysis using EM 
 

Due to time and funding limitations the immunogold optimisation path was not 

further pursued. Instead, focus was directed towards determining if differences 

in synaptic ultrastructural composition could be identified between MSK1 KD 

and WT animals. Due to differences seen in previous reports in basal synaptic 

transmission and with western blots identifying changes in GluA2, Arc and 

EGR1 at the proteomic level in Chapter 4, it was possible that subtle changes 

in synaptic ultrastructure’s could be observable.  

A B C 
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6.2.2.1. Post-synaptic effects 

 

Three features of the PSD were measured: the length, thickness and area. 

Due to these measurements not being normally distributed, the Mann-Whitney 

U statistical analysis test was chosen for determining the probability of 

differences between the two genotypes. In Figure 6.4A, the PSD length 

demonstrated a significant difference (U = 21,467.5, p = 0.019) with MSK1 KD 

animals demonstrating a shorter median PSD length of 216.4 nm (standard 

error of the median [SEMed] 6.1 nm) than WT animals which had a median 

length of 228.8 nm (SEMed 6.4nm). This decrease in PSD length within MSK1 

KD synapses could suggest a smaller spine head size and reduced 

accumulation of proteins at the membrane, such as glutamate receptors.  

 

Figure 6.4B demonstrates the average thickness gained from taking the PSD 

area of each synapse and dividing this by its corresponding length. PSD 

thickness demonstrated no significant difference between genotypes with the 

PSD of MSK1 KD synapses having a median value of 28.0 nm (SEMed 0.8 

nm) and those from WT tissue being 27.2 nm (SEMed 0.7 nm). In this study, 

the core PSD was measured and this is further confirmed by the size as it has 

been previously documented that the core PSD has an approximate thickness 

of 30 nm (Dosemeci et al., 2016). The distribution of PSD area is shown in 

Figure 6.4C, with no significant difference between genotype being identified, 

with MSK1 KD demonstrating a median of 6.05 µm2 (SEMed 0.27 µm2) and 

WT PSD having a median area of 6.44 µm2 (SEMed 0.25 µm2). 

 

Alongside the PSD, the overall spine size was estimated from the electron 

micrographs obtained. The distribution is shown in Figure 6.4D, with no 

significant effect of genotype, with MSK1 KD spines showing a median area 

of 79.6 µm2 (SEMed 5.7 µm2), and WT with 73.5 µm2 (SEMed 4.7µm2).  

 

As well as specific features of the PSD, I also wanted to observe differences 

within the overall number of PSDs either within one spine, perforated 
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synapses, or the number contacting the same terminal, MSB. Figure 6.4E 

demonstrates the proportion of PSDs involved in perforated synapses and 

suggests no significant difference, with WT tissue having an average 

percentage of 12.3% and MSK1 KD tissue having 17.1% of its PSDs involved 

in perforated synapses. Figure 6.4F shows the percentage of PSDs involved 

in MSBs and showed no significant difference between genotypes, with WT 

having a mean of 3.5% and MSK1 KD having 4.6%. The distributions of post-

synaptic measurements for each animal can be found in Appendix 10A. 

Example electron micrographs gained from WT and MSK1 KD animals, 

alongside an example of a perforated synapse and MSB, can be seen in 

Figure 6.4G.  
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Figure 6.4 EM analysis of post-synaptic ultrastructural features 
Electron micrographs of excitatory synapses from the CA1 region of WT and 
MSK1 KD mice were gained at X40K magnification and were analysed using 
FIJI. Both pre-synapses (white arrows) and post-synapses (black arrows) 
were captured within the electron micrographs. A) The length of the PSD was 
measured and demonstrated a significant reduction in MSK1 KD animals (U = 
21,467.5, p = 0.019). B) The average thickness of the PSD was gained by 
dividing the PSD area by its length and no significant difference was seen.  C) 
The PSD area also did not demonstrate any significant difference between WT 

* 

* 
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and MSK1 KD tissue. D) The area of the spine was determined and 
demonstrated no significant effect. PSD length, thickness and area had N: 
MSK1 KD = 219, WT = 225. Spine size analysis had N: MSK1 KD 197, WT 
207. Statistics for A-D were determined using a Mann-Whitney U test. The 
results demonstrated in these four graphs were best represented with a 
gamma distribution as the data was skewed to the left. E) No significant effect 
was seen using a T-test in percentage of PSDs involved in perforated 
synapses. F) Percentage of PSD’s involved in MSBs was not significantly 
different when using a T-test. G) Representative micrographs, from left to right, 
are example WT, example MSK1 KD, perforated synapse (the two PSDs 
within the image are identified with a *) from MSK1 KD tissue and an MSB 
from WT tissue.  
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6.2.2.2. Pre-synaptic ultrastructural effects 

 

As well as post-synaptic effects, I wanted to investigate possible pre-synaptic 

changes in terminal size and vesicle diameter. From paired pulse facilitation 

electrophysiology experiments undertaken previously alongside those 

undertaken in Chapter 5, no differences were anticipated (Daumas et al., 

2017; Privitera et al., 2020). Examining the terminal size of synapses from WT 

animals and those from MSK1 KD mice (Figure 6.5A), showed there was no 

significant difference between the two genotypes with the median area for 

MSK1 KD terminals being 235.8 µm2 (SEMed 12.3µm2) and for WT terminals 

and area of 268.8 µm2 (SEMed 11.0µm2). For the following analysis, shown in 

Figure 6.5B, all vesicle diameters within a synapse were averaged and 

demonstrated a significant difference between genotypes (U = 19,244, p = 

8.27 x10-5), with MSK1 KD vesicles having a median diameter of 21.4 nm 

(SEMed 0.2 nm) and WT synapses containing larger vesicles with a median 

diameter of 22.1 nm (SEMed 0.3 nm). This reduction in vesicle diameter could 

suggest a reduced amount of neurotransmitter within synapses located in the 

CA1 region of MSK1 KD mice and may lead to a reduction in quantal release 

(Jackson and Chapman, 2008; Karunanithi et al., 2002; Sombers et al., 2004), 

potentially explaining fEPSPs and mEPSCs  results that have been reported 

previously (Correa et al., 2012; Daumas et al., 2017; Lalo et al., 2018).  

 

A more in depth look at vesicle diameter was also undertaken which involved 

examining all the vesicles individually within the two genotypes. Figure 6.5C 

shows specifically the distribution of docked vesicle diameter, docked vesicles 

being those within 40 nm of the membrane. A significant reduction in the 

diameter of MSK1 KD vesicles (U = 6,208,861, p = 6.85 x10-14) was observed, 

with MSK1 KD synapses containing docked vesicles with a median diameter 

of 18.3 nm (SEMed 0.1 nm) and WT having vesicles with a median of 19.5 nm 

(SEMed 0.1 nm). Figure 6.5D displays local vesicle diameter, those between 

40 and 160 nm from the membrane, where a significant effect (U = 17,192,500, 

p = 1.32 x10-17) in diameter was observed, with MSK1 KD animals 

demonstrating a reduced median diameter of 21.8 nm (SEMed 0.1 nm), while 

local vesicles in WT animals were 23.0 nm (SEMed 0.1 nm). When all 
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individual vesicles were assessed, combining local and docked vesicles 

together, a significant effect was identified (U = 44,310,500, p = 7.14 x10-27) 

with MSK1 KD animals having a smaller median diameter of 20.5 nm (SEMed 

0.1 nm), while WT vesicles were 21.6 nm (SEMed 0.1 nm) in diameter. This 

distribution of the diameter of all vesicles is shown in Figure 6.5 E. Vesicles 

have been seen previously to be  40 nm in diameter, (Budzinski et al., 2009; 

