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Functional mapping of the entorhinal cortex reveals a hub for synaptic excitability in 

the young 3xTg mouse model for Alzheimer's disease 
 

Abstract 

Alzheimer’s disease (AD) is the most common form of dementia, resulting in marked 

neurodegeneration, cognitive decline, memory loss, emotional and behavioural changes. The 

traditional pathological hallmarks of AD are insoluble beta-amyloid plaques and 

hyperphosphorylated protein tau tangles. This results in neurodegeneration and brain atrophy, with 

early damage in major hubs for cognitive function within the medial temporal lobe, particularly the 

lateral entorhinal cortex, hippocampal formation and basolateral amygdala. Recently, the focus in 

AD research has shifted attention from end-stage of the disease to the early asymptomatic 

(prodromal) stages, where an intricate inter-dependency between the timing of plaque and tangle 

appearance, together with neuronal plasticity changes, might be the initiating events in AD 

degeneration. Animal models recapitulate partial aspects of the AD continuum and may help to 

understand the underlying mechanisms of AD pathogenesis. The 3xTgAD mouse model is an ideal 

candidate model to investigate early brain changes at the onset of AD-like pathology, in that it is 

unique in developing both tangles and plaques late in life yet providing an extended time window 

with only precursor forms of plaques and tangles. Here, early alterations in the synaptic 

connectivity among key brain regions for AD progression were assessed through 

electrophysiological recordings in the amygdala and dentate gyrus of male 3xTgAD mice in 

response to lateral entorhinal cortex stimulation in vivo. We next used longitudinal, whole-brain 

fMRI to investigate brain-wide functional changes in the 3xTgAD resting-state network. Finally, 

we used functional mapping of the brain-wide impact of activating entorhinal cortex output by 

optogenetically exciting entorhinal cortex during simultaneous fMRI recording in 3xTgAD mice. 

Electrical stimulation of the lateral entorhinal cortex revealed increased fEPSP responses 

and short-term synaptic plasticity changes in the basolateral amygdala and dentate gyrus in 3-

month old male 3xTgAD mice compared to matched controls. These results demonstrate, for the 

first time, augmented synaptic excitability in the amygdala and ventral dentate gyrus, which is also 

affected by pathology progression in older mice. Brain-wide assessment of functional connectivity 

changes revealed network and localised loss in functional connectivity in regions highly involved 

in episodic memory, emotional processing and reward. The targeting of specific neuronal 

populations within the entorhinal cortex by means of optogenetic excitation resulted in a 

potentiated response in 3xTgAD prefrontal and striatal regions compared to age-matched controls 

at 3 months of age. This work highlights early alterations in synaptic function within and between 

disease-relevant brain regions in the 3xTgAD mouse by 3 months of age. Clearly decreased 

functional coupling during resting-state in 3xTgAD, particularly in the entorhinal cortex, was 

associated in mice of the same age with increased activity in AD-vulnerable brain regions to direct 

optogenetic activation of the entorhinal cortex. At first sight these results appear to be in 

contradiction; however, both effects have been reported in AD patients. 

Here, we propose that they can be resolved by considering a state where there is an overall 

decrease in inter-regional axonal connectivity that occurs alongside an increase in synaptic 

strength for the remaining connections in the 3xTgAD model. During endogenous activity, deficits 

in connectivity could explain the decreased resting-state activity whilst the increased synaptic 

activity and short-term plasticity produced by exogenous, synchronous activation could potentially 

explain the apparently incongruous hyperexcitability seen during electrical and optogenetic 

activation of the entorhinal cortex. Thus, here we demonstrate a brain-wide reorganisation in young 

3xTgAD mice, prior to plaques and tangle deposition, in line with clinical evidence and in further 

support of the 3xTgAD mouse as a valid model for AD.  
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~Chapter 1 ~  

General Introduction 

1.1 Alzheimer's disease: a general overview 

Alzheimer’s disease (AD) is a neurodegenerative disease, representing the most 

common type of dementia. AD pathology is characterized by a progressive deterioration of 

specific regions in the medial temporal lobe (MTL), leading to characteristic deficits in 

cognitive domains, especially memory and emotion. In 2017, an estimate of 50 million 

people affected by dementia was released by the Alzheimer’s Disease International, with a 

prediction of an increase of threefold by 2050 (Livingston et al., 2017). 

The first attempt to define the cognitive and pathological aspects of the disease was 

proposed at the beginning of the 20th century by Alois Alzheimer, visiting the now-famous 

patient Auguste D., who presented diverse symptoms, including progressive impaired 

memory, paranoia and erratic behaviour (Stelzmann et al., 1995; original article from Alois 

Alzheimer (Alzheimer, 1907)). In addition, Alzheimer observed the features that 

traditionally represent the major hallmarks of AD pathology: extracellular deposits, now 

referred to as plaques of beta-amyloid (Aβ; Masters et al., 1985) and neurofibrillary tangles 

(NFTs), formed by aggregates of hyperphosphorylated tau protein (Braak and Braak, 1991; 

Goedert et al., 1988; Selkoe, 2011). 

It is well accepted that both Aβ plaques and NFTs contribute to progressive 

synaptic loss, neuronal cell death with microglial activation, inflammation and eventual 

loss of connectivity across brain regions, particularly in the MTL (Gour et al., 2014; Jack 

et al., 2010; Scheltens et al., 2016; Figure 1.1). This results in general brain atrophy, 

ventricular enlargement and cortical thinning (Nestor et al., 2008; Singh et al., 2006). 
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Increasing evidence is also arising for associated vascular changes due to these 

neurodegenerative processes (Iadecola, 2017; Kisler et al., 2017). The multitude of 

manifestations characterising AD results in a broad spectrum of changes, ranging from the 

neuronal level to the whole brain haemodynamic response (HR). As such, the reciprocal 

interaction between micro- and meso-scale events with brain-wide networks, macro-scale, 

has kept the mechanisms of AD aetiology out of reach. Cognitive deficits are reported in 

patients before the accumulation of Aβ plaques and NFTs, i.e. prodromal stage, thus 

highlighting the importance of early biomarkers identification (Amieva et al., 2008). 

 

 

Figure 1.1: Diagram illustrating the characteristic diagnostic features of AD 

 

Left: Representation of a healthy brain and neuron. Right: Alzheimer’s brain shows advanced brain atrophy 

with ventricular enlargement and reduction in cortical thickness; moreover, neurons in AD are affected by Aβ 

plaques, NFTs and synaptic loss. Aβ: beta-amyloid; NFTs: neurofibrillary tangles; AD: Alzheimer’s disease. 

 

 

1.1.1 Classification 

The classification of AD stages is mostly based on the severity of cognitive decline 

(Jack et al., 2018) and NFT burden (Braak and Braak, 1995). Preclinical AD is 



 
17 

 

characterised by no cognitive impairment, whereas clinical AD can be distinguished into 

prodromal (early stages, no Aβ plaques or NFTs present) and dementia (advanced AD). 

With progression of the disease, there is an initial mild cognitive memory impairment 

(MCI), where the first cognitive function affected is the episodic component of declarative 

memory, related to the acquisition and recollection of past autobiographical events (place, 

time, emotions) that occurred in a defined time and place (Bäckman et al., 2001; Greicius 

et al., 2004; Hodges, 1998). As such, episodic memory deficits represent a defining early 

cognitive manifestation for AD. Then, in patients that convert from MCI to AD, pathology 

progression results in increased memory loss, especially emotional memory processes, 

which can lead to behavioural alterations, such as anxiety, fear and psychosis (advanced 

AD; Albert et al., 2013; Cohen and Paz, 2015; Dubois et al., 2016; Vermunt et al., 2019a). 

In a progressed stage of AD, together with the generalised cortical atrophy observed, 

cholinergic innervation loss and Lewy body manifestation occur (Mesulam, 2004).  

There is still no definitive test for AD: patients are diagnosed only upon the clear 

manifestation of the cognitive symptoms and confirmed only through post mortem 

visualisation of Aβ plaques and NFTs (Harrison, 2013; Sperling et al., 2011). However, it 

is now widely accepted that cognitive deficits appear well before the formation of 

extensive Aβ plaques and NFTs: MCI patients and cognitively normal subjects have been 

reported to first present intracellular forms of soluble Aβ (oligomers representing precursor 

stages of plaque formation, described in a later section) prior to the manifestation of any 

cognitive symptoms (Blennow et al., 2015; Jack, 2012; Musiek and Holtzman, 2012). 

Therefore, a shift of focus, towards the early stages of the disease and the related regions 

involved, is fundamental in order to identify reliable biomarkers for AD diagnosis. 
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1.2 Anatomy of the medial temporal lobe 

The first region highly affected by AD pathology is the MTL, where the first signs 

of atrophy occurr, due to the progressive nature of neuronal degradation (Scheltens et al., 

2016). The MTL comprises a complex ensemble of structures and its boundaries are 

defined by cortical landmarks: in primates, it presents as foldings and ridges (sulci and 

gyri) that delimit anatomically and functionally distinct brain regions (Van Hoesen, 1991). 

Dorsally, the Sylvian fissure separates the MTL from the frontal and parietal lobes. Among 

its multiple functions, the MTL plays a key role in the representation and integration of 

sensory inputs, e.g. auditory stimuli are processed in the primary auditory cortex, whereas 

complex visual cues (e.g., coding of faces) involves the fusiform gyrus. The transverse 

temporal gyri include the primary auditory cortex, whereas the circular sulcus delimits, 

anteriorly, the insular cortex – involved in higher sensory processes, emotions, empathy, 

salience (Gu et al., 2013) – and the amygdala - highly related to fear and emotional 

processes and described in later sections.  

A crucial structure for the functionality of the healthy MTL is the parahippocampal 

gyrus. This region is highly vulnerable to AD pathology deposition; in particular, the 

entorhinal and perirhinal subdivisions of the parahippocampal gyrus are thought to be the 

first targets of the pathological spread (Paola et al., 2007; Khan et al., 2014). The 

entorhinal cortex represents a specific focus of the current work, therefore, it will be 

described more in depth, in later sections. The perirhinal cortex is a key region involved in 

the familiarity aspect of memory formation, for example, perirhinal responses to a 

particular stimulus often decrease upon repeated presentation of that stimulus (Diana et al., 

2007).  



 
19 

 

One of the most important functions of the MTL is related to the formation of 

declarative memory, first suggested by the study of the now-famous patient H.M. As a 

treatment for epilepsy, H.M. was subject to the partial bilateral removal of the amygdala, 

hippocampus and parahippocampal gyri. This resulted in complete anterograde and partial 

retrograde declarative amnesia, while the remainder of his behavioural, memory (e.g., 

procedural memory) and personality aspects were left unchanged  (Scoville and Milner, 

2000; Penfield and Milner, 1958; Zola-Morgan et al., 1986). Although the anatomy of the 

MTL was not entirely defined at the time, it was clear that this region was highly relevant 

for memory processes. More precisely, within the MTL, the main structure related to 

memory, in addition to the perirhinal and parahippocampal cortices, is the hippocampal 

formation (Squire and Zola-Morgan, 1991; Tulving and Markowitsch, 1998; Zola-Morgan 

et al., 1986). In the literature, there is a lack of consensus on the exact anatomical 

composition of the hippocampal formation.  