Kim et al., 2000), due to this data being a distribution, the right hand tail 

suggests the overall diameter of vesicles and here this occurs between 40 and 

50 nm, which corresponds well with vesicle sizes seen in the literature. The 

distributions for each animals’ pre-synaptic measurements can be found in 

Appendix 10B. Representative electron micrographs from WT and MSK1 KD 

tissue can be seen in Figure 6.5F.   
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Figure 6.5 EM analysis of pre-synaptic differences between MSK1 KD and WT 
CA1 excitatory synapses 
Electron micrographs of excitatory synapses were gained at X40K and these 
were identified as those containing a thickening of the post-synaptic 
membrane (black arrows) and accumulation of vesicles behind the opposing, 
pre-synaptic membrane (white arrows). Three regions of vesicles were 
analysed: docked, those within 40 nm of the pre-synaptic membrane, local, 
those between 40-160 nm from the membrane and total, the addition of both 
docked and local vesicles. A) Terminal size demonstrated no significant effect. 
N: MSK1 KD = 193, WT = 205. B) Vesicle diameter was averaged per synapse 
and subsequent analysis showed a significant reduction (U = 19,244, p = 8.27 
x10-5) in overall vesicle diameter in MSK1 KD animals. N: MSK1 KD = 218, 
WT = 225. C) Individual vesicles from the docked population demonstrated a 
significant difference (U = 6,208,861, p = 6.85 x10-14), with MSK1 KD showing 
a reduction in docked vesicle diameter. N: KD = 3,761; WT = 3,670. D) Local 
vesicles demonstrated a significant reduction (U = 17,192,500, p = 1.32 x10-
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17) in diameter in the MSK1 KD animals. N: MSK1 KD = 6,297, WT = 5,994. 
E) Total vesicle analysis also demonstrated a significant effect (U = 
44,310,500, p = 7.14 x10-27) with vesicles from MSK1 KD animals 
demonstrating a smaller diameter. N: MSK1 KD = 10,058, WT = 9,664. These 
results were best represented with a gamma distribution and statistics were 
determined using a Mann-Whitney U test. F) Representative micrographs of a 
WT (left) and a MSK1 KD (right) synapse.  
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6.2.2.3. Vesicle number and density effects 

 

The density of docked, local and total vesicles were analysed by using the 

number of vesicles and dividing it by the area, calculated by the PSD length 

and the length of the area perpendicular to the membrane. Docked vesicle 

number (U = 27,574.5, p = 0.023) and density (U = 31,218, p = 5.56 x10-7) 

were both significantly different, shown in Figure 6.6A and B respectively. 

Median docked vesicle number within WT animals had a median of 15 

vesicles/synapse (SEMed 0.5 vesicles/synapse), while MSK1 KD had a 

median of 17 vesicles/synapse (SEMed 0.5 vesicles/synapse). These 

demonstrated WT animals to have fewer docked vesicles than MSK1 KD 

animals, with MSK1 KD synapses having 1.92 vesicles/µm2 (SEMed 0.05 

vesicles/µm2) and WT 1.70 vesicles/µm2 (SEMed 0.04 vesicles/µm2). Local 

vesicle number (U = 29,453, p = 2.39 x10-4) and density (U = 33,049.5, p = 

1.44 x10-10) both also showed a significant difference. When observing median 

local vesicle number, WT animals had 25 vesicles/synapse (SEMed 0.8 

vesicles/synapse) and MSK1 KD 28 (SEMed 0.7 vesicles/synapse). 

Correlating with vesicle number, MSK1 KD also demonstrated a greater 

density of local vesicles of 1.12 vesicles/µm2 (SEMed 0.03 vesicles/µm2), while 

WT synapses had a vesicle density of 0.92 vesicles/µm2 (SEMed 0.03 

vesicles/µm2). The graphs of local vesicle number and density are shown in 

Figure 6.6C and D respectively. The number (U = 29,402.5, p = 2.93 x10-4) 

and density (U = 33,464, p = 1.66 x10-11) of total vesicles also demonstrated 

significant differences, shown in Figure 6.6E and F respectively. Median total 

vesicle number in WT tissue was 41 vesicles/synapse (SEMed 1.2 

vesicles/synapse), and for MSK1 KD was 45 vesicles/synapse (SEMed 1.1 

vesicles/synapse). The density of total vesicles showed a median of 1.32 

vesicles/µm2 (SEMed 0.03 vesicles/µm2) and in WT tissue 1.17 vesicles/µm2 

(SEMed 0.03 vesicles/µm2). An increase in vesicle density has been linked 

previously with an increase in quantal release (Lee et al., 2018; Tyler and 

Pozzo-Miller, 2001). The distributions for each animals number/density of 
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vesicles within synapses can be found in Appendix 10C. Figure 6.6G 

demonstrates representative micrographs from WT and MSK1 KD animals.  

 

 

G 
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Figure 6.6 Number and density of vesicles in different regions of the pre-
synapse 
Electron micrographs of excitatory synapses were gained at a magnification 
of X40K and were identified by a thickening of the post-synaptic membrane 
(black arrow) and accumulation of vesicles behind the opposing, pre-synaptic 
membrane (white arrow). Three different regions were analysed: docked, 
those within 40 nm of the pre-synaptic membrane, local, those between 40-
160 nm from the membrane and total, both docked and local vesicles 
combined. A) The number of docked vesicles showed a significant difference 
(U = 27,574.5, p = 0.023) with the median number of vesicles in MSK1 KD 
synapses being 17 and WT having 15 docked vesicles. B) Density of vesicles 
in the docked region was also significantly different (U = 31,218, p = 5.56 x10-

7), with a greater density being observed in MSK1 KD synapses. C) The 
number of local vesicles also showed significant differences (U = 29,453, p = 
2.39 x10-4) with MSK1 KD animals having a median of 28 vesicles and WT 
having 25. D) The density of vesicles within the local area also demonstrated 
a significant reduction in MSK1 KD synapses (U = 33,049.5, p = 1.44 x10-10). 
E) Total number of vesicles demonstrated an increase in MSK1 KD tissue (U 
= 29,402.5, p = 2.93 x10-4), with MSK1 KD synapses containing a median total 
of 45 vesicles compared to the median of 41 found in WT synapses. F) Total 
vesicle density within excitatory synapses continued to demonstrate a 
significant increase in MSK1 KD tissue (U = 33,464, p = 1.66 x10-11). These 
results were best represented with a gamma distribution as the data is skewed 
to the left and, due to this lack of normality, the Mann-Whitney U statistical test 
was used.  G) Representative micrographs of WT (left) and MSK1 KD (right) 
synapses. N: MSK1 KD = 218, WT = 225.  
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6.3. Discussion  

6.3.1. Immunogold  
 

The GluA1 and GluA2 antibodies were the same as those used for western 

blotting in Chapter 4. Both these antibodies showed high levels of specificity 

with the GluA1 antibody only producing the one GluA1 band while GluA2 did 

demonstrate one non-specific signal at a lower molecular weight than the 

GluA2 band itself. This non-specific protein, shown by cell surface biotinylation 

experiments, was not membrane bound but intracellular so, for immunogold, 

where I aimed to look at differences between AMPARs within the PSD and 

those peri-synaptically, this non-specific binding was not an issue. Using 

immunofluorescence, I showed that the same antibodies could be used in 

fixed tissue and that they were able to penetrate and bind even during high 

fixation, with both PFA and Glut, alongside mild permeabilization with 0.025% 

Triton X100. This protocol would allow for the best membrane preservation 

and visualisation with the EM.  

 

For immunogold, UA was not done en bloc but instead undertaken before 

staining the 90 nm sections with lead. This was to reduce the overall level of 

membrane staining in order to get better contrast between the ultrastructures 

and the immunogold signal. The use of a pre-embedding protocol also allowed 

LV resin embedding, which can better preserve ultrastructure compared to 

those that allow antibody penetration and binding. The initial attempt 

demonstrated no apparent signalling in the control experiment while there was 

evidence of diffuse non-spherical signalling throughout the tissue in GluA1- 

and GluA2- labelled electron micrographs. The lack of staining within the 

control suggests that the signal seen after primary antibody addition was not 

an artefact of either the silver staining or secondary antibodies binding to the 

tissue and was instead likely identifying AMPARs localised both pre- and post-

synaptically. Another possibility was that non-specific binding of the primary 

antibodies occurred within fixed tissue in comparison to the denatured lysates 

used in western blotting. Discussions were had early on during the initial 
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attempts regarding the methodology by two electron microscopists, Anton 

Page (University of Southampton) and Dr Igor Kraev (The Open University).  

 

First, I attempted to repeat this but with greater levels of silver enhancement 

to see if an improvement in signalling could be gained. No signalling, diffuse 

or otherwise, was identified, suggesting that the signal seen previously was 

likely an artefact. Due to the fluorescent signal, it was unlikely that the lack of 

staining in electron micrographs was caused by primary antibodies not binding 

and instead was likely due to issues with the secondary antibody. Following 

from this, I used a 10 nm gold conjugated antibody in the hope that I would be 

able to see a clearer signal under the EM, but no signal was identified. This 

may have been due to the gold particle being bigger and requiring more time 

to penetrate into the tissue. I undertook an overnight incubation with silver 

enhancement and unfortunately, I was still unable to gain an immunogold 

signal with the EM. Again, the most likely reason for immunogold not to work 

is due to the secondary antibody and the conditions not being optimal for the 

penetration of the larger gold particle entering into the tissue with the reduced 

level of permeabilization. 

 

Utilising post-embedding immunogold protocols allows for epitopes to be more 

greatly exposed due to thin sections being produced. This was not undertaken 

for these experiments due to this technique not being suitable for en bloc UA 

staining, which would reduce membrane contrast, as it is suggested that UA 

can over fix the tissue, preventing antibody penetration and binding. Post-

embedding also requires alternative embedding resin to allow for antibody 

penetration, providing less support and making tissue distortion during 

imaging more likely. These two changes reduce the levels of membrane 

stability and staining, making it harder to identify structures under the EM, 

which is important to maintain when trying to identify receptors within specific 

membrane regions.  

 

Unfortunately, due to time and funding constraints, immunogold could not be 

further pursued. With greater amounts of both these factors, attempts with 
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cryofixation alongside post-embedding immunogold protocols is one avenue 

that could have been undertaken.   
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6.3.2. Ultrastructural analysis using EM 
 

To determine ultrastructural differences between MSK1 KD and WT synapses, 

sections of approximately 90 nm thick were taken and imaged. The full length 

of the CA1 gained from sagittal sections were used. This may result in different 

synapse and regions across the CA1 being analysed. These were done blind 

and so bias was unlikely. To measure the PSD, there had to be an observable 

thickening behind the membrane, and to measure the diameter of a vesicle, 

half of the circumference was required to be visible. Due to the 3D nature of 

the PSD and vesicles, identifying their maximum size, which would occur at 

the centre, was not identified as frequently as the smaller distances seen 

towards the outer edges of both structures. Alongside this, to qualify as a PSD 

or vesicle, a minimum size was required in order for them to be identified as 

the structure proposed. Together, these cause the data to skew to the left and 

the full size of these structures not being reflected by the mean or median. The 

median however can be used to assess any differences between the 2D 

population. Due to this skewed nature of the data, a non-parametric statistical 

test was required. I used the Mann-Whitney U test as it does not make any 

assumptions about the underlying data distribution and primarily focuses on 

the median. All data gained from the three animals per genotype were pooled 

together and the graphs demonstrating the variability between mice per 

genotype shown in Appendix 10. Some ultrastructures demonstrated greater 

variability than others such as PSD area and thickness, averaged vesicle size 

and docked vesicle number and density; likely representing general variability 

of these characteristics. Greater N numbers would be required to provide 

greater accuracy into these measurements, but due to time and funding 

constraints, 3 animals per genotype was all that was undertaken in this thesis.  

 

6.3.2.1. Post-synaptic effects  

 

When looking at the PSD analysis, only the length was seen to be significantly 

different. This difference demonstrated the PSD of MSK1 KD animals to be 

shorter, which may occur due to reduced incorporation of proteins within this 
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region of the membrane, such proteins could include AMPARs (Chen et al., 

2015). This corresponds with electrophysiological data where there was a 

reduction in fEPSP in MSK1 KD animals (Daumas et al., 2017; Privitera et al., 

2020). No significant difference was seen in AMPAR levels either in total or 

specifically in the membrane under basal conditions (Chapter 4). This could 

suggest that AMPARs are being trafficked from the PSD into peri-synaptic 

regions, instead of intracellularly, in order to induce these changes in basal 

synaptic transmission.  

 

PSD length has been shown to vary around 0.3 µm in previous studies (Chen 

et al., 2011; Peca et al., 2011). This corresponds with the results here, where 

the median was around 200 nm and the right-hand tail petered out at 

approximately 400 nm. PSD size has been suggested to correlate well with 

spine head size (Harris and Stevens, 1989; Morimura et al., 2017); however, 

this was not identified here. Only the PSD length demonstrated differences 

and changes in multiple PSD dimensions may be required to identify this 

correlation between PSD size and overall spine area in 2D. Correa et al. 

(2012), using GFP-transfected primary hippocampal neuronal cultures, also 

did not demonstrate any difference in spine head width, but did report a 

difference in total spine volume. Due to this EM set up lacking the ability to 

take and register serial sections, it was not possible to determine differences 

in spine volume or overall spine morphology.   

 

Due to the raster-like search method used during image acquisition, where 

synapses would be imaged in order of identification, the percentage of 

perforated synapses or MSB could be quantified. While there was no 

significant difference in either, there was a trend for MSK1 KD animals to have 

a greater number of perforated synapses. This may not have been statistically 

significant due to the low N number of 3 animals per group. Using 2D EM, it 

has been seen that the proportion of synapses that are perforated is between 

10 and 20% (Neuhoff et al., 1999; Toni et al., 2001), corresponding to what 

was seen in this data. Using 3D imaging, this number is higher at 

approximately 40%, which is understandable as there is greater chance of 
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identifying perforated synapses using 3D compared to 2D imaging methods 

(Stewart et al., 2005). This increase in perforated synapses has been seen to 

correlate with an increase of AMPAR insertion (Desmond and Weinberg, 

1998), which correlates well with Correa et al. (2012), where MSK1 KD 

cultured neurons had an apparent increase in membrane levels of GluA1. 

There was also a numerical increase in the number of MSBs, but again with 

the low N likely prevents statistical significance. MSBs are have been 

suggested to be produced as a result of non-stabilised protrusions (Fiala et 

al., 2002).  

 

Unfortunately, the area covered during EM was not recorded, so the density 

of synapses within the tissue could not be determined. This would be 

interesting to investigate at the EM level as it has been seen previously that 

synapse density is in MSK1 KD animals (Correa et al., 2012; Privitera et al., 

2020).  

 

6.3.2.2. Pre-synaptic effects  

 

Vesicle diameter was measured and regardless of whether they were docked 

or local there was a difference, with MSK1 KD mice containing smaller 

vesicles. It was also identified that the median diameter of docked vesicles 

was smaller than that of local vesicles, likely due to vesicles within the docked 

region undergoing exocytosis, particularly those undertaking kiss-and-run 

fusion, where they lose some of their lipid bilayer into the pre-synaptic 

membrane upon reforming a vesicle. Another observation to consider is that 

within the averaged vesicle diameter analysis, vesicles appeared greater than 

the data gained from the total vesicle diameter analysis. This is likely due to 

the averaging process losing the extremes of vesicle diameter, causing a loss 

of information about the greater number of smaller vesicles and fewer larger 

vesicles that are identifiable within the total population.  

 

Reductions in vesicle diameter and density has been shown to occur because 

of high levels of activity, and alterations in endocytic and exocytic mechanisms 
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(Sombers et al., 2004; Zhang et al., 1998). Reduced vesicle diameter and in 

turn reduced capacity of neurotransmitter within vesicles can lead to a 

reduction in quantal release (Jackson and Chapman, 2008; Karunanithi et al., 

2002; Sombers et al., 2004). MSK1 KD neurons showed a reduced vesicle 

diameter suggesting greater levels of activity within the tissue as well as a 

reduction in the amount of neurotransmitter within the vesicles (Budzinski et 

al., 2009; Karunanithi et al., 2002). A reason for why there may be an increase 

in activity with smaller vesicles is their improved capability to form a lipidic 

fusion pore, increasing the release probability (Borges-Merjane et al., 2020; 

Sombers et al., 2004) as flux is still possible through fusion pores (Chang et 

al., 2017). This efficiency is also suggested by smaller vesicles having shorter-

lived fusion pores (Chang et al., 2017; Sombers et al., 2004). These effects 

on fusion pore could impact MSK1 KD synapses and could alter the ratio of 

vesicles undergoing kiss-and-run instead of full fusion exocytosis, leading to 

differences in their signalling.    