Here, it will be described, and adopted throughout the thesis, as follows. The 

hippocampal formation includes the entorhinal cortex, which lies at the interface between 

the dentate gyrus (DG), the neocortex, the subiculum and the hippocampus proper, which 

is formed by the Cornu Ammonis 1-4 (CA1-4) (Fig. 1.2). The entorhinal cortex, subdivided 

anatomically into medial (ENTm) and lateral (ENTl) aspects, transmits and receives 

information to and from the hippocampus proper through the DG, creating the canonical, 

linear trisynaptic circuit EC→DG→CA3→CA1 (Andersen et al., 1971). Whilst 

hippocampal formation connectivity is now known to be much more parallel that this, the 

term ‘trisynaptic circuit’ still represents a useful approach to understanding hippocampal 

function. These connectivity pathways within the hippocampal formation will be described 

further below.   
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1.2.1 Entorhinal Cortex: function and relevance in AD 

The ENT plays a key role in memory and navigation (Fyhn et al., 2004; Hafting et 

al., 2005). ENTl and ENTm are thought to be functionally different: the former more 

involved during learning, attention and, particularly, object-in-place recognition tasks, the 

latter more related to spatial navigation by path integration (Schmidt-Hieber and Häusser, 

2013; Tsao et al., 2013). This functional difference is thought to be related to their different 

connectivity patterns within the brain. The ENTl is the central hub of connection between 

hippocampal regions, prefrontal regions (mPFC), amygdala (especially the basolateral 

nucleus, BLA) and the DG. Indeed, anterograde tracers injected in regions highly related to 

attention, reward, fear and emotional learning processes, such as the BLA, nucleus 

accumbens (ACB), prelimbic cortex (PL) resulted in ENTl labelled neurons (Ammassari-

Teule et al., 2000; Gallagher and Chiba, 1996; Ohara et al., 2018).  

Regions correlated with spatial navigation, such as the retrosplenial cortex, were 

downstream targets of ENTm (Figure 1.2; Epstein, 2008; Ohara et al., 2018). Specifically, 

as the major interface between neocortical regions  and the rest of the hippocampal 

formation, the ENT is crucial for episodic memory (Buzsáki and Moser, 2013; Norman 

and Eacott, 2004; Squire and Zola-Morgan, 1991). Human AD studies have identified 

amyloid plaques within ENT, CA1 and subiculum; moreover, high levels of NFTs have 

been found in the subiculum, CA1, ENT and the amygdala (Arnold et al., 1991). Marked 

atrophy of the ENT has been correlated with the appearance of episodic memory deficits in 

AD patients and MCI subjects, suggesting that ENT and hippocampal volume changes are 

an early biomarker for the conversion from preclinical AD to MCI (Jack et al., 2005; Lacy 

and Stark, 2012; Paola et al., 2007). Substantial neuronal loss has been reported in multiple 

studies: advanced AD patients showed ≈90% neuronal loss in layer II of the ENT and 

patients in very early stages showed an alarming 60% loss in the same region, whereas, 
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prodromal subjects did not show ENT neuronal loss (Gómez-Isla et al., 1996; Price et al., 

2001). Evidence shows that, specifically, the ENTl is one of the earliest and most 

important regions in the early stages of AD (Braak and Braak, 1995; Nakazono et al., 

2018; Petrache et al., 2019; Schöll et al., 2016; van Hoesen et al., 1991). Although regions 

such as the perirhinal cortex also are reported to be highly affected in the early stages of 

AD (Diana et al., 2007), it is the scope of this thesis to focus on the ENTl and its efferent 

projections.  

 

1.2.2 Lateral entorhinal cortex: cytoarchitecture and projections 

The ENTl is a laminar structure with six-cell layers, located caudally within the 

MTL. These layers are numbered increasingly from the surface to the inner side of the 

brain; layers I and IV (molecular layer and lamina dissecans respectively) are poorly 

populated by cells (Witter, 2007a; Witter et al., 2017). Layer II of ENTl contains gamma-

aminobutyric acid (GABA) interneurons, whereas layers III and V are predominantly 

populated by pyramidal neurons (Canto et al., 2008). Layer V of ENTl can be further 

subdivided into Va and Vb, where layer Va neurons represent the major projections to 

cortical and subcortical structures, and layer Vb cells project inputs from the hippocampus 

proper to the Va (Witter et al., 2017). The main excitatory neurons in the ENTl are stellate 

and pyramidal cells, but several groups of interneurons can also be found in the ENTl 

(Canto et al., 2008). The ENTl represents a vital interface between the neocortex and the 

inner structures, such as the hippocampus proper, the DG and BLA (Figure 1.2). The 

hippocampal memory system is thought to have a dual-nature that places the ENTl as a 

central hub: information travels out from the hippocampal formation through the ENTl 

layer V where it can either feed-forward to other cortical sites or travel via deep-to-

superficial layer V axon projections to layer II as a feedback loop to the DG, basal ganglia 
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and striatum (Kloosterman et al., 2003; Ohara et al., 2018; Witter et al., 2017). The DG is a 

three-layered structure, with molecular, granular cell and polymorphic cell layers (DGmol, 

DGgc and DGpol respectively). ENTl projects to the DGmol through the perforant 

pathway, thus, initiating information processing and flow from the neocortex to the 

hippocampus (Witter et al., 1989; Witter and Amaral, 1991). DG has recently gained 

attention in dementia research as its function (and disturbance in AD) have been linked to 

the component of episodic memory, related to pattern separation, whereby similar 

experiences are represented normally as non-overlapping patterns (Yassa et al., 2010). 

Moreover, DG shows adult neurogenesis, bringing supporting evidence for its role in 

memory formation through pattern separation as well as in connecting ENTl and 

hippocampus proper (Nakashiba et al., 2012; Toda et al., 2019; van Praag et al., 1999). 

 

  

Figure 1.2: Diagram showing the main connections across the hippocampal formation and 

telencephalic regions 

The entorhinal cortex is the connecting hub between the hippocampus proper, the subiculum, the DG and 

telencephalic regions, such as RSC, ACB, mPFC and BLA. Anatomically and functionally distinct 

projections arise from the medial and lateral ENT (ENTm and ENTl). ENTm projects mainly to the RSC, 

region involved in spatial navigation. ENTl projects predominantly to BLA, mPFC and ACB, regions 

involved in the emotional learning, fear processing and reward system. Within the hippocampal formation, 

the ENTl projects mono-synaptically to DG (the layer II perforant path), SUB and CA1 (the layer III 

tempero-ammonic pathway). ‘Re-entrance’ to the ENTl come from SUB and CA1 projections to layer V 

(with a diffuse input to layer III). DG: dentate gyrus; CA1-3: cornu ammonis (subfields 1-3); SUB: subiculum; 

RSC: retrosplenial cortex; ACB: nucleus accumbens; mPFC: medial prefrontal cortex; BLA: basolateral 

amygdala. 
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Another key structure in the MTL, densely connected to the ENTl and declarative and 

procedural (fear conditioning) memory systems, is the amygdala. The amygdala is most clearly 

related to emotional memory processes, fear and anxiety (Cohen and Paz, 2015; Paz et al., 

2006; Paz and Pare, 2013), as well as emotional learning (Gallagher and Chiba, 1996). 

Changes within amygdaloid nuclei may contribute to a plethora of neurological diseases, 

such as temporal lobe epilepsy and schizophrenia (Pitkänen et al., 1998; Reynolds, 1983). 

Moreover, deficits within the amygdala have been associated with emotional contagion, 

i.e., empathy, in MCI patients (Sturm et al., 2013), an effect confirmed in rodents 

(Panksepp and Panksepp, 2013). The major projections from the amygdala to the 

hippocampal formation arise from the lateral, basal and accessory basal nuclei 

(Pikkarainen et al., 1999), which together form the BLA (LeDoux, 2007; Savander et al., 

1995). The circuit of connections between ENTl, DG and BLA is thought to be highly 

relevant for declarative and emotional memory (McGaugh, 2002; Squire and Zola-Morgan, 

1991; Zola-Morgan et al., 1986). 

 

1.3 Alzheimer’s disease 

1.3.1 Types of AD: Early- and Late-Onset 

AD symptoms appear generally after 65 years of age (late-onset AD, LOAD, also 

known as sporadic AD), with only a small percentage of cases (< 5%) showing AD 

symptoms earlier in life (early-onset AD, EOAD, also known as familial AD; Gour et al., 

2014; McKhann et al., 1984). In AD research, the earlier manifestation of AD is associated 

with specific genetic mutations, whereas, later manifestations of the disease are thought to 

be more related to ageing in tandem with genetic risk factors (Gour et al., 2014). While the 

aetiology of LOAD is still unknown (Pimplikar, 2009), clear genetic mutations leading to 
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EOAD have been identified (Goate et al., 1991; Guo et al., 1996). Autosomal dominant 

mutations in the gene that encodes for amyloid precursor protein (APP) and mutations in 

the genes encoding for Presenilin 1 and 2 (PS-1, PS-2 related to γ-secretase structure; 

Figure 1.3) are found in patients with EOAD (Guo et al., 1996; Lanoiselée et al., 2017; 

Weggen and Beher, 2012). 

 

1.3.2 Genetic risk factors 

Risk factors for AD have been identified in genes related to lipid metabolism and 

Aβ clearance: CLU, PICALM and, the most commonly investigated, APOEε4 (Harold et 

al., 2009). It is estimated that carrying two copies of the APOEε4 variant increases the risk 

of AD by 12-fold (Spinney, 2014). Recent research shows that the BACE1 enzyme is 

significantly involved in the production of Aβ. Work conducted on APP-overexpressing 

mice (Tg2576) shows that BACE1-deficient mice reported an absence of toxic forms of 

cleaved APP, compared to Tg2576 mice with regular expression of BACE1, thus, opening 

a new therapeutic direction in BACE1 inhibitors. These, however, have all failed in clinical 

trials, perhaps due to being tested only on AD patients at a very late stage of the disease 

(Liebsch et al., 2019; Luo et al., 2001; Zakaria et al., 2018). Furthermore, recent research 

from genome-wide association studies (GWAS) has shown a diverse repertoire of genes 

that may represent risk factors in AD (e.g., VKORC1 and ACE involved in blood 

coagulation and cerebral blood flow regulation), some of which have been already 

identified as potential therapeutic targets (Marioni et al., 2018). Although the aetiology of 

EOAD and LOAD might differ, the development of pathology in both forms is similar, 

showing the same spatiotemporal pattern of neurological and histological features 

(Pimplikar, 2009). Hence, research with transgenic animals harbouring mutated human 

genes associated with EOAD and manifesting AD-like pathology is fundamental for 
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investigating the onset, cause and possible risk factors of both EOAD and, ultimately, 

LOAD (Oddo et al., 2003). In this work, the 3xTgAD mouse model will be used to 

investigate brain changes in the early stages of AD-like pathology (Oddo et al., 2003). 

First, the main molecular aspects of AD are described below, followed by the mouse model 

choice. 

 

1.3.3 Molecular hallmarks 

The development of Aβ plaques and NFTs, in AD, typically follows a well-defined 

spatiotemporal pattern in both EOAD and LOAD (Braak and Braak, 1995; Nelson et al., 

2012; Selkoe, 2011). Specifically, within the MTL, Aβ plaques are seen first in the cortex, 

specifically ENT (Braak and Braak, 1995) and then later in the amygdala, HF and further 

structures, whereas, NFTs develop in subcortical regions first, and then later in the cortex 

(Thal et al., 2002, 2000). 

 

Aβ plaques 

The formation of Aβ plaques derives from a misprocessing of APP: in the non-

pathogenic (non-amyloidogenic) pathway (Figure 1.3, left), APP is cleaved by α-secretase 

in combination with γ-secretase, resulting in the production of soluble forms of APPα 

(sAPPα), considered to be neuroprotective (Chasseigneaux and Allinquant, 2012), and 

other non-pathogenic fragments, i.e., P3 and APP intracellular domain (AICD). In the 

pathogenic (amyloidogenic) pathway (Figure 1.3, right), APP is processed with a different 

combination of enzymes: β-secretase, combined with γ-secretase, leads to the formation of 

Aβ peptides of 40 or 42 amino acid length (Kamenetz et al., 2003). Between Aβ1-40 and 

Aβ1-42, the latter has more hydrophobic properties and is the major constituent of Aβ 

plaques (Iwata et al., 2000). These forms of Aβ influence negatively neuronal and synaptic 
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function, initiating a cascade of neuronal degradation, inflammation, formation of reactive 

oxygen species, activation of astrocytes, eventually leading to neuronal cell death (Hardy, 

2006; Johnstone et al., 1999). 