 

MSK1 KD mice, with smaller vesicles, also show an increase in the number of 

vesicles. Previous work by Crowder et al. (1999) demonstrated the 

concentration of synaptic vesicles to be approximately 2.4 /µm2, which is the 

same magnitude but slightly greater than that seen in these experiments. This 

may be due to Crowder et al. (1999) using a serial sectioning method, allowing 

greater detail of the number of vesicles in a set area to be determined. The 

increase in vesicle density seen in MSK1 KD mice could suggest a 

compensatory effect where, although there is less neurotransmitter per 

vesicle, the amount of neurotransmitter within a synapse remains constant. 

 

If there was an increase in the number of vesicles undergoing exocytosis and 

constant formation of new vesicles, one would expect more smaller vesicles 

in the docked area as they undergo the formation and closure of fusion pores, 

leaving small amounts of vesicular lipids and proteins within the synaptic 

membrane. With fewer vesicles undergoing full fusion, less membrane and 

proteins are available for recycling which could either lead to smaller vesicles 

or a reduced number. It is suggested by these results that the former occurs. 
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With a greater number of vesicles in the docked region, one would expect 

release probability to be greater and in turn paired pulse facilitation to be 

decreased, but this was not observed within the electrophysiology in Chapter 

5 or in Privitera et al. (2020). Correlations have also been reported between 

increases in vesicle density and an increase in quantal release (Lee et al., 

2018; Tyler and Pozzo-Miller, 2001). Within neuronal cultures, mEPSC 

analysis in MSK1 KD cells demonstrated an increase in amplitude in 

comparison to WT, corresponding well with the increase in the number of 

vesicles seen here (Correa et al., 2012).    

 

One protein that has been seen to demonstrate differences in MSK1 KD 

animals is EGR1, in particular after 3 months of enrichment, at both protein 

(Chapter 4) and RNA levels (Privitera et al., 2020). EGR1 has been shown to 

have target genes involved in vesicle transport, with various states of vesicles 

being implicated (Koldamova et al., 2014). This could suggest that EGR1 plays 

a pivotal role in altering vesicular characteristics as a result of altered MSK1 

signalling and greater understanding into EGR1s role within synaptic plasticity 

could further enlighten us to the role it may play in response to MSK1 activity.  
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6.4. Conclusion  
 

There appears to be ultrastructural post-synaptic alterations within MSK1 KD 

mice with the PSD length being shorter. This reduction in PSD length could 

suggest a reduced accumulation of proteins such as the AMPAR subunits 

GluA1 or GluA2, and once optimised, immunogold would have been a good 

way to provide evidence of this.  

 

Alongside post-synaptic effects, pre-synaptic alterations are seen with MSK1 

KD mice containing a greater number of smaller vesicles. These two vesicle 

phenotypes could suggest another mechanism contributing to the changes in 

signalling observed previously or could suggest a compensatory mechanism 

occurs between these two vesicular properties.  
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7. Discussion 
7.1. General summary 
 

During this research, I aimed to improve our understanding into what role 

MSK1 plays at a behavioural, protein and ultrastructural level. This stemmed 

from work previously undertaken, which demonstrated deficits in basal 

synaptic transmission, impaired homeostatic regulation and reduced cognitive 

flexibility in mice where the kinase of MSK1 was no longer functional (Correa 

et al., 2012; Daumas et al., 2017; Privitera et al., 2020). To further investigate 

the cognitive flexibility impairments seen in MSK1 KD animals, I investigated 

their capabilities in spatial working memory, using SWMT and their LTM, using 

NOR. During these tasks, their general exploratory behaviour was assessed. 

Overall, my findings show that a lack of MSK1 function leads to a behavioural 

phenotype, with increased exploration, seen across all behavioural tasks, and 

improved spatial working memory. 

 

Downstream effects induced by the MSK1 KD mutation were also investigated 

to determine which proteins may contribute to the previously identified 

synaptic transmission impairments seen in these mutant mice (Daumas et al., 

2017; Privitera et al., 2020). AMPAR levels and their trafficking to the 

membrane were key candidates for exploration into the basal synaptic 

transmission deficits in MSK1 KD brain tissue as, in neuronal cultures, 

membranous GluA1 was capable of homeostatic upscaling after TTX in WT 

but not MSK1 KD neurons (Correa et al., 2012). This led to hippocampal tissue 

of these mice being examined for changes in AMPAR subunits GluA1 and 

GluA2 alongside IEGs important in plasticity, Arc and EGR1. How acute and 

long-term enrichment impacted the protein levels in relation to genotype was 

also investigated. In this work it was shown that MSK1 interacts with the 

regulation of specific plasticity related protein expression and this effect occurs 

dependently on prolonged exposure of EE. 

 

To more finely examine differences at the synapse, EM was used to quantify 

ultrastructural differences between the genotypes. This included measuring 
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dimensions of the PSD, used as a proxy for the number of proteins, such as 

glutamatergic receptors, at the membrane (Harris and Stevens, 1989; 

Morimura et al., 2017). Alongside this, clarification on any pre-synaptic effects 

was undertaken, which due to a lack of difference in paired pulse facilitation 

between the genotypes previously observed (Daumas et al., 2017; Privitera et 

al., 2020), no difference in vesicle number or density was hypothesised. In this 

thesis MSK1 has also been shown to impact synapses at an ultrastructural 

level, where post-synaptically the PSD length was shorter in MSK1 KD 

animals and pre-synaptically, MSK1 KD animals contained a greater number 

of smaller vesicles.  

 

7.2. Age of EE induction and the time scale  
 

The late-stage short-term enrichment used for the behavioural tests could 

introduce significant effects in their exploratory behaviour. However, did not 

appear to be strong enough to introduce significant LTM improvements. 

Alongside these findings, MSK1 KD animals demonstrated an improvement in 

the percentage of correct arm sequences within the SWMT and consistently 

demonstrated a reduction of exploration within all the tasks, which did not 

appear to occur as a result of a more serial approach to investigating or lack 

of arm duplications. This improvement may have occurred due to less arms 

being investigated in the MSK1 KD animals, suggesting they use a less frantic 

and more accurate investigational approach to the 4-armed maze. This 

reduced exploration may suggest an explanation for the cognitive flexibility 

impairment seen previously in Privitera et al. (2020), with reduced exploration 

leading to lower inclination to search elsewhere for the platform.  

 

Protein levels were investigated after three different lengths of EE, 1 week, 5 

weeks and 3 months. At 1 week, the IEG Arc was the only protein to 

demonstrate a significant effect of genotype, with MSK1 KD mice in SH having 

the greatest level. With higher levels of Arc, KDSH animals were suggested to 

have less AMPARs present on the membrane, which would lead to a reduction 

in glutamatergic signalling. This correlates well with the basal synaptic 
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transmission deficits seen in previous electrophysiological studies. With this 

not being apparent in WT animals, this could suggest that the homeostatic 

regulation of this protein is not being appropriately controlled within MSK1 KD 

animals. After 5 weeks of EE, no difference in any of the proteins were 

identified, this may be due to having undertaken NOR one week prior to tissue 

extraction. After 3 months of EE, both Arc and EGR1 demonstrated a 

significant interaction between genotype and housing, with WT animals 

showing a decrease after EE and MSK1 KD animals increasing after EE. 

GluA2 showed an opposing significant interaction to these IEGs, where in WT 

animals an increase was seen after EE while in MSK1 KD animals a reduction 

occurred after EE. This tissue gained after 3 months of EE was also taken one 

week after the last behavioural task, so these differences may be more 

prominently induced after the greater time period and also as a result of 

animals being introduced to EE from birth.  

 

The IEGs expression profiles in the three-month tissue reflected what had 

been seen previously using RNA sequencing, discussed in Privitera et al. 

(2020; Appendix 11, Figure 9A), which had been undertaken on 

contemporaneous tissue. This provides evidence that changes in transcription 

of these IEGs is the most likely source of inducing the changes observed here 

at the proteomic level. This similar expression pattern observed after 

prolonged exposure to EE between Arc and EGR1 also indicates that both 

proteins are under the same regulation downstream of MSK1 activation.  

 

Arc may be under the control of additional pathways after the initial exposure 

to EE, leading to the differences in expression pattern in the 1-week cohort. 