 

Figure 1.3: Diagram showing the beta-amyloid pathway leading to the accumulation of Aβ plaques 

 

Non-amyloidogenic pathway (left): α-secretase and γ-secretase will produce soluble APPα, P3 and AICD, all 

unrelated to plaque formation. Amyloidogenic pathway (right): the action of β-secretase and γ-secretase will 

lead to the production of sAPPβ, AICD and Aβ40-42 monomers, which eventually lead to oligomers and 

plaque formation. sAPP: soluble amyloid precursor protein; AICD: APP intracellular domain; P3: derivative 

of Aβ-peptide. Aβ: beta-amyloid. 

  

Interestingly, APP, produced in the ENTl region in AD transgenic mice, is 

transported through the perforant pathway to the DG (Buxbaum et al., 1998). Lesions in 

the perforant pathway lead to a decrease of Aβ in the DG, confirming the central role of 

ENTl in AD-like pathology (Lazarov et al., 2002). 

 

Neurofibrillary tangles 

The second major hallmark in AD is the formation of NFTs from progressive 

aggregates of hyperphosphorylated protein tau peptides (Brion, 1998). Tau protein is part 

of the microtubule-associated proteins (MAPS), which are responsible for the stabilization 
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of microtubules that form the cytoskeleton (Avila et al., 2004; Feinstein and Wilson, 

2005). In the non-pathogenic state, protein tau binds/unbinds to the microtubule through 

phosphorylation/dephosphorylation, helping in the cytoskeleton stabilization and transport. 

In AD, there is an increase in phosphorylated tau mediated by GSK3 enzyme, leading to 

the formation of paired helical filaments, which ultimately form aggregates of NFTs 

(Figure 1.4). This chain of events leads to malfunction of the cytoskeleton and ultimately 

to neuronal degeneration (Avila et al., 2004; Feinstein and Wilson, 2005). 

 

 

Figure 1.4: Formation of neurofibrillary tangles (NFTs) 

 

The hyperphosphorylation of tau peptides is mediated by GSK3 enzyme and results in the formation of 

paired helical filaments which subsequently aggregate into NFTs and causes the degeneration of 

microtubules. 

 

1.3.4 Unclear aetiology of AD 

Despite the clear mechanisms for the formation of both Aβ plaques and NFTs, 

research on AD has not reached a conclusion on the primary cause leading to AD 

pathology. 

According to the original amyloid cascade hypothesis, Aβ plaques would be the 

primary cause, leading to both the formation of NFTs and other AD-related features 

(Hardy and Higgins, 1992). Furthermore, according to more recent studies, Aβ 
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accumulation seems to be the result of a malfunction of its synthesis-to-clearance ratio 

(Hellström-Lindahl et al., 2008), regulated by enzymes such as β-secretase (BACE1) and γ-

secretase and APOEε4 activities (Evin and Weidemann, 2002). 

However, the spatiotemporal deposition of Aβ plaques does not correlate well with 

the trajectory of cognitive decline, which is seen to strongly correlate with tau deposition 

instead  (Berg et al., 1998). Several post-mortem studies have highlighted the appearance 

of NFTs before the presence of Aβ plaques in AD patients, again challenging the amyloid 

cascade hypothesis (Schönheit et al., 2004). Moreover, research has shown the presence of 

Aβ plaques in healthy subjects with a similar pattern to those found in AD patients, 

therefore, arguing against the amyloid cascade hypothesis as the fundamental cause of AD 

(Davis et al., 1999). 

The cognitive decline witnessed in MCI patients, i.e., before the appearance of 

plaques, brings additional evidence against the amyloid cascade hypothesis (Dubois et al., 

2016; Jack, 2012). In recent years, evidence for a key role of intracellular forms of Aβ, i.e. 

prior to the extracellular aggregation in plaques, has been reported in human studies 

showing an abundance of Aβ42 intracellularly, before the appearance of cognitive deficits 

(Gouras et al., 2000). As a consequence, synaptic dysfunction and cognitive decline seem 

to precede the formation of interneuronal plaques and tangles (Billings et al., 2005; 

LaFerla et al., 2007). 

Research on animals (explained further, in later sections) also highlights the 

appearance of both neuronal dysfunction and memory deficits before the accumulation of 

Aβ plaques: for example, the Tg2576 mouse model for AD-like pathology shows spatial 

memory impairment by 6 months of age where plaques only occur from 18 months of age 

(Jacobsen et al., 2006). Similarly, the 3xTgAD model mouse shows memory impairments 

before overt pathology at 2 months, consistent with intraneuronal Aβ accumulation, 
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whereas extra-neuronal Aβ plaques only appear around 10 months (Billings et al., 2005). 

The LaFerla group originally developed the 3xTgAD model and established the 

appearance of intraneuronal Aβ42 at 4 months of age, together with the development of 

memory deficits, providing evidence that memory deficits occur before amyloid plaques 

formation (Davis et al., 2013a, 2013c; Oddo et al., 2003). Additionally, evidence is 

accumulating on the potential role of neuronal calcium homeostasis dysregulation as a 

leading factor for the initial stages of AD (Herrup, 2015). 

Research in dementia still needs to find conclusive evidence to show AD pathology 

unravels, and thorough work still needs to be done in establishing the earliest brain 

changes, in order to have a meaningful therapeutic direction. In the last decade, there has 

been a shift of focus towards the early stages of the disease in order to develop drugs 

against prodromal hallmarks of AD pathology, i.e., prior to the appearance of clinical 

symptoms. Therefore, it is of paramount importance to identify and validate the earliest 

biomarkers within the prodromal stage (Karran et al., 2011; Vermunt et al., 2019b). 

 

1.4 Animal models in preclinical research 

Animal models provide a useful tool to help tackle this issue as they allow invasive 

experimental access to the microscale of events, e.g., intracranial electrophysiological 

recordings. Among the variety of animal models created to mimic AD-like pathology, 

those based on the mouse are most commonly adopted (Elder et al., 2010). Mouse models 

are relatively inexpensive, the genetic manipulation protocols are well established and they 

express a similar functional brain connectome to the human and non-human primates 

(Zerbi et al., 2015); as such, the adoption of mouse models allows a whole-brain, non-

invasive, measure of the funtional connectome. This provides direct access to neuronal 

activity and synaptic connectivity in spatially defined brain regions, thus, overcoming the 
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limitations of techniques such as scalp electroencephalography (EEG) in humans (Beres, 

2017).  

Furthermore, mouse models for a given pathology represent a fundamental step 

towards the unravelling of pathological mechanisms: non-invasive techniques, (suitable for 

patients) and more invasive approches (information at the neuronal level) can be combined 

onto the same reference space providing a trans-species translation.  

Uncountable advantages arise from the use of rodents in AD research, i.e. the 

possibility to understand more in depth the pathological role of the different types of beta-

amyloid aggregates, from the smallest soluble monomers to extracellular plaques (Elder et 

al., 2010). Moreover, pharmacological studies, on rodent models for AD, represent one of 

the initial steps for a drug validation, before trials on higher-order mammals and eventually 

human trials. The possibility to closely monitor behavioural changes in a mouse, due to 

actute or chronic drug administration has allowed the discovery of novel treatments, e.g., 

GABA antagonists to partially restore memory function (Jo et al., 2014).  Moreover, the 

investigation of neuronal circuits and their manipulation in vivo has allowed a more 

fundamental understanding of functional connectivity across brain regions and the different 

types of signal pathways.  

By using an animal model that mirrors human-like pathology, the interpretation of 

a phenomenon can be easier to make, as the models are purposefully designed to mimic 

only specific aspects of the pathology. Their shorter lifespan allows to perform 

longitudinal studies and sample the accelerated unfolding of the pathology over a short 

period of time. Genetically engineered models can express similar pathology to that 

affecting humans and may highlight, e.g., by overexpression of a gene, one specific 

pathological aspect, ultimately helping to unravel intricate pathology-related mechanisms, 

across several orders of magnitude (Jucker, 2010). 
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1.4.1 Limitations of animal models 

Despite the fundamental contribution of animal models to pre-clinical research and 

drug development, it is also important to consider the limitations of this approach. A 

fundamental reason why animal research is generally hard to interpret, and not readily 

translatable to human findings, is the adoption of anaesthesia in the majority of 

experimental protocols, where brain status poorly resembles that of the the human brain 

during both the resting- and evoked-state within typical human experiments. Moreover, the 

great lack of standardisation within experimental protocols, design, hardware, analysis and 

animal preparation, results in a difficult interpretation of results across labroatories and 

experimental designs (Mandino et al., 2020). For example, anaesthesia protocol variations 

(awake, free-breathing, mechanical ventilation) and variations in the anaesthetics used 

(isoflurane, urethane, medetomidine) do not allow for direct comparison across 

experiments as these agents elicit different responses in the neurovascular system. For a 

more detailed discussion on the anaesthetics commonly used, see section 1.10. Moreover, 

the human brain is dramatically bigger in size compared to the mouse brain; as such, 

cellular and pathological mechanisms may vary.  

The genetically engineered overexpression of a pathological feature does not 

represent a spontaneous phenomenon; and, it often results in a exagerated phenotype, 

which poorly resembles the pathology unfolding in humans. Additionally, mouse models 

for AD-like pathology mimic FAD type of pathology, which accounts for only 3% of 

cases, although pathology is essentially identical with SAD. Within the field of AD 

research, the limitations concern also the genetically modified models’ design. To date, the 

majority of AD-like mouse models are engineered to present over-expression (rather than 

reduced clearance, as in human patients) of predominantely beta-amyloid constructs (Oddo 

et al., 2003; Elder et al., 2010).  
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Careful analysis of these models needs to be promoted, as the phenotype may vary 

across the models that use the same mutations (APP and PS1; Radde et al., 2006; Holcomb 

et al, 1998). Moreover, very few transgenic amyloid lines were able to show 

neurodegeneration and overt NFT formation (Drummond and Wisniewski, 2017; Hodge et 

al., 2019).  

Some mouse models develop NFT and brain atrophy starting from the entorhinal 

cortex, for example, the PS19 tau mouse (Yoshiyama et al., 2007). Other models such as 

the 3xTgAD model, report both amyloid plaques and tau tangles (Oddo et al., 2008). 

However, since no genetic mutations have been linked to tau deposition in AD, these 

engineered mice derive the tau-related mutation from other pathologies, such as 

frontotemporal dementia, once again highlighting the difficulties in mirroring the exact 

spectrum of features of AD (Jankowsky et al., 2017). Models resembling the ‘at risk’ state 

of AD have also been created, such as the APOEƐ4 (Brecht et al., 2004); however, by 

representing a ‘increased risk’ to develop AD-like pathology, they do not readily allow for 

a precise interpretation of the changes and their phenotype may reveal greater variability 

compared to other models.  

Non-human models also have the challenge of replicating the cognitive loss in 

human patients. For example, episodic memory loss is an early defining symptom in AD 

but common episodic tests from the clinic cannot be used in the lab as non-human species 

cannot speak so can only reveal memory through change in their behaviour. However, 

some progress has been made in this regard, where a task shown to require episodic 

memory in human (Easton et al. 2012) has been used to reveal episodic-like memory loss 

in the  3xTg mouse model for AD (Davis et al, 2013). 
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1.4.2 3xTgAD mouse model 

Over the past decades, genetically altered mouse and rat models expressing AD-

like pathology have contributed enormously to research into AD pathogenesis, as invasive 

experiments can be undertaken in these species (LaFerla et al., 2007). The 3xTgAD mouse 

model was the first to successfully manifest both Aβ plaques and NFTs (LaFerla et al., 

2007; Oddo et al., 2003). The majority of AD rodent models carrying APP/PS transgenes 

do not show spontaneous NFTs; toxic accumulations are present only in Aβ-related forms 

(Duff et al., 1996; Mucke et al., 2000; Oakley et al., 2006), or in a few cases in co-

occurring hyperphosphorylated tau, but with no NFT formation (Sturchler-Pierrat et al., 

1997). Moreover, models such as the Tg2576 are not able to recapitulate the progressive 

neuronal loss seen in AD (Janus et al., 2000). The rat TgF344-AD model is one of the first 

to show NFTs deposition alongside Aβ plaques and progressive neurodegeneration (Cohen 

et al., 2013).  

This model, however, has an important drawback in that it is based on the Fisher 

line, which expresses high levels of anxiety, making it difficult to implement the usual 

spontaneous object recognition tasks used to assess mmeory most commonly in rodents.  

As genetic links to tau production in frontotemporal dementia (FTD) are well established, 

Oddo and colleagues developed and introduced the 3xTgAD mouse by combining EOAD 

human mutations involved in APP processing (APPSWE and PS1M146V) with a tau transgene 

from human FTD (TauP301L; Oddo et al., 2003). Thus, the 3xTgAD mouse was the first 

model to show both amyloid plaques and tangle pathology in a manner comparable with 

the respective spatial and temporal pattern in human AD (Delacourte et al., 1999; Frisoni et 

al., 2010).  

3xTgAD mouse model, however, presents some crucial limitations that ought to be 

considered when planning a study with this mouse line. First of all, the animals present a 
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shorter life span compared to wild-type with the same genetic background (Rae and 

Brown, 2015). Additionally, Kitazawa and colleagues have reported a reduction of the 

pathological features in 3xTgAD, i.e. Aβ and tau, when the background strain of the 

3xTgAD cohort was changed from C57Bl/6 × 129SvJ  to FVB/N, thus, suggesting a 

probable influence of the genetic background in the resulting development of the pathology 

(Kitazawa et al., 2012). However, the 3xTgAD mouse model represents a good candidate 

for invesitgating the interaction between the two main molecular hallmarks of AD, in that 

it develops both. Moreover, plaques and tangles, in 3xTgAD mice, appear relatively late in 

life (~9-11 months old; Mastrangelo and Bowers, 2008), providing a good time window to 

investigate the initial, prodromal accumulation of intracellular Aβ, which is thought to play 

a pivotal role in synaptic changes. Other models of AD (e.g., APP/PS1) show much faster 

accumulation of extracellular Aβ plaques (typically within 4 months), so do not have such 

a wide developmental window over which to research early disease markers for prodromal 

AD. 

Indeed, the 3xTgAD model has helped in understanding how the pathobiology of 

AD is related to the role of intraneuronal Aβ42. Evidence in the literature suggests that 

intracellular Aβ can be seen by 2 months of age in 3xTgAD amygdala and some parts of 

the hippocampus proper; at 3 months of age Aβ appears in superficial ENT; and by 6 

months the entire ENT presents Aβ (Davis et al., 2014; Mastrangelo and Bowers, 2008; 

McQuiston, 2010). 3xTgAD mice show cognitive impairment from 4 months of age, 

consistent with high intraneuronal Aβ levels in hippocampus and amygdala: at that stage, 

no interneuronal Aβ depositions or NFTs appear (Billings et al., 2005; Mastrangelo and 

Bowers, 2008). 

Moreover, behavioural experiments by Davis and colleagues show episodic-like 

memory deficits in 3xTgAD mice compared to controls at 6 months of age, but also 
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decreased performance already by 3 months (Davis et al., 2013a, 2013c). These deficits 

may result from the synaptic dysfunction found in 3xTgAD mice by these young ages, e.g., 

by 4-6 months (Davis et al., 2014; Oddo et al., 2003). Thus, it has been hypothesised that 

early changes in cognitive performance at 3 months of age in this model could represent 

the key temporal feature for AD development from MCI stages. In sum, the 3xTgAD 

mouse represents a good model for investigating the development of AD-like pathology 

from early into end-stage disease (LaFerla and Oddo, 2005). 

 

1.5 Structure of the present work 

In the present thesis, the 3xTgAD mouse model has been studied to investigate the 

impact of early AD-like pathology on brain function. The main goal of this thesis is to 

apply techniques that can reveal a better understanding of the pathology, from a whole-

brain, macro-scale (Chapter 3), compatible to what is reported in the clinic, to a neuronal 

level, i.e., micro-scale of events (Chapter 4). Therefore, non-invasive neuroimaging 

techniques, and their relevance to human research, are described first (sections 1.6-1.7). 

Secondly, the application of non-invasive neuroimaging techniques in animal models of 

AD is described (section 1.8), followed by invasive approaches applicable only in animals 

that can provide a great insight into the underlying phenomena reported in humans (section 

1.9).  

 

1.6 Neuroimaging 

The devastating progressive pathology of Alzheimer’s disease gradually results in 

generalised brain atrophy, starting within the MTL. As such, the rise of whole-brain, non-

invasive neuroimaging techniques in the last twenty years, e.g. positron emission 
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tomography (PET) and MRI/fMRI, has represented a major step forward in neuroscience 

and neurology: they provide an accurate and non-invasive mapping of the brain activity 

and the underlying anatomical structures, and they allow for a longitudinal approach to 

monitor disease progression. Although PET and fMRI are associated most strongly with 

investigating the human brain, they can also be applied in animal models, resulting in a 

useful translational approach. The use of PET and fMRI measures in neuropathological 

states allows the unbiased measurement of brain-wide alterations that result from the 

underlying neuronal dysfunctions. Both techniques can also measure the dynamic changes 

in the brain over time. 

 

1.6.1 Positron Emission Tomography 

PET is an imaging technique based on the detection of radioactivity from an 

injected tracer. It measures blood flow, oxygen consumption, metabolic changes and 

pathological depositions, e.g. cancerous cells (Berger, 2003). A great advantage of PET is 

the use of radioisotopes incorporated into biologically relevant molecules, such as carbon 

radioisotopes for a direct approach in vivo. In AD research, the deposition of Aβ plaques in 

the human brain can be measured with PET by using, e.g., the radiotracer Pittsburgh 

Compound-B (PiB) and florbetapir; the accumulation of NFTs can be monitored with 

flortaucipir tau (Ikonomovic et al., 2008; Pontecorvo et al., 2017). Increased tau has been 

reported in AD patients by using the tau tracer 18F-AV-1451 (Barret et al., 2017). Strong 

hypometabolism in frontal, parietal and temporal regions has been reported in AD patients 

by using [18F]fluoro-deoxyglucose as a measure of local changes in the glucose uptake 

(Perani et al., 1993).  

Higher retention of tau tracer was found in MCI patients in regions encompassing 

the ENT and was correlated with poor cognitive performance (Neitzel et al., 2019). 
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Moreover, PET studies in MCI patients have shown that metabolic changes in the ENTl 

and hippocampus may represent early biomarkers to distinguish patients that progress from 

MCI to AD, from patients that remain in a stable MCI status (Gao et al., 2018). 

 

1.6.2 Structural Magnetic Resonance Imaging 

MRI, compared to PET, offers multiple contrasts, including one for high soft-tissue 

contrast. Most often, contrast-mechanisms rely on endogenous molecules, which renders 

molecular imaging more difficult. MRI is commonly based on the interaction of hydrogen 

particles, present in soft tissue, with a strong magnetic field B0, to which the spin of the 

hydrogen protons are either aligned with or against (Uludag et al., 2015). By using radio 

frequencies (RF) provided in short pulses orthogonal to B0, the hydrogen particles oscillate 

(precess) within the magnetic field. Whilst, returning to their equilibrium, they emit 

energy, detected by coils. Subsequent amplification and processing of the signal will result 

in the detailed images of body tissues (Rawlani and Rawlani, 2014). The two main 

contrasts used in MRI, based on the magnetisation relaxation, are T1 (grey matter = dark 

grey, white matter = light grey, ventricles = black) and T2-weighted (grey matter = light 

grey, white matter = dark grey, ventricles = white); T2* represents T2 contrast whilst 

accounting for variations in the field inhomogeneity and molecular interactions (T2* < 

T2).  

MRI is routinely adopted to investigate structural changes in AD; it allows to 

monitor progressive brain atrophy and ventricular enlargement, from preclinical AD to 

advanced dementia AD cases (Nestor et al., 2008; Vemuri et al., 2009). Indeed, MRI 

studies on AD patients have reported structural changes in the MTL, specifically in the 

hippocampus proper and ENT, highlighting the involvement of these regions in AD (for a 

review Frisoni et al., 2010). Additionally, diffusion-weighted MRI provides information 
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about connectivity across brain regions by measuring water diffusion along axons (Mori 

and Barker, 1999; Sandson et al., 1999). Among the variety of applications of MRI, fMRI 

allows us to determine functional connectivity across brain regions through the 

haemodynamic response. 

 

1.6.3 Functional magnetic resonance imaging 

The traditional fMRI signal relies on neurovascular coupling; increased neuronal 

activity elicits changes in metabolic demand that, in turn, lead to increased blood flow to 

that active site (Buxton, 2012; Shmuel, 2019). FMRI is currently playing a central role in 

the functional mapping of the human brain in both healthy and diseased states, due to its 

non-invasiveness and its level of spatial resolution that can resolve signals resulting from 

anatomically-distinct brain regions (Heeger and Ress, 2002; Murphy et al., 2013). 

The three main readouts commonly adopted in fMRI are cerebral blood flow 

(CBF), cerebral blood volume (CBV) and BOLD (Buxton, 2012; Mandeville et al., 1998). 

CBF is typically acquired through arterial spin labelling, by targeting water protons in 

arterial blood as an endogenous tracer (Wolf and Detre, 2007). Although it is non-invasive, 

CBF is relatively challenging to implement: it is based on the difference between a 

‘labelled scan’ and a scan without labelling, resulting in relatively slow acquisition; 

additionally, it presents a lower contrast-to-noise ratio compared to BOLD, which is often 

preferred (Detre and Wang, 2002; Lu et al., 2003). CBV is a measure of changes in the 

blood volume across the brain; in human subjects, the most widely used CBV 

measurement is Vascular-Space-Occupancy (VASO) MRI where the readout is based on 

T1 changes in the vascular expansion (Lu et al., 2013). However, evidence shows that 

VASO-MRI lacks sensitivity compared to BOLD in the majority of brain regions, except 

for the frontal areas (Poser and Norris, 2011). 



 
39 

 

Another approach used for CBV measures is based on the injection of a 

paramagnetic contrast agent and monitoring CBV-related changes (Belliveau et al., 1991; 

Mandeville et al., 1998). However, the need to track an external agent over time, in order 

to quantify changes, makes this approach less straightforward compared to the BOLD 

signal, especially for clinical use. 

 

 

Figure 1.5: Simplified representation of the balloon model of BOLD signal composition 

 

The balloon model highlights the complex interplay between CBV, CMRO2 and CBF, that gives rise to the 

BOLD signal. Modulation in neuronal activity elicits changes in CBF and CMRO2, affecting CBV. The 

nonlinear combination of changes in CBV and deoxy-haemoglobin concentration results in the BOLD signal 

of fMRI. CBV: cerebral blood volume; CBF: cerebral blood flow; CMRO2: cerebral metabolic rate of oxygen 

consumption; BOLD: blood oxygenation-level dependent. 

 

 

According to the balloon model (Figure 1.5; Buxton, 2012), the BOLD signal 

results from an intricate interaction between cerebral metabolic rate of oxygen 

consumption (CMRO2) and changes in CBF and, thus, CBV, following either resting-state 

neuronal fluctuations or stimulus-evoked response (Buxton et al., 1998). The BOLD signal 

is associated with changes in the ratio of oxygenated to deoxygenated haemoglobin during 

periods of metabolic demand, elicited by prior neuronal activity (Ogawa et al., 1993). 

Oxygenated haemoglobin, with no unpaired electrons, is diamagnetic; 

deoxygenated haemoglobin, however, has unpaired electrons that convey paramagnetic 

properties. Increase in deoxy-haemoglobin results in a decrease in T2 and T2* properties, 

which is detectable using spin-echo and gradient-echo MRI sequences, respectively. 
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BOLD signal of fMRI represents a relatively easy measure of the simultaneous activity of 

one or more brain regions. It can be acquired non-invasively, therefore, aiding 

translatability across animal models and human brain investigation in healthy and diseased 

conditions. Functional connectivity (FC) in fMRI derives from the statistical association in 

multiple brain regions through low-frequency fluctuations in the BOLD signal (Biswal et 

al., 1995). 