Arc has been suggested previously to be regulated through histone H3 

phosphorylation rather than via CREB phosphorylation at Ser133 downstream 

to BDNF and MSK1 activity (Hunter et al., 2017). The temporal difference seen 

in Arc and EGR1 protein regulation could arise from a shift from basal 

mechanisms, shown by the 1-week analysis and then undergoing homeostatic 

plasticity events by 3 months. The changes in GluA2 protein expression after 

3 months of EE were not reflected in the RNA sequencing, and so an 
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alternative pathway, such as degradation, may lead to these alterations 

observed.   

 

These significant interactions seen after 3 months of EE alongside the 

behavioural effects and impairments in neuronal signalling capabilities seen 

previously, may occur from small differences that accumulate to induce one 

large effect. A small reduction in GluA2 levels after EE was seen in WT 

animals but this small reduction is unlikely to introduce a large reduction in 

signalling capabilities but alongside the increase in Arc and its well-established 

role in internalising AMPARs may introduce a larger dampening, which are 

likely to represent the homeostatic scaling that occurs in these animals. Given 

the lack of differences seen in the 5-week tissue, gained from animals that had 

undergone the behavioural tasks in this thesis, the positive effects of EE seen 

in behaviour does not appear to occur as a result of changes in the levels of 

proteins investigated here. These could instead arise from differences in 

PTMs, changes in the localisation of these proteins, alterations of other 

proteins and / or could result from more structural adaptations at the synapse.  

 

BDNF expression was also measured and no difference in protein levels were 

identified, suggesting these EE protocols did not induce a difference as has 

been suggested before  (Kazlauckas et al., 2011; Novkovic et al., 2015).  

However, this lack of change in BDNF expression does show that the 

differences seen in the other protein levels observed is not as a result from 

differences in BDNF and changes upstream of MSK1, but instead reflects 

more directly the impact of the kinase function of MSK1. Other proteins related 

to this pathway, CREB, ERK and P38 also did not show any differences in 

their protein expression, further demonstrating that what is identified in these 

experiments is directly related to the kinase function of MSK1.  

 

Overall, these results suggest that the reduction of exploration after EE only 

requires acute 5 weeks of exposure. While positive impacts on memory 

appears to require longer periods of EE to be ascertained. It also appears that 

the impacts of EE at the protein level requires long-term enrichment according 

to these results. It was initially hypothesised that the IEGs Arc and EGR1 may 
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become affected by EE at the earlier timepoints, but no impact on housing was 

identified. 
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7.3. AMPAR trafficking and regulation 
 

Due to Arc’s role in internalisation of AMPARs, cell surface biotinylation was 

undertaken to observe such changes between the MSK1 KD and WT animals. 

This method within brain slices did not appear to be as sensitive as I had 

hoped, likely due to AMPARs being on other cell types not influenced by 

DHPG.  However, during the control experiments, the ratio of the membrane 

signals of DHPG to control groups was compared to 1, and a significant 

difference was observable in GluA2. When investigating the differences 

between the genotypes, no difference was seen in the membrane levels of 

GluA1 or GluA2.  

 

Trafficking may be occurring between the synaptic and peri-synaptic 

membranes, which would require a more refined technique to be identified. 

Using neuronal cultures, differences in the basal levels of membranous 

AMPAR subunit GluA1, but not GluA2, was seen and this suggested a 

potential difference in the homeostatic regulation of this subunit. This was not 

seen in my cell surface biotinylation experiments, perhaps due to the 

complexity of slices compared to neuronal cell cultures (Correa et al., 2012). 

Differences smaller than that induced by DHPG may become diluted by other 

cell types which contain AMPARs not undergoing the same regulation 

downstream of MSK1, such as microglial cells. Another possibility is that these 

basal synaptic deficits seen may occur through PTMs on the AMPARs 

themselves, altering their conductance through the pore and in turn impacting 

neuronal signalling. One such PTM that could introduce this is the 

phosphorylation of Ser845 on the GluA1 subunit (Diering and Huganir, 2018).  

 

Immunogold was attempted to observe these effects of AMPAR trafficking and 

after multiple unsuccessful optimisation steps, this avenue was not further 

pursued. As an alternative method to observe effects at the ultrastructural 

level, dimensions of the PSD were gained, and these have served as a proxy 

to receptor accumulation at the synaptic membrane (Harris and Stevens, 

1989; Morimura et al., 2017). A significant effect in PSD length was observed, 

with those from MSK1 KD animals being shorter, in turn suggesting a reduction 
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of receptors and proteins at the synapse. This provides evidence that 

trafficking and/or maintenance of proteins at the synapse is still likely to be 

involved in the previously observed basal synaptic transmission deficits. Spine 

volume differences have been identified between genotypes in neuronal 

cultures, with those originating from MSK1 KD animals demonstrating an 

increase in spine volume and no difference in spine head width (Correa et al., 

2012). It was not possible here to explore spine volume, due to the 2D nature 

of the EM set up used. However, it has been suggested that spine head width 

and PSD dimensions correlate well. In contrast, opposing suggestions have 

been seen here, potentially arising from differences in activity that is produced 

in cultures and in tissue.   

 

Alongside analysing the post-synaptic effects in the EM, changes to vesicles 

within the pre-synapse were also investigated. It was found that MSK1 KD 

excitatory synapses contained a greater number of smaller vesicles, 

suggesting a possible impairment in the machinery that forms synaptic 

vesicles and compensatory effects to maintain the amount of neurotransmitter 

available for release. This compensation, and maintenance of 

neurotransmitter quantities at the synapse, is likely to be responsible for the 

lack of difference seen in the paired pulse facilitation between the two 

genotypes seen both here and previously (Daumas et al., 2017; Privitera et 

al., 2020).  
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7.4. Consequences of MSK1 activity on homeostatic plasticity and 
memory 
 

On many occasions, the differences in MSK1 KO mice have been associated 

with the kinase function. However, this may not be the case and a structural 

role of the enzyme may instead explain some of these previously observed 

effects of the MSK1 KO mutation, which are not reiterated in the MSK1 KD 

mutants. This signalling complex formed with glucocorticoid receptors and 

ERK1/2 can lead to modifications of histone H3, such as acetylation at Lys14 

alongside phosphorylation at Ser10. It has also been seen that this complex 

induces the transcription of c-fos and EGR1 in response to the forced swim 

test (Gutierrez-Mecinas et al., 2011). 

 

The minimal impact of protein levels after 1 and 5 weeks of EE, but presence 

of differences after 3 months, supports the previously expressed hypothesis 

that MSK1 is required for long-term adaptive regulation of neuronal function 

and not for acute reactions to changes in environmental experience. The IEGs 

Arc and EGR1 have both been documented to interact with machinery 

involved in adapting neuronal structure and function (DaSilva et al., 2016; 

Duclot and Kabbaj, 2017). The differences that arose in both IEGs after 3 

months of EE in WT animals provides further evidence that MSK1 is involved 

in homeostatic synaptic plasticity. 

 

These significant interactions in IEGs after 3 months, seen to mirror that 

gained from RNA sequencing, gives evidence that the environment influences 

protein expression through changes in transcription. In WT animals, the initial 

stimulation of EE has previously been shown to introduce numerous positive 

changes to the brain. In these findings, proteins involved in plasticity related 

changes at the synapse, EGR1 and Arc, are shown to become heavily 

downregulated after a prolonged period of time in EE. This may occur to 

stabilise the changes in both synaptic plasticity and the overall neuronal 

network, which have been induced in response to EE. This reduction of IEGs 

after EE may also allow for the expansion of the synaptic dynamic range seen 

in Privitera et al. (2020). IEGs beginning at a lower baseline could prime 
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synapses to respond more efficiently and more greatly to incoming signals. 

This priming appears to occur in response to the kinase activity of MSK1, 

suggesting that this enzyme stabilises experience dependant proteomic 

changes in order to support structural and functional adaptations.  

 

The fact that behavioural and signalling changes can be seen under basal 

conditions could suggest that there are more subtle homeostatic changes 

occurring, such as PTMs on some of these key proteins. Another possibility 

for the alternative outcomes behaviourally could be that changes arise within 

other cell types or brain regions at these earlier time points. Within cortical 

neurones, homeostatic synaptic scaling via astrocyte activation has been 

shown to work through the MSK1- dependant intracellular signalling cascade 

(Lalo et al., 2020).   

 

Increased neurogenesis has also been seen in these MSK1 KD animals 

(Olateju et al., 2021) alongside an increase in spine density in MSK1 KD tissue 

(Correa et al., 2012; Privitera et al., 2020). Unfortunately, due to the area 

investigated not being recorded during the EM experiments, the density of 

synapses from the tissue in this thesis could not be determined and compared 

to that seen previously. An increase in neuronal density has been seen in the 

prefrontal cortex of children with autism spectrum disorder (Courchesne et al., 

2011). With MSK1 KD animals performing better within the SWMT task, one 

possibility was that these mice may be presenting an autistic phenotype. One 

animal model of autism involves pre-natal exposure to valproate and these 

experiments have shown these mice to have improved memory formation 

(Fuentealba et al., 2019), similar to what has been shown in the SWMT 

undertaken in this thesis. The valproate mouse model shows an increase in 

re-entries, demonstrating the repetitive tendencies of autism. However, this 

was not seen in my experiments. This may suggest that without the kinase 

function of MSK1, a mild autistic phenotype occurs, reflecting specifically the 

memory traits of autism. These MSK1 mutants demonstrate an impact on 

working memory and not LTM, which is suggestive of specific hippocampal 

involvement (Broadbent et al., 2004; Duva et al., 1997; Moser et al., 1995).  
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It has been suggested that AD occurs because of abnormal mitogenic and 

stress signalling, putting MSK1 in a prime location for involvement in this 

disease. In post-mortem tissue of AD patients, increased signalling of MSK1 

was shown by an increase in the phosphorylation at Ser376 and Thr581, with 

the phosphorylation at Ser376 being associated with activation by ERK 

(Webber et al., 2005). These findings correlate well with that seen in these 

studies, with reduced MSK1 activation leading to an improvement in spatial 

working memory.  

 

The lack of difference seen in the fEPSPs was unexpected after the previous 

two papers that demonstrated a significant impairment in basal synaptic 

transmission. Using different methods of investigation to analyse why this lack 

of difference occurred left differences in the set-up of the interface chamber 

being the most likely culprit.  These slices responded more greatly at lower 

inputs compared with the previous experiments and this likely led to earlier 

plateauing and saturation of responses than previously identified. This 

alteration could suggest that the slices in this set up may be more responsive, 

leading to homeostatic scaling within the WT animals, lowering their IO 

maximum. Due to the previous findings that suggest homeostatic regulation is 

impaired in MSK1 KD animals, their output is not affected, leading to the 

similarity in these animals. No difference occurred in the paired pulse 

facilitation, which is the same as seen previously. This suggests that there is 

limited involvement in pre-synaptic neurotransmitter release and further 

proposes that homeostatic regulation in these animals arises from post-

synaptic modifications.  
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7.5. Limitations and future directions 
 

Further investigation into potential causes of the change seen in exploratory 

behaviour would be required to determine if it occurs in response to lower 

motivation to explore. Motivation could be evaluated by undertaking 

behavioural tasks such as progressive ratio schedules, which are often used 

to evaluate how determined an animal is to receive a reward such as food 

(Cagniard et al., 2006). If motivation does not appear to be the cause of 

reduced exploratory behaviour, then these changes may result from MSK1 KD 

mice taking longer to process their environment, leading to a slower approach 

to exploring new areas.  This impaired processing may also reduce the loss of 

efficient exploration over time and instead maintain the deliberate nature of 

their investigation of the environment. This is supported by the improvements 

in the SWMT, with MSK1 KD animals achieving a higher percentage of correct 

arm sequences.   

 

Western blotting provides a qualitative approach to observing changes in 

protein, leading to it being difficult to identify small or subtle changes in protein 

expression. Quantitative mass spectrometry is one method that would improve 

the sensitivity of exploring total protein levels. One problem is that the sheer 

number of proteins within the hippocampus would lead to greater amounts of 

time and expense. To overcome this, either a pulldown of the proteins of 

interest, such as AMPAR subunits, could be undertaken, or the GluA1/2 band 

at 100 KDa could be extracted after gel electrophoresis.  

 

Other mechanisms that may be in play and altering the signalling of AMPARs, 

include different levels of phosphorylation or glycosylation. These PTMs can 

also interfere with AMPAR signalling and trafficking. One such 

phosphorylation is that seen at Ser845 which can promote AMPAR subunit 

GluA1 insertion into the membrane (Diering et al., 2014). Phospho-specific 

AMPAR antibodies could be used to identify if changes here occur. However, 

this would require the existence of specific phosphorylated and glycosylated 

protein antibodies for each site along the protein of interest. Specialised mass 

spectrometry approaches can also be used to analyse the PTMs located on 
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the proteins such as phosphorylation (phosphoproteomics) and glycosylation 

(glycoproteomics). These could help understand the differences in the number 

of PTMs which may be influencing trafficking of AMPARs and overall signalling 

of the neurons (Needham et al., 2019; Tsai and Chen, 2017). 
 

The deficits in IO seen previously (Daumas et al., 2017; Privitera et al., 2020) 

were not seen in these experiments, likely due to unintentional differences in 

the interface chamber set up. These differences may have introduced a 

different level of oxygen reaching the slice, leading to differences in signalling 

and may have, in turn, induced homeostatic scaling only within the WT mice, 

leading there to be no differences observed.  

 

Unfortunately, due to time and funding constraints, immunogold EM was not 

able to be optimised for AMPAR localisation. This was suggested in these 

experiments to possibly occur due to a lack of secondary binding. This could 

occur due to the fixation protocol or due to the two antibodies used being 

unable to bind to the primary antibody under these conditions. Undertaking 

cryofixation with a post-embedding approach could be one method to use in 

the future to yield greater success and determine differences in the localisation 

of AMPAR subunits within the membrane.  

 

Identifying changes in proteins involved in endocytosis and exocytosis may 

provide further explanations for the changes in vesicle diameter and density 

seen during the EM analysis. This would help discover how these changes 

relate to MSK1 function. This could be achieved by undertaking more western 

blots against proteins such as SNARE proteins, synaptotagmin and clatherin. 

These proteins have been witnessed to impact endocytosis and exocytosis 

(Liang et al., 2017) which may introduce the differences in number and size of 

vesicles at the synapses from MSK1 KD tissue.  
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8. Conclusion  
 

When no longer functional, MSK1 interacts with chronic EE to impact the 

regulation of the IEGs Arc and EGR1 and the AMPAR subunit GluA2 protein 

expression within the hippocampus. IEGs, in particular Arc, have previously 

been seen to alter AMPAR levels at the membrane, but in hippocampal 

samples, no differences in membrane bound AMPAR subunits were observed. 

On an ultrastructural level, the PSD length, which can be used as a proxy for 

receptor accumulation at the membrane, was shorter in MSK1 KD animals. 

This reduction in apparent protein accumulation at the membrane correlates 

with the reduced basal synaptic transmission seen previously in MSK1 KD 

animals. These deficits in homeostatic regulation at the proteomic level 

induced by the lack of kinase function in MSK1 appears to impact key 

signalling structures at the synapse alongside exploratory behaviour and 

approach to spatial working memory tasks.  
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10. Appendix 
 

Appendix.1. SWMT R code 
 

## import excel, ensure no matching numbers 1.1, 1.10, uncheck factor as 

string, use first column as heading, 

## check no numbers at end of line, delete in csv 

## sheet should be the name of the file imported 

sheet<-PilotSA 

headers<-

c("total_entries","4armsunique","total_A","total_B","total_C","total_D") 

 

Output_data<-data.frame() 

 

 

for (i in 1:nrow(sheet)) 

{ 

  ############ prepare row for processing ########### 

  currentrow<-sheet[i,] 

  currentrow<-currentrow[currentrow!=""] 

  currentrow<-na.omit(currentrow) 

   

  newcurrentrow<- "" 

  ## ensures have first location 

  newcurrentrow <- c(currentrow[1]) 

   

  ## remove duplicates 

  if (length(currentrow)>1){ 

  for (j in 2:(length(currentrow))) 

  { 

    if (currentrow[j] != currentrow[j-1]) 

    { 

      newcurrentrow<-c(newcurrentrow,currentrow[j]) 
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    } 

  } 

  } 

#removes center  

  correctcurrentrow<-"" 

  for (k in 1:length(newcurrentrow)) 