 

1.7  Functional Connectivity in Alzheimer’s disease 

1.7.1 Evidence from human fMRI 

The analysis of FC with fMRI is fundamental for our understanding of temporal 

synchrony across brain regions and how different brain regions are subdivided into resting-

state networks (RSNs). As such, the study of FC in the healthy and diseased brain may 

contribute enormously in identifying organisational changes within RSNs due to 

neuropathology. Major initiatives across countries and laboratories have helped in 

collecting large datasets of human fMRI work on healthy and diseased brain, thus, 

encouraging meta-analysis approaches, e.g., the UK Biobank initiative, the Human 

Connectomes Project (Miller et al., 2016; Van Essen et al., 2012) and the Alzheimer’s 

Disease Neuroimaging Initiative (Weiner et al., 2013; Weiner and Veitch, 2015). 

Functional impairments in AD patients have been investigated with the use of 

resting-state fMRI (rsfMRI) and task-based fMRI (Greicius et al., 2004; Johnson et al., 

2012). Specifically, rsfMRI studies of AD patients show reduction of FC in some of the 

major RSNs identified in the human brain, i.e., the default-mode network (DMN), salience 

network and dorsal attention network (Damoiseaux, 2012; Damoiseaux et al., 2006; Li et 

al., 2012; Rombouts et al., 2005). The DMN is thought to be active at rest - when subjects 

are not focused on external stimuli, rather on inner thoughts - and includes the posterior 



 
41 

 

cingulate cortex, inferior parietal lobe, MTL and mPFC (Raichle, 2015; Raichle et al., 

2001). Greicius and colleagues highlighted changes in the DMN even for mild AD, where 

regions such as the posterior cingulate cortex and the hippocampus showed decreased 

activation compared to healthy controls (Greicius et al., 2004). Decreased activity in the 

DMN was associated with enhanced activation of prefrontal regions MCI patients, possibly 

suggesting a compensatory mechanism (Agosta et al., 2012) and suggesting early synaptic 

dysfunction before a clear manifestation of the disease (Machulda et al., 2003; Rombouts 

et al., 2005). 

Changes in FC have also been reported in subjects at risk of AD, such as APOEε4 

carriers (Filippini et al., 2009; Sorg et al., 2007), highlighting neuronal alterations decades 

before disease onset. An increase in activity within MTL regions was present in rsfMRI 

assessment of young APOEε4 carriers (Filippini et al., 2009). Changes in the DMN, 

however, have also been reported in cognitively normal subjects presenting Aβ depositions 

(Sheline et al., 2010). Importantly, results from multiple fMRI studies on healthy controls, 

subjects at risk, MCI and AD patients show a similar trend of changes within the DMN: 

increased FC seems to precede a decrease in FC (Damoiseaux, 2012) and the regions 

affected in the early stages of AD pathology are highly correlated with the pathological 

hallmarks highlighted by Braak & Braak (Braak and Braak, 1995). 

Task-based (stimulus-evoked) fMRI allows comparison of the haemodynamic response of 

the brain to specific tasks. Task-based fMRI studies highlighted decrease of fMRI signal in 

AD patients in regions encompassing the ENTl, parietal cortices and prefrontal cortices, 

correlated with impaired cognitive performance (Kato et al., 2001; Khan et al., 2014; Small 

et al., 1999; Sperling, 2003).  

However, increased activity was found during memory tasks in MCI patients 

(Hämäläinen et al., 2007), supporting an initial increase in activity prior to later decrease 
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(Damoiseaux, 2012). Interestingly, although asymptomatic individuals at risk of AD show 

no memory impairment in cognitive tests, they display higher activation during a memory 

task not only in regions related to memory encoding within the MTL (the hippocampal 

formation) but also in neocortical regions such as the mPFC. This suggests a reallocation 

of resources as a compensatory mechanism years before disease appearance (Bassett et al., 

2006). Additionally, APOEε4, non-demented subjects, show a diverse pattern of brain 

activation during a memory task, compared to controls, again suggesting for a brain-wide 

compensatory mechanism (Bondi et al., 2005). 

 

1.7.2 Evidence from rodent fMRI 

The application of fMRI to rodents represents a great tool for research, as it offers a 

translational approach to the investigation of corresponding brain changes identified in 

human pathology. To date, rsfMRI in rodents provides highly comparable results to human 

rsfMRI and the possibility to anaesthetise and restrain the animal allows for higher control 

of the signal obtained (Grandjean et al., 2014a). Similarly to human fMRI, fMRI acquired 

in a paradigm-free setting in mice allows assessment of the synchrony of activity 

fluctuations in different brain regions (Grandjean et al., 2019b; Guadagno et al., 2018; van 

Meer et al., 2012; Zhao et al., 2008). 

The use of rsfMRI in mouse models for AD-like pathology has highlighted a 

diverse repertoire of results, which may arise from a combination of effects including the 

diverse pathological phenotype of each model, presence and type of anaesthesia and 

acquisition protocols. 

A PET-fMRI study in Tg2576 mice highlighted global hypermetabolism by 7 

months of age, whereas, no difference in CBV was found, suggesting a compensatory 

homeostatic mechanism to balance excessive metabolic activity (Luo et al., 2012). A 
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pioneering study of rsfMRI in the APP/PS1 mouse model for cerebral amyloidosis showed 

overt plaques throughout the brain, with a reduction in FC in hippocampal areas and 

somatosensory areas compared to controls (Shah et al., 2013). However, young APP/PS1 

mice showed increased FC compared to controls, with older mice showing a decrease in 

FC, in line with work from Shah (Bero et al., 2012), and resembling the increase prior to 

decreasing in FC found in AD patients. Changes of CBV in old age (20 months) were 

found in a mouse model for APOEε4 gene, observed as an increase in fMRI signal 

compared to controls predominantly within the ENTl; at younger ages, no difference was 

reported (Nuriel et al., 2017).  

In 3xTgAD, rsfMRI has been performed only once where 2-month-old mice 

showed decreased interhemispheric FC compared to age-matched controls (Manno et al., 

2019); hippocampal structural changes in 3xTgAD have been reported as early as 4 

months, as well as memory impairment (Chiquita et al., 2019; Davis et al., 2013b). The 

variability across animal-laboratories in data acquisition protocols, anaesthesia and animal 

preparation, prevents, however, to make definitive comparisons and conclusion from the 

earliest brain changes in mouse models for AD. Further exploration with more 

standardised methods may result fundamental to aid in cross-laboratories comparison 

(Grandjean et al., 2019a). 

 

1.8 Optogenetics 

Despite the contribution that non-invasive fMRI has brought to clinical and pre-

clinical research, it is characterised by mainly three major limitations: its readouts, such as 

BOLD, are not cell-specific, the time resolution is relatively slow and it provides indirect 

measures of the underlying neuronal activity.  
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Indeed, the signal that arises from FC with rsfMRI is derived from the unspecific 

mixed activity of diverse cell types, e.g., excitatory/inhibitory neurons and glial cells. 

Labelling techniques such as pharmacological targeting of specific receptors (Ferrari et al., 

2012; Jonckers et al., 2015; Razoux et al., 2013), or the more recently developed 

chemogenetics, allow us to investigate signatures of brain activity coming from the 

targeting of, for example, a specific neuronal population (Aldrin-Kirk et al., 2018). The 

administration of drugs to test the pharmacological response of a specific target does not 

require invasive surgical procedures. It is, however, not advised for prolonged and 

longitudinal studies, e.g., due to the possible occurrence of desensitisation of activated 

receptors (Arey, 2014; Berg and Clarke, 2018; Chen et al., 1999).  

Pharmacological studies in AD mice have used, for example, bicuculline as 

GABAA antagonist, to restore neuronal activity (e.g. in APP23; Mueggler et al., 2002). 

Chemogenetics is based on the administration of ligands that bind to genetically encoded 

receptors named Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs), thus, ensuring a specific stimulation. Recently, a study with DREADD in 

APP/PS1 mice, has reported hyperactivity of inhibitory parvalbumin interneurons in the 

hippocampus already by 4 months of age; a decrease in soluble Aβ was found, post-

treatment (inhibition of the interneurons with DREADD; Hijazi et al., 2019). However, 

recent evidence has questioned the specificity of the typical ligand used with DREADD, 

i.e., clozapine-N-oxide (CNO). Evidence suggests that CNO may be metabolised into 

clozapine which, unlike CNO, is a psychoactive drug, resulting in a possible cascade of 

unforeseen events (Aldrin-Kirk et al., 2018; Giorgi et al., 2017; Lee et al., 2014; Roth, 

2016; Sciolino et al., 2016).  

An attractive technique that can genetically-label a specific neuronal population in 

a targeted brain region is optogenetics (Desai et al., 2011; Grandjean et al., 2019b; Hinz et 



 
45 

 

al., 2017; Kahn et al., 2013; Leong et al., 2018). Optogenetics is based on the transfection 

of light-sensitive ion channels into neurons within a predefined region of interest (ROI; 

Deisseroth, 2011; Lee et al., 2010). The most commonly adopted opsin is the blue-light 

activated Channelrhodopsin-2 (ChR2), activation of which results in acute excitation and 

depolarisation of expressing cells (Boyden et al., 2005).  

Other opsins such as Halorhodopsin, promote chloride ion influx, therefore, 

resulting in hyperpolarisation of membrane voltage (Guru et al., 2015; Han, 2012; Kato et 

al., 2012). Additionally, recently established stabilized step-function opsins (SSFO) allow 

for a sustained effect over a single brief pulse of light, although these are thought to be 

extremely sensitive to light, thus additional validation might be necessary (Berndt et al., 

2009; Tye and Deisseroth, 2012; Yizhar et al., 2011). Transgenic mouse lines have been 

developed that can express light-gated ion channels, such as ChR2 (Zeng and Madisen, 

2012). However, the traditional method adopted for ChR2 expression in cells is through 

injection of a viral vector. The simplified viral construct generally contains: a) a targeted 

promoter to control opsin expression, e.g., calmodulin-dependent protein kinase II 

(CaMKIIα; Nathanson et al., 2009) which is only expressed by excitatory neurons; b) the 

opsin part of the construct, e.g., ChR2; and c) a reporter for histological confirmation of 

the transfection or ex vivo/in vitro visualisation (Figure 1.6). 

Following injection of the viral-vector in the targeted brain region, light-sensitive 

ion channels are expressed in specific neurons and can be modulated by a specific light-

wavelength range (Figure 1.6b,c). With the promoter designed to target specific neuronal 

types, e.g. excitatory CaMKIIα-positive neurons, optogenetics represents a great tool to 

assess the functional contribution of specific neuronal populations. 
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Figure 1.6: Illustration of opsin expression through AAV injection 

 

a) Representation of a viral-vector for ChR2 opsin, with CaMKIIα promoter for excitatory neurons and 

mCherry reporter for histological validation. b) The excitation spectrum of ChR2, with peak at 460-480 nm. 

c) AAV including ChR2 opsin is injected in a specific brain region; photostimulation with a specific 

wavelength results in stimulation-dependent depolarisation of ChR2-positive neurons. CaMKIIα: 

calmodulin-dependent protein kinase II; ChR2: channelrhodopsin-2. 

 

1.8.1 Optogenetics in AD 

Prolonged stimulation of the perforant pathway by means of SSFO activation has 

been shown to produce a 2.5 fold increase in Aβ accumulation in the DGmol compared to 

the contralateral side of an APP mouse model for AD-like pathology (Yamamoto et al., 

2015). Moreover, Aβ secretion is activity-dependent, as seen with electrophysiological 

studies in vitro e.g. (Cirrito et al., 2005; Kamenetz et al., 2003). In a study in 

APPSWE/PS1dE9 mice, low-frequency photostimulation of cortical regions showed a 

restorative effect on neuronal activity and Aβ accumulation, highlighting the potential 

therapeutic use of photostimulation (Kastanenka et al., 2017). Moreover, memory recall 
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was facilitated through optogenetic stimulation of the ENT in an APP/PS1 mouse model, 

together with a decrease in DG dendritic spines loss (Roy et al., 2016). 