  { 

    if (newcurrentrow[k] != " Center")  

    { 

      if (newcurrentrow[k] != "Center")  

      {   

      correctcurrentrow<-c(correctcurrentrow,newcurrentrow[k]) 

      } 

    } 

  } 

   

  

  correctcurrentrow<-correctcurrentrow[1:(length(correctcurrentrow))] 

  correctcurrentrow<-paste(correctcurrentrow,sep = "",collapse = "") 

  correctcurrentrow<-gsub(" ","",correctcurrentrow) 

   

   

       

  ################################################### 

  finaloutputvector<-c() 

   

  finaloutputvector<-c(countingfunctionSA(correctcurrentrow)) 

   

  finaloutputvector<-

c(finaloutputvector,armcountingfunction(correctcurrentrow)) 

   

  print(finaloutputvector) 

  Output_data<-rbind(Output_data,finaloutputvector) 

} 
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colnames(Output_data)<-headers 

row.names(Output_data)<-row.names(sheet) 

 

 

 

 

 

 

 

 

inputstring<-correctcurrentrow 

 

armcountingfunction<-function(inputstring) 

  { 

  total_entries<- nchar(inputstring) 

   

  counterA<-0 

  counterB<-0 

  counterC<-0 

  counterD<-0 

   

  for (y in 1:total_entries) 

    { 

    if (substring(inputstring,y,y) == "A") 

        { 

          counterA<-counterA+1 

        } 

    if (substring(inputstring,y,y)=="B") 

          { 

             counterB<-counterB+1 

          } 

    if (substring(inputstring,y,y)=="C") 

          { 

            counterC<-counterC+1 
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          } 

    if (substring(inputstring,y,y)=="D") 

         { 

            counterD<-counterD+1 

    } 

     

  } 

  outputvector3<-c(counterA,counterB,counterC,counterD) 

  names(outputvector3)<-c("total_A","total_B","total_C","total_D") 

  return(outputvector3) 

 print(outputvector3) 

} 

 

 

 

 

 

 

 

inputstring<-"ABCB" 

 

countingfunctionSA<-function(inputstring) 

  { 

  total_entries<- nchar(inputstring) 

  if(total_entries>3) 

  { 

  counter<-0 

 

  for (i in 1:((total_entries)-3)) 

    { 

    substringlett<-substr(inputstring,i,i+3) 

    tempvector<-c() 

    for(j in 1:nchar(substringlett)) 

      { 
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      tempvector<-c(tempvector,substring(substringlett,j,j)) 

    } 

    if (any(duplicated(tempvector))==FALSE ){counter<-counter+1} 

  } 

 

  outputvector1<-c(total_entries,counter) 

  names(outputvector1)<-c("total_entries","4armsunique") 

  print(outputvector1) 

  } 

  else 

  { 

    outputvector1<-c(total_entries,0) 

    names(outputvector1)<-c("total_entries","4armsunique") 

    print(outputvector1) 

  } 

} 

countingfunctionSA(inputstring) 
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Appendix.2. Heatmaps during the preference test 

A2.1. Habituation day 1 

A.2.1 Heat maps of preference tests on habituation day 1 
Heat maps of how much time the body of each mouse spent in different 
regions of the apparatus over 5 min are shown for individual habituation day 
1. The top row demonstrates SH animals, which were shown to have a 
significant effect on side. EE had no preference to side. The red box indicates 
the examples shown in section 3.2.2.  
 
A2.2. Habituation day 2 

A.2.2 Heat maps of preference tests on habituation day 2 
Heat maps of how much time the body of each mouse spent in different 
regions of the apparatus over 5 min are shown for individual habituation day 
2. SH animals (top row) demonstrated a significant effect on side and showed 
mice spent significantly more time on the south side of the apparatus while EE 
mice were shown to have no preference towards any side. The red box 
indicates examples shown in section 3.2.2. 
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A2.3. Preference test 

A.2.3 Heat maps of preference tests on test day 
Heat maps from the test day of how much time the head of each mouse spent 
in different regions of the apparatus over 5 min are shown above. The two 
objects, massage ball (M) and bubble pot (B), were placed in the circles on 
the north side of the arena. The outer circle measures 4 cm from the centre of 
the object and the mouse was said to be exploring when the head was within 
4 cm facing the centre of the object. The top row demonstrates SH animals 
and the bottom row EE. There was no preference to either object, which had 
been randomly alternated to which side they would be on. In red are the 
examples shown in section 3.2.2. 
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Appendix.3. Heatmaps during NOR test 

A3.1. WTSH 

A3.1. Heat maps of the head of WTSH mice on NOR test day 
The heat maps from test day of how long each WTSH animal spent in different 
regions of the apparatus over 5 min are shown above. The two objects, a novel 
(N) and familiar (F) object, were placed in the circles on the north side of the 
arena, the side they were placed was randomised. The outer circle measures 
4 cm from the centre of the object and the mouse was said to be exploring 
when the head was within 4 cm facing the centre of the object. In red is the 
examples shown in section 3.2.3. 
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A3.2. WTEE 

A3.2. Heat maps of the head of WTEE mice on NOR test day 
The heat maps from test day of how long each WTEE animal spent in different 
regions of the apparatus over 5 min are shown above. The two objects, a novel 
(N) and familiar (F) object, were placed in the circles on the north side of the 
arena. The side the objects were placed was randomised. The outer circle 
measures 4 cm from the centre of the object and the mouse was said to be 
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exploring when the head was within 4 cm facing the centre of the object. In 
red is the example shown in section 3.2.3. 
 

A3.3. KDSH 

A3.3. Heat map of the head of KDSH mice on NOR test day 
The heat maps from test day of how long the head of each KDSH animal spent 
in different regions of the apparatus over 5 min are shown above. The two 
objects, a novel (N) and familiar (F) object, were placed in the circles on the 
north side of the arena. The outer circle measures 4 cm from the centre of the 
object and the mouse was said to be exploring when the head was within 4 
cm facing the centre of the object. The side the objects were placed was 
randomised. In red is the examples shown in Chapter 3.2.3. In blue are the 
three animals that were excluded for not reaching the minimum criteria during 
the habituation and test.  
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A3.4. KDEE 

A3.4. Heat map of the head of KDEE mice of NOR test day  
The heat maps from test day of how long the head of each KDEE animal spent 
in different regions of the apparatus over 5 min is shown above. The two 
objects, a novel (N) and familiar (F) object, were placed in the circles on the 
north side of the arena. The side the objects were placed was randomised. 
The outer circle measures 4 cm from the centre of the object and the mouse 
was said to be exploring when the head was within 4 cm facing the centre of 
the object. In red is the examples shown in section 3.3.3. 
  



 

 203 

Appendix.4. All western blots for 1-week hippocampal tissue 

A4.1. GluA1 

 
A4.1. All 1-week GluA1 western blots 
4 hippocampi from individual animals per group from 1 week in their respective 
housing conditions, underwent western blotting. The four groups comprised of 
wild type standard housed (WTSH), wild type enriched (WTEE), MSK1 KD 
standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. GAPDH was 
used to normalise GluA1. The lanes used within the results section 4.2.1.1 are 
shown within the green box.    
 

A4.2. GluA2 

 
A4.2. All 1-week GluA2 western blots 
4 hippocampi from individual animals per group from 1 week in their respective 
housing conditions, underwent western blotting. The four groups comprised of 
wild type standard housed (WTSH), wild type enriched (WTEE), MSK1 KD 
standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. GAPDH was 
used to normalise GluA2. The lanes used within the results section 4.2.1.1 are 
shown within the green box.    
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A4.3. EGR1 

 
A4.3. All 1-week EGR1 western blots 
4 hippocampi from individual animals per group from 1 week in their respective 
housing conditions underwent western blotting. The four groups comprised of 
wild type standard housed (WTSH), wild type enriched (WTEE), MSK1 KD 
standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. GAPDH was 
used to normalise EGR1. The lanes used within the results section 4.2.1.2 are 
shown within the green box.    
 