As demonstrated with combined fMRI-electrophysiology in monkeys, the BOLD 

signal of fMRI is best modelled by changes in LFP rather than action potentials 

(Logothetis et al., 2001). It is, therefore, the result of a mixed contribution of excitatory 

and inhibitory neurons, glial cells, etc. and may largely reflect synaptic input activity (Lee 

et al., 2010). The versatility of fMRI can be further exploited in a preclinical setting by the 

implementation of stimulus-evoked cellular-specific approaches (Grandjean et al., 2019b). 

The analysis of whole-brain effects, derived from the optogenetically-driven activity of a 

specific neuronal population in a brain region, represents the next attractive approach to 

infer a temporal causality in the cascade of events in brain disease. This can be 

accomplished by combining optogenetically-induced neuromodulation with fMRI 

recordings (ofMRI; Albers et al., 2018; Desai et al., 2011). Very recently, optimised 

protocols for ofMRI have been applied for psychopathologies (Grandjean et al., 2019b). 

There is, however, a lack of application of ofMRI in AD. 

 

1.9 Electrophysiology 

1.9.1 Fundamentals of electrophysiology 

Resting state fMRI and ofMRI can be employed to investigate brain changes 

between healthy and diseased states. One common limitation, however, is the lack of 

access to direct neuronal activity, i.e., both techniques are based on the BOLD readout, 

which provides an indirect measure of neuronal activity. Moreover, in the past few 

decades,  most of our understanding of the mechanisms that underlie information 

transmission and processing in the brain was accomplished through invasive experimental 

procedures in rodent brains, e.g., electrophysiology in vivo. The mechanisms for 
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information processing in the brain ultimately rely on chemo-electric signal exchange 

between cells, i.e., action potential propagation, which is based on the sudden change of 

the electrical potential of a cell which may or may not cause the subsequent depolarisation 

of a neighbouring cell and, in most cases, chemical synaptic transmission (Buzsáki et al., 

2012). Electrophysiology in rodents offers an attractive approach to investigate the 

electrical properties of single cells and organised circuits in a confined volume (in vitro 

slice electrophysiology) or embedded in the whole brain circuitry (electrophysiology in 

vivo; Buzsáki, 2006; Csicsvari et al., 2003; Henze et al., 2000; Klausberger et al., 2003).  

The recording of electrical changes, particularly subthreshold, from a single neuron 

is most easily accomplished in vitro, as the slice format facilitates this methodology. The 

flow of ions across the cell membrane is recorded from the intracellular level, by 

disrupting the cellular membrane with a pipette filled with intracellular media (Buzsáki, 

2006). Conversely, recordings in vivo are mostly undertaken with electrodes placed 

extracellularly, either as single- or multi-unit Activity (SUA/MUA) or as recordings of 

Local Field Potential (LFP). Briefly, unit recordings are based on recording of high-

frequency voltage (> 200Hz) fluctuations and result in the measurement of the spiking 

discharge of one or a group of neurons in a specific brain volume. LFP recordings, instead, 

are based on lower frequencies (< 200Hz) and represent the overall sum of excitatory and 

inhibitory synaptic activity of a group of neurons (Burns et al., 2010). 

One of the advantages of analysing LFP is related to the slower trend of changes in 

a neuronal population, compared to the rapid excitatory/inhibitory events measured in 

single neurons, which can result in an annihilation of the signals due to fast asynchrony. 

The currents recorded with LFP represent slow changes in the overall activity of the 

targeted extracellular space and will be described as field excitatory postsynaptic potentials 

(fEPSPs) or field inhibitory postsynaptic potentials (fIPSPs). Interestingly, research using 
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blood oxygenation-level dependent (BOLD) signal of fMRI (described in later sections) 

and electrophysiological recordings in monkeys has highlighted that BOLD signal is best 

described by the course of the LFP rather than single-unit and MUA (Logothetis et al., 

2001). 

 

1.9.2 Memory formation 

Most of our understanding of the fundamental cellular mechanisms of memory 

formation comes from electrophysiological recordings performed on animal models. On a 

physiological level, it is well-established that memory formation and consolidation require 

changes in synaptic connectivity strength between neurons (Bliss and Collingridge, 1993). 

Both long-term and short-term synaptic potentiation (LTP and STP, respectively), whilst 

laboratory phenomena, are mechanisms that share many characteristics with memory 

formation (Morris et al., 2003). LTP and STP are based on synaptic efficacy changes over 

different timescales, yet they can be elicited through different cellular pathways 

(Lamprecht and LeDoux, 2004; Larsen and Jesper Sjöström, 2015). LTP is induced by the 

application of high-frequency stimulation to a presynaptic target, which leads to a 

sustained synaptic transmission between pre and postsynaptic neurons (Magee, 1997). 

In a classical glutamatergic synapse, rapid and persistent presynaptic glutamate 

release causes prolonged depolarisation of the postsynaptic membrane, via AMPA (α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor-dependent excitatory 

postsynaptic currents, resulting in the removal of the magnesium block of N-methyl-D-

aspartate (NMDA) receptors. The opening of NMDA receptors allows calcium ion (Ca2+) 

influx into the postsynaptic cell, ultimately resulting in the short-term phosphorylation of 

AMPA receptors to increase their conductance together with longer-term up-regulation of 

AMPA receptor trafficking to the postsynaptic membrane. 
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There is also evidence that this process results in the presynaptic release of a retrograde 

transmitter (e.g., nitric oxide) to increase presynaptic glutamate release (Li et al., 2002; 

Neitz et al., 2011).  

Overall, this augmented glutamatergic neurotransmission strength represents a 

memory for the induction event that persists for hours to months to a lifetime (Bliss and 

Collingridge, 1993; Bliss and Lomo, 1973; Segal, 2010). As such, LTP is thought to be 

both a presynaptic and postsynaptic phenomenon. Conversely, STP is induced in response 

to presynaptic paired-pulse stimulation (PPS) and its duration is tightly linked to the length 

of the stimulus event (typically less than 1 second); as such STP is thought to be a 

presynaptic phenomenon, being related to the presynaptic release of neurotransmitters 

(Shen, 1989).  

When a presynaptic neuron is stimulated with a pair of pulses in short sequence, if 

the presynaptic Ca2+ entry, derived from presynaptic depolarisation to the first stimulus 

(P1), is not entirely buffered away before the arrival of the second stimulus (P2), there is 

an increase in the release of the presynaptic neurotransmitter to P2 due to a larger Ca2+ 

pulse (combination of residual Ca2+ to P1 plus Ca2+ entry to P2), resulting in a paired-pulse 

facilitation (PPF) of the second response compared to the first one (Wu and Saggau, 1994; 

Zucker, 1989). Thus, STP is purely a presynaptic phenomenon. 

 

1.9.3 Neuronal Changes in AD Models 

PPF has been widely investigated in the hippocampal formation in vitro, but there 

are limited studies investigating this form of synaptic plasticity in AD models, particularly 

with electrophysiological recordings in vivo. As mentioned above, early intracellular Aβ 

accumulation is correlated with an alteration of synaptic communication (Billings et al., 

2005; Davis et al., 2014; Klyubin et al., 2012; Oddo et al., 2003). Interesting results come 
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from recent electrophysiological studies on transgenic mouse models, where increased 

excitability is found in hippocampal regions of human-APP (hAPP) mice, probably due to 

increased presynaptic, Aβ-modulated, transmitter release in vivo (Palop et al., 2007). 

Moreover, epileptiform activity was found in APdE9 mice (harbouring hAPPSWE and 

PS1dE9 mutations) for AD, again suggesting neuronal hyperactivity in AD-like pathology 

(Ziyatdinova et al., 2011). In vivo LFP recordings in Tg2576 (Cirrito et al., 2008, 2005) 

and APPSWE (Kamenetz et al., 2003) models for AD show that Aβ production is highly 

correlated with synaptic activity (i.e., activity-dependent), bringing supporting evidence for 

a crucial role of neuronal activity in Aβ deposition. 

 

 

Figure 1.7: fEPSP responses in DG and BLA following stimulation of the subiculum 

 

a) schematics of the hippocampal formation connections; fEPSP recordings of the DG in control mice 

following perforant path stimulation show a predominant positive-going response; images adapted from 

(Davis et al., 2014). b) histological evidence and representation of recordings along the amygdala region at 

sequential depths show evoked responses in BLA and PLCo (red and blue sections respectively) in the rat 

brain. A fast negative-going event is seen firstly in the BLA, whereas, the more ventral PLCo shows a more 

complex response profile; image adapted from (Maren and Fanselow, 1995). PLCo: posterolateral cortical 

nucleus; BLA: basolateral amygdala; DG: dentate gyrus; fEPSP: field excitatory postsynaptic potential. 
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In 3xTgAD mouse, electrophysiology shows evidence for hyperexcitability at a 

very young age in vitro (Kazim et al., 2017). Additionally, electrophysiological studies in 

the 3xTgAD mouse model show hyperexcitability via PPF changes in CA1 and DG, before 

plaque formation, in vivo (Davis et al., 2014; Oddo et al., 2003). The electrophysiological 

properties of the dorsal DG have been assessed at 4-6 and 9 months of age in controls and 

3xTgAD mouse model in vivo (Davis et al., 2014). The cyto-organisation in layers of the 

DG results in an open field response profile, highlighting a well-structured laminar 

response, with a positive-going fEPSP response reversal following stimulation of the 

perforant path (Figure 1.7a). 

To date, there is a relatively dense body of research on the hippocampal formation 

circuitry (predominantly in vitro); little is known, instead, about the electrophysiological 

properties of the BLA in mouse models of AD. Given its densely packed cytoarchitecture, 

fEPSP recordings in the BLA in vivo have been reported in line with the characteristics of 

a closed field (Figure 1.7b; Maren and Fanselow, 1995) in healthy control rats. In this 

pioneering work, the profile response of the BLA to stimulation of the subiculum shows a 

very fast negative event (fEPSP), followed by a slow positive-going overshoot (presumed 

feed-forward IPSP). Moreover, recordings from other amygdala nuclei, e.g. the 

posterolateral cortical nucleus (PLCo), show a sequential depth response profile, 

highlighting the heterogeneity of the amygdaloid area (Figure 1.7b).  

To date, no electrophysiological recordings have been investigated in the BLA and 

DG following stimulation of ENTl, thus these ROIs will be the focus of the 

electrophysiological part of this work. 
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1.10 Anaesthesia 

In animal research, there are several factors that lead to the almost indispensable 

use of anaesthetic agents. In the case of invasive procedures, anaesthetic agents are used to 

elicit unconsciousness and minimise pain and distress associated with electrophysiological 

recordings in a stereotaxic frame. In the case of neuroimaging such as rsfMRI, besides 

minimising animal distress, anaesthetic agents may help to exclude confounding signals 

arising from motion, breathing, heartbeat and to minimise stress-related changes which 

may affect FC readings (Clement et al., 2008; Grandjean et al., 2014a). If, on the one hand, 

the employment of anaesthesia is advantageous to experiments, on the other hand, it affects 

neuronal activity and, thus, the nature of recordings and their interpretation.  

It is widely accepted that differences in the pharmacological action of common 

anaesthetics may produce a corresponding range of effects in the brain (Grandjean et al., 

2014a). The results obtained with different anaesthetic regimes cannot be readily 

compared; indeed, the influence of different anaesthetics on brain activity must be taken 

into account for a proper interpretation of the results. In different experimental techniques, 

some anaesthetics are preferred over others, due to the experimental design (Gargiulo et 

al., 2012). For example, in electrophysiological recordings performed in vivo, one of the 

most commonly adopted anaesthetics is urethane (ethyl carbamate). Urethane is popular as 

it is thought to reliably mimic a brain state close to physiological sleep (Clement et al., 

2008). It has a long-lasting effect (non-recovery) and influences GABAergic transmission 

only marginally; moreover, it is thought not to affect the respiratory system and to preserve 

spinal reflexes during surgery (Maggi and Meli, 1986; Soma, 1983). Although largely used 

in acute experimental conditions, urethane induces progressive cytotoxicity: it is nowadays 

adopted in experimental designs where recovery is not planned.  
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In rodent fMRI, research has shown that a variety of anaesthetic regimes result in a similar 

distribution of common RSNs in the mouse brain (Gozzi and Schwarz, 2016; Grandjean et 

al., 2019a).  

However, different anaesthetics result in variations of FC measurements across the 

brain, due to their diverse pharmacological pathways. Urethane and isoflurane have been 

shown to affect striatal FC but preserve cortical and thalamocortical connectivity 

(Grandjean et al., 2014a; Schwinn et al., 1990). Isoflurane, largely used in imaging studies, 

has vasodilation properties and targets GABAergic transmission; it allows, however, to a 

prompt recovery of consciousness soon after cessation of administration, which makes it 

versatile and low risk. Medetomidine, another widely used anaesthetic, promotes 

vasoconstriction and subsequent suppression of cortical regions but not striatal areas 

(Grandjean et al., 2014a). Therefore, a combination of medetomidine at low dose (mixed 

with a paralytic agent to minimise animal motion) with low dose of isoflurane is thought to 

affect the brain minimally, thus allowing a state close to waking, to detect cortical and 

subcortical signal, and the reliable identification of the common RSNs identified in the 

mouse brain at rest (Grandjean et al., 2014a; Zerbi et al., 2015). Furthermore, one of the 

most common side-effects of anaesthetics in animal experiments is the risk of 

hypothermia; in experiments with anaesthetised mice, both in stereotaxic frame or in an 

MRI-compatible cradle, care must be taken to compensate for heat loss by providing 

external, homoeothermic-regulated heating through a heating pad or cradle (Caro et al., 

2013). 
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1.11 The present work 

From the research conducted so far, both on humans and mouse models for AD-like 

pathology, the pivotal role of the ENTl, in the early stages of AD, emerges. Research on 

animal models, designed to mimic human pathologies, allows us to obtain information 

from the neuronal micro-scale to the whole-brain macro-scale, as both invasive and non-

invasive approaches can be adopted. The general aim of this project is, therefore, to rely on 

the advantages of several techniques to investigate brain changes in the early stages of AD-

like pathology in a mouse model. 

The integration of information gained across different scales will help in overcoming the 

unavoidable limitations of each technique if used in isolation. 

Therefore, the experimental programme focused on: 

1) rsfMRI to provide a non-invasive, brain-wide measure of the network organisation in 

the healthy and diseased state, although its signature is not a direct measure of the 

underlying neuronal activity; 

2) optogenetics to manipulate the activity of a specific neuronal population in a determined 

region, in combination with fMRI to investigate the haemodynamic response of the whole 

brain following the initial stimulation of a functionally and spatially defined neuronal 

population; 

3) in vivo electrophysiology to provide information about neuronal connectivity changes 

emerging in pathology, although limited regions can be investigated and the signal 

recorded is not cell-specific. 

In this work, I hypothesised that the neuronal hyperexcitability of ENTl affects its 

postsynaptic targets and results in a global network excitatory-inhibitory imbalance in the 

early stages of AD-like pathology in the 3xTg mouse model for AD. In order to assess 
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early events in pathology progression, the two time-points of 3 and 6 months of age were 

investigated throughout the work. 

 

The specific aims were to measure: 

Brain-wide functional changes within, and relative to, the ENTl during the resting-state, by 

performing rsfMRI on 3xTgAD and control animals longitudinally at 3 and 6 months of 

age. 

Whole-brain response with fMRI, following photostimulation of light-sensitive excitatory 

neurons within the ENTl of 3xTgAD and age-matched control mice. This will also be 

conducted longitudinally, on a second cohort, at 3 and 6 months of age. 

Synaptic changes in the early stages of AD-like pathology in the downstream targets of the 

lateral entorhinal cortex. This will be accomplished through the assessment of synaptic 

short-term plasticity and functional connectivity between (i) ENTl and DG and (ii) ENTl 

and BLA through electrophysiological recordings in vivo. 
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~ Chapter 2 ~  

General Methods 

All the in vivo electrophysiological experiments described in this thesis were 

conducted at the University of Manchester between September 2015 and October 2016; the 

fMRI experiments (rsfMRI and ofMRI) were carried out in Singapore at the Singapore 

Bioimaging Consortium (SBIC) A*STAR between January 2017 and June 2019. 

 

2.1 Animals 

Experiments were conducted on male 129sv/c57bl6 (controls) and 3xTgAD mouse 

model for Alzheimer’s disease on the same genetic background, where the original 

breeding pairs were donated by the LaFerla lab (University of California, USA; Oddo et 

al., 2003). The mouse model is a triple-transgenic, carrying the human familial AD 

transgenes for APP, Swedish mutation (APPSWE), PS1M146V mutation and the P301L 

mutation for tau from frontotemporal dementia. 3xTgAD mice are born pathology-free and 

start to develop cognitive deficits around 4 months of age (Clinton et al., 2007). Therefore, 

all experiments conducted in this thesis refer to 3 and 6 months of age time-points, as these 

timepoints provide a good window to investigate prodromal pathology development (Davis 

et al., 2014; Mastrangelo and Bowers, 2008).  

All procedures conducted in the UK were performed in accordance with the UK 

Animals (Scientific Procedures) Act 1986 and the University of Manchester Ethical 

Review Panel under Home Office license PPL 70/7843. All experiments performed in 

Singapore Bioimaging Consortium, A*STAR, Singapore, were in accordance with the 

ethical standards of the Institutional Animal Care and Use Committee (A*STAR 

Biological Resource Centre, Singapore, IACUC #171203). 
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In both locations, the 3xTgAD and the control colonies were maintained ‘in-house’ 

through the pairing of homozygous individuals. Mice were housed in cages of up to five, 

with same-sex and genotype cage-mates in a pathogen-free environment, kept at a 45-65% 

humidity, under a 12:12-hour light-dark cycle and room temperature, with ad-libitum 

access to food and water. 

 

2.2 fMRI 

Data collection for the fMRI part was done at Singapore Bioimaging Consortium 

(SBIC, A*STAR). BOLD measures of fMRI were performed in rsfMRI experiments and 

fMRI combined with optogenetics (ofMRI) experiments. Within the rsfMRI experiments, 

male controls (total N = 10) and 3xTgAD (total N = 19) were used for all the experiments. 

Specifically, a cohort of controls and 3xTgAD mice underwent a rsfMRI imaging session 

at 3 months of age (Ncontrols = 10 and N3xTgAD = 19) and then at 6 months of age (Ncontrols = 

10 and N3xTgAD = 13). 

For ofMRI experiments, a pilot group of Ncontrols = 25 mice were first used to 

optimise stereotaxic surgery procedures and successful injection and expression of AAV 

for Channelrhodopsin in the ENTl. Once faithful and reproducible results were obtained, a 

cohort of controls (N = 10) and 3xTgAD (N = 12) mice underwent optogenetic surgery for 

opsin transfection at 2 months of age, combined with optic fibre implant after which 

ofMRI sessions followed at 3 months of age and 6 months of age (Ncontrols = 8 and N3xTgAD 

= 10). Additionally, one cohort of controls (N = 9) underwent optogenetic surgery with an 

injection of mCherry (no opsin), combined with optic fibre implant and subsequent ofMRI 

session at 3 months of age, as a control experiment. 
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2.2.1 fMRI signal 

The signature of functional MRI (BOLD, CBV or CBF) describes changes in the 

hemodynamic response of the brain. There are techniques that allow us to gain more 

specific information about the neuronal response, for example, manganese-enhanced 

fMRI; however, due to the lack of sensitivity, they have been sparsely used and CBV, CBF 

and BOLD represent the most commonly adopted fMRI readouts (Lin and Koretsky, 1997; 

Silva, 2012). The BOLD signal is based on the coupling of the vascular response of the 

brain with the underlying neuronal changes, CBV measures the amount of blood present in 

a given volume and CBF measures the blood supply in a given time window (Buxton, 

2012). CBV, with the injection of iron-oxide-based compounds for contrast enhancement, 

represents a more sensitive measure of the hemodynamic response of the brain compared 

to BOLD, particularly at lower magnetic fields (Mandeville et al., 2004). However, due to 

its non-invasiveness, the BOLD signal is the most widely used fMRI readout to investigate 

the healthy and diseased brain. Therefore, in this work, thanks to the adoption of an ultra-

high magnetic field and in order to minimize invasiveness, BOLD signal was adopted 

throughout the experiments. 

 

2.2.2 BOLD signal-to-noise 

Compared to the much larger human brain, functional imaging of the mouse brain 

requires higher spatial resolution, in order to distinguish anatomical structures and to map 

onto them the relative changes of the haemodynamic response of the different brain 

regions. Thus, a crucial requirement for imaging the small rodent brain is a high signal-to-

noise ratio (SNR), which results in enhanced sensitivity to detect BOLD fluctuations 

(Baltes et al., 2010). As mentioned earlier, increasing the static magnetic field, B0, 

represents one strategy to enhance BOLD fMRI sensitivity in rodents (Gati et al., 1997). 
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Moreover, a significant enhancement of sensitivity can be accomplished by minimising the 

amount of noise affecting the signal. Specifically, one of the main forms of noise 

influencing the BOLD fMRI signal is thermal noise derived by the coils within the system. 

By using cryogenic probes, a substantial increase in SNR has been reported (Darrasse and 

Ginefri, 2003). Therefore, for the rsfMRI experiments in this project, a cryogenic receiver 

surface coil (2x2 phased-array receiver only coil), provided with a liquid helium cooling 

system, was adopted.  

Due to the constraints caused by the fibre optic implant, a room temperature single-

loop surface coil was used for the ofMRI experimental mice imaging sessions. Another 

primary source of noise in fMRI signal derives from animal motion and physiological 

changes, e.g., heart and respiration rates (Grandjean et al., 2014a). To address this, an 

anaesthesia protocol that included a paralytic agent, to minimize animal motion and 

physiological changes, was adopted as described below. 

 

2.2.3 Animal preparation for imaging 

Animal preparation followed (Grandjean et al., 2014a) for both rsfMRI and ofMRI 

experiments. Anaesthesia was induced with 4% isoflurane; subsequently, animals were 

endotracheally intubated, placed on an MRI-compatible cradle and artificially ventilated 

(90 breaths/minute; Kent Scientific Corporation, Torrington, Connecticut, USA). A bolus 

with a mixture of medetomidine (Dormitor, Elanco, Greenfield, Indiana, USA) and 

Pancuronium Bromide (muscle relaxant, Sigma-Aldrich Pte Ltd, Singapore) was 

administered subcutaneously (0.05 mg/kg), followed by a maintenance infusion (0.1 

mg/kg/hr) administered 5 minutes later while isoflurane was simultaneously reduced and 

then kept at 0.5%. Functional MRI was acquired 20 min following maintenance infusion 
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onset to allow for the animal state to stabilize. Care was taken to maintain the temperature 

of the animals at 37°C. 

 

2.2.4 RsfMRI and ofMRI: data acquisition 

Data were acquired on an 11.75 T scanner (Bruker BioSpin MRI, Ettlingen, 

Germany) equipped with a BGA-S gradient system, a 72 mm linear volume resonator coil 

for transmission. A 2×2 phased-array cryogenic surface receiver coil was adopted for the 

rsfMRI experiment (N = 29), whereas the surface coil for ofMRI (N = 31) experiments was 

substituted with a 10 mm single loop surface coil. 

For rsfMRI data acquisition, an anatomical reference scan was acquired using a 

spin-echo turboRARE sequence: field of view (FOV) = 17×9 mm2, FOV saturation slice 

masking non-brain regions, number of slices = 28, slice thickness = 0.35, slice gap = 0.05 

mm, matrix dimension (MD) = 200×100, repetition time (TR) = 2750 ms, echo time (TE) 

= 30 ms, RARE factor = 8, number of averages = 2. Functional scans were acquired using 

a gradient-echo echo-planar imaging (EPI) sequence with the same geometry as the 

anatomical: MD = 90×60, TR = 1000 ms, TE = 15 ms, flip angle = 50°, volumes = 600, 

bandwidth = 250 kHz. 

Parameters for ofMRI data acquisition were adapted to the lower sensitivity of the 

room temperature receiver coil. The anatomical reference scan was acquired using FOV = 

20×10 mm2, number of slices = 34, slice thickness = 0.35, slice gap = 0 mm, MD = 200 × 

100, TR = 2000 ms, TE = 22.5 ms, RARE factor = 8, number of averages = 2. Functional 

scans were acquired using FOV = 17×9 mm2, FOV saturation slice masking non-brain 

regions, number of slices = 21, slice thickness = 0.45, slice gap = 0.05 mm, MD = 60 x 30, 

TR = 1000 ms, TE = 11.7 ms, flip angle = 50°, volumes = 720, bandwidth = 119047 Hz. 
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Field inhomogeneity was corrected using MAPSHIM protocol. Images were acquired 

using Paravision 6.0.1 software. 

 

2.2.5 RsfMRI and ofMRI: data pre-processing 

Images were processed using a protocol optimized for the mouse. Images were 

corrected for spikes (3dDespike, AFNI; Cox, 1996), motion (mcflirt, FSL; Smith et al., 

2004), and B1 field inhomogeneity (fast). Automatic brain masking was carried out on the 

EPI using bet, following smoothing with a 0.3 mm2 kernel (susan), and a 0.01 Hz high-

pass filter (fslmaths).  

Nuisance regression was performed using FIX (FMRIB’s -Functional MRI of the 

Brain-ICA-based -Independent Component Analysis-Xnoiseifier; Zerbi et al., 2015): FIX 

is an approach based on the fragmentation of the time-series into independent components 

and the subsequent classification of the components into true signal and noise; by training 

a classifier, it is then possible to remove only the noise components from the true signal. 

Illustrated below an example of noise (Figure 2.1a,c) nd an example of true signal (Figure 

2.1b,d) in relation to the ofMRI dataset. Separate classifiers were generated for rsfMRI and 

ofMRI.  

The EPIs were registered to the Allen Institute for Brain Science (AIBS) reference 

template ccfv3 using SyN diffeomorphic image registration (antsIntroduction.sh, ANTS; 

Avants et al., 2009). 
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Figure 2.1: Example of ICA components to train a classifier for FIX 

 

Fragmentation of the time courses into multiple components allows to distinguish noise (a) from true signal 

(b). The visualisation of the signal over time allows to detect noisy signal (c) from BOLD response relative 

to optogenetic stimulation (d). 

 

 

2.2.6 RsfMRI: data analysis  

By being estimated in a paradigm-free setting, resting-state FC is based on intrinsic 

models of connectivity; as such, many approaches can be used to analyse it, by adopting a 

data-driven or hypothesis-driven approach. A few examples are outlined below. 

 

Seed-Based Analysis 

Seed-based analysis (SBA) is one of the most commonly adopted hypothesis-driven 

approaches. A ROI (seed) is first selected, often a result of a manually-drawn cluster of 

voxels, and its averaged time course is correlated with voxels across the brain, resulting in 

a connectivity map in relation to the selected ROI (Pawela et al., 2008; Sforazzini et al., 

2014a; Zerbi et al., 2015). 
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Independent Component Analysis 

ICA is another widely adopted approach (Hutchison et al., 2010; Sforazzini et al., 

2014). Unlike SBA, ICA is a data-driven, hypothesis-free method to investigate 

connectivity networks across the brain. Through ICA, the time course is divided into 

separate components, identifying statistically-independent networks. With ICA it is crucial 

to carefully consider the number of components to use, as some RSNs could be fragmented 

if a high number of components is adopted (Sforazzini et al., 2014). To facilitate the 

selection of ICA components, guidelines with inclusion/exclusion general criteria have 

been outlined recently for the mouse brain (Zerbi et al., 2015). 

 

Regional Homogeneity analysis 

            Regional homogeneity (ReHo) is a low-parameter method that is increasingly being 

adopted to study local FC changes. In this thesis, local connectivity was assessed with 

ReHo (3dReHo; Wu et al., 2017; Zang et al., 2004). ReHo does not provide information on 

distal connections (Zang et al., 2004) but rather allows inference about local connectivity 

changes; it is relatively simple to interpret and has been applied successfully into resting-

state FC using rodents and higher animal models (Li et al., 2018; Rao et al., 2017; Wu et 

al., 2017). ReHo is often used to measure changes in the local functional connectivity of 

the brain at rest, in that it measures the temporal correlation between one voxel and its 

neighbours. The coefficients W describes ReHo values ranging from 0 to 1, where higher 

value represents a higher correlation across two voxels. 

The formula for obtaining W coefficients is described below (1). 
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                             (1) 

             The parameter W for ReHo values is, therefore, described by the sum rank of the 

ith time-point (Ri), the number of time-series within a cluster (K), the mean across them    

         and the number of ranks (n). ReHo is a hypothesis-free, data-driven and non-user 

biased approach that provides information on local FC changes (Zang et al., 2004). 

 

Whole-Brain network analysis & pair-wise analysis 

A method to analyse resting-state FC across the whole brain is based on 

establishing the correlation of pairs of ROIs across brain regions, as defined through the 

brain atlas. The lines in the matrix resulting from this analysis show the correlation of a 

single ROI with all the other ROIs in each line. Here, a whole-brain network analysis was 

carried out to infer FC over spatially distinct brain regions.   

Besides carrying out a ReHo analysis to assess local FC changes, and whole-brain 

network analysis to infer on brain-wide FC, a hypothesis-driven approach was then 

adopted to further investigate the rsfMRI data, in order to assess FC in the diseased brain, 

in relation to the ROI ENTl. Therefore, although ReHo analysis is crucial to determine 

local changes in FC, graph theoretical approaches reveal whole-brain functional network 

changes by analysing the pair-wise correlation of resting-state FC between spatially 

distinct brain regions (Bullmore and Sporns, 2009; Sanz-Arigita et al., 2010). According to 

the graph theory of network analysis, a functional network is characterised by multiple 

nodes interconnected by edges. Pair-wise ROI analysis was carried out with respect to 

ROIs defined in the AIBS atlas. Time series extracted with the atlas were cross-correlated 

to the time series from the ENTl using Pearson’s correlation. 

( R ) 
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2.2.7 OfMRI: optogenetic surgery 

In order to investigate the embedding of ENTl functional changes within the whole 

brain, light pulse stimulation of pyramidal neurons in the ENTl, by means of optogenetics 

was combined with the fMRI BOLD readout. Optogenetics is based on the dynamic 

control of a genetically-defined group of neurons (Deisseroth, 2011; Lee et al., 2010). By 

injection of an adeno-associated viral vector (AAV) containing the sequence for opsin and 

a neuronal-type specific promoter, a specific neuronal population is transfected for the 

expression of a light-gated ion channel. In this project, ENTl was transfected with the 

Channelrhodopsin-2 (ChR2; Nagel et al., 2003) opsin including a CaMKIIα promoter for 

excitatory neurons (Nathanson et al., 2009). Transfected neurons express light-gated cation 

channels (Na+) sensitive to a specific wavelength (473 nm) of light, which results in the 

opening of the ion channels with subsequent depolarization of the membrane (Figure 2.2). 

Male controls (N = 25 pilot with ChR2-mCherry, N = 10 experimental ChR2-mCherry, 

and N = 9 controls with no opsin expression, only mCherry) and 3xTgAD (N = 12) mice 

(~30 g) were anaesthetised with Ketamine/Xylazine mixture (Ketamine 75 mg/kg, 

Xylazine 10 mg/kg). 

The head was shaved and cleaned with three wipes of Betadine® and ethanol 

(70%) and lidocaine (1-8 mg/kg) was administered subcutaneously in situ. Each animal 

was kept on a homoeothermic heating pad to prevent hypothermia, the head was positioned 

in a stereotaxic frame and protective ophthalmic gel was applied to each eye to avoid 

dryness. A portion of the skin from the scalp was removed to expose the skull. Perforation 

of the skull was performed with a hand-held surgical drill (drill bit tip Ø 0.9 mm2) to create 

a small craniotomy -2.8 mm from bregma and +4.2 mm left from the middle line. Virus 
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injection was carried through the craniotomy at -2.8 to -2.7 mm from the brain surface and 

the cannula tip position was adjusted to -2.6 mm from the surface.  

Coordinates were taken from the Paxinos mouse brain atlas (Paxinos and Franklin, 

2004). An injection of adeno-associated virus (AAV) was performed in the target location 

through a precision pump (KD Scientific Inc., Harvard Bioscience) with a 10 µl NanoFil 

syringe and 33-gauge beveled needle (NF33BV-2). The AAVs used (AAV5-CaMKIIα-

hChR2 (H134R)-mCherry, AV5-CaMKIIα-mCherry, titer 1-8x1012 vg/ml) were acquired 

from Vector Core at the University of North Carolina (USA). A volume of 0.75 µl of the 

viral vector was injected in each mouse at a rate of 0.15 µl/min. The needle was kept in 

location for 10 minutes after the injection was completed, to exclude backflow. After 

needle extraction, a fibre optic cannula (Ø 200 μm, 0.39 NA, length according to injection 

site, Ø 1.25 mm ceramic ferrule) was lowered to the target region (Laser 21 Pte Ltd, 

Singapore; Hangzhou Newdoon Technology Co. Ltd, China). The cannula was fixed in 

place with dental cement (Meliodent rapid repair, Kulzer). Buprenorphine (0.05-0.1 

mg/kg) was administered post-surgically to each animal for three days. Animal recovery 

took place on a warm pad. 

 

2.2.8 OfMRI: stimulation protocols 

Animals underwent the first ofMRI session at least 3 weeks after virus injection. 

ChR2 stimulation was provided through a blue light laser (473 nm, LaserCentury, 

Shanghai Laser & Optic Century Co., Ltd) controlled by LabVIEW (National Instruments, 

USA) using a customised script. The power of the laser, in continous mode, was 15 

mW/mm2. Within the pilot study (N = 25), two main stimulation protocols were used to 

assess the faithfulness of the evoked BOLD response: 40 blocks with 2 s ON and 10 s OFF 

and 10 blocks of 10 s ON and 50 s OFF (Figure 2.2c,d,e). 
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In both cases, an initial 50 s of baseline was applied. Figure 2.2 shows an example 

of two scans using both stimulation protocols: 40 blocks of 2 s stimulation each (Figure 

2.2c) and 10 blocks of 10 s stimulation (Figure 2.2d). The evoked response was faithful to 

the stimulation protocol in each case (Figure 2.2e). As the BOLD signal is characterised 

by a 1-2 s delay of response to the stimulus, and a 5-6 s dispersion period after the peak of 

amplitude, the 10 s ON and 50 s OFF protocol was adopted for the experimental work 

described in Chapter 3 in order to guarantee a complete return to baseline of the BOLD 

signal (Buxton, 2012). Specifically, after an initial 50 s of rest as a baseline, 10 s of either 

5, 10 or 20 Hz light pulses were followed by 50 s rest period in a 10-block design. An 

additional 50 s of rest was recorded after the last block of stimulation. 

 

Figure 2.2: Schematics of the principle of optogenetics and combination with fMRI 

 

a) Blue light-activated channelrhodopsin (473 nm) results in neuronal depolarisation following 

photostimulation. b) ofMRI design: the mouse is positioned onto a MRI-compatible cradle