 

A4.4. Arc 

 
A4.4. All 1-week Arc western blots 
4 hippocampi from individual animals per group from 1 week in their respective 
housing conditions underwent western blotting. The four groups comprised of 
wild type standard housed (WTSH), wild type enriched (WTEE), MSK1 KD 
standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. GAPDH was 
used to normalise Arc. The lanes used within the results section 4.2.1.2 are 
shown within the green box.    
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Appendix.5. All western blots for 5 weeks hippocampal tissue 

A5.1. GluA1 

 
A5.1. All 5-week GluA1 western blots 
4 hippocampi from individual animals per group from 5 weeks in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise GluA1. The lanes used within the results 
section 4.2.2.1 are shown within the green box.    
 

 

A5.2. GluA2 

 
A5.2. All 5-week GluA2 western blots 
4 hippocampi from individual animals per group from 5 weeks in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise GluA2. The lanes used within the results 
section 4.2.2.1 are shown within the green box.    
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A5.3. EGR1 

 
A5.3. All 5-week EGR1 western blots 
4 hippocampi from individual animals per group from 5 weeks in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise EGR1. The lanes used within the results 
section 4.2.2.2 are shown within the green box.    
 

 

A5.4. Arc 

 
A5.4. All 5-week Arc western blots 
4 hippocampi from individual animals per group from 5 weeks in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise Arc. The lanes used within the results section 
4.2.2.2 are shown within the green box.    
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Appendix.6. All western blots for 3 months hippocampal tissue 
 

A6.1. GluA1 

 
A6.1. All 3-month GluA1 western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise GluA1. The lanes used within the results 
section 4.2.3.1 are shown within the green box.    
 

 

 

A6.2. GluA2 

 
A6.2. All 3-month GluA2 western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing condition underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise GluA2. The lanes used within the results 
section 4.2.3.1 are shown within the green box.    
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A6.3. EGR1 

 
A6.3. All 3-month EGR1 western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise EGR1. The lanes used within the results 
section 4.2.3.2 are shown within the green box.    
 

 

 

 

A6.4. Arc 

 
A6.4. All 3-month Arc western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise Arc. The lanes used within the results section 
4.2.3.2 are shown within the green box.    
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A6.5. CREB 

 
A6.5. All 3-month CREB western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise CREB. The lanes used within the results 
section 4.2.4 are shown within the green box.    
 

 

 

A6.6. P38 

 
A6.6. All 3-month P38 western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
GAPDH was used to normalise P38. The lanes used within the results section 
4.2.4 are shown within the green box.    
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A6.7. ERK 

 
A6.7. All 3-month ERK western blots 
4 hippocampi from individual animals per group from 3 months in their 
respective housing conditions underwent western blotting. The four groups 
comprised of wild type standard housed (WTSH), wild type enriched (WTEE), 
MSK1 KD standard housed (KDSH) and MSK1 KD enriched (KDEE) mice. 
ERK immunodetection was undertaken after CREB immunodetection and 
stripping, unfortunately the ladder and GAPDH were also stripped so could not 
be detected. GAPDH from the CREB western was used to normalise ERK. 
The lanes used within the results section 4.2.4 are shown within the green 
box.    
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Appendix.7. BDNF  

A7. BDNF levels at 1 week, 5 weeks and 3 months of EE 

 
A.7 BDNF analysis of tissue from 1 week, 5 week and 3-month tissue  
Hippocampal samples from the 1 and 5 week alongside 3-month tissue were 
analysed to identify the effects of BDNF in the different genotypes and housing 
within their respective housing conditions for the different lengths of time. Actin 
was used to normalise BDNF and Pro-BDNF. The lanes used within the results 
section 4.2.5 are shown within the green box. 
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Appendix.8. Paired pulse ratio during submerged DHPG experiments 
 

A8. Brain sections from C57Bl/6J mice 
were placed into a submerged 
electrophysiology chamber. No significant 
difference was seen in the paired pulse 
ratio before, during and after 100µm DHPG 
application. These results relate to the 
electrophysiology experiments discussed 
in section 4.2.6.  
 

 

 

 

 

 

Appendix.9. Biotinylation 

A9.1. GluA1 control  

 
A9.1 Biotinylation of slices from C57Bl/6J mice allows the separation of 
surface proteins from those located intracellularly by using streptavidin bound 
beads. Increasing concentrations of total protein were put into wells alongside 
the membrane bound proteins found within the bead fraction alongside the 
intracellular fraction found in the supernatant. Unbiotinylated samples were 
also used to determine the actin located in the bead sample. GluA1 was used 
to observe membrane bound proteins and Actin was used as a negative 
control. The lanes used within the results section 4.2.6 are shown within the 
green box.  
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A9.2. 10 min DHPG preliminary data 

 
A9.2. Membrane level changes of GluA1 and GluA2 after 10 min DHPG 
application 
Biotinylation was undertaken on standard housed C57Bl/6J mice between 2-
3 months of age. Slices were incubated in either 100 µm DHPG or equivalent 
volume of water for 10 min. 50 µg of protein were added to beads and this was 
then washed, and proteins located in the bead fraction were membrane bound 
proteins. 10% of the supernatant/intracellular fraction was analysed on the 
western. 50 µg of protein was added to the total protein well. The blots 
highlighted with the green box are those used as an example in section 4.2.6. 
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A9.3. 1 hr DHPG control 

A9.3. Membrane level 
changes of GluA1 and 
GluA2 levels after 1hr 
DHPG application  
Biotinylation was 
undertaken on standard 
housed C57Bl/6J mice 
between 2-3 months of 
age. Slices were 
incubated in either 100 
µm DHPG or equivalent 
volume of water for 1 hr. 
50 µg of protein were 
added to beads and this 
was then washed and 
the proteins located in 
the bead fraction were 
those that had been 
membrane bound. 10 % 
of the 
supernatant/intracellular 
fraction was analysed in 
the western blots. 50 µg 
of protein was added to 
the total protein well. The 
blots highlighted with the 
green box are those 
used as an example in 
section 4.2.6. 
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A9.4. MSK1 KD vs WT  

A9.4 Membrane level 
comparison between 
genotype in GluA1 and 
GluA2 
Biotinylation comparing 
MSK1 KD and WT mice 
between 2-3 months of 
age was undertaken. 50 
µg of protein was added 
to beads and this was 
then washed and the 
proteins located in the 
bead fraction had been 
membrane bound 
proteins. 10 % of the 
supernatant/intracellular 
fraction was analysed in 
the western blots. 25 µg 
of protein was added to 
the total protein well. 
The blots highlighted 
with the green box are 
those used as an 
example in section 4.2.6. 
  



 

 216 

Appendix.10. EM analysis by individual animal 

A10.1. Post synaptic differences 

 

 
A10.1 Postsynaptic features described on a per animal basis 
Electron micrographs were used to analyse post-synaptic structures in CA1 
Schaffer collaterals of both WT and MSK1 KD animals. The structures 
measured were A,B) PSD length; C,D) average thickness; E,F) PSD area; 
and G,H) spine size for WT and MSK1 KD mice respectively. Variability was 
seen between animals when observing average thickness and area of both 

WT MSK1 KD A B 

C D 

E F 

G H 
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genotypes. The results demonstrated in these graphs are represented with a 
gamma distribution. These relate to the results found in section 6.2.2.1.  
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A10.2. Pre-synaptic differences
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A10.2. Pre-synaptc features described on a per animal basis 
Electron micrographs were used to analyse pre-synaptic structures in CA1 
Schaffer collaterals of both WT and MSK1 KD animals. The structures 
measured were A,B) terminal size; C,D) average vesicle size; E,F) docked 
vesicle size; G,H) local vesicle size; and I,J) total vesicle size for WT and 
MSK1 KD mice respectively. WT averaged vesicle size showed variability 
between animals. The results demonstrated in these are represented with a 
gamma distribution. These relate to the results found in section 6.2.2.2.  
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A10.3. Vesicle number and density 
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A10.3 Vesicle number and density described on a per animal basis 
Electron micrographs were used to analyse vesicle number and density in 
CA1 Schaffer collaterals of both WT and MSK1 KD animals. The structures 
measured were A,B) docked vesicle number; C,D) docked vesicle density; 
E,F) local vesicle number; G,H) local vesicle density; I,J) total vesicle 
number; and K,L) total vesicle density for WT and MSK1 KD mice 
respectively. WT docked vesicles number and density appear to have 
variability. The results demonstrated in these graphs are represented with a 
gamma distribution. These relate to the results in section 6.2.2.3. 
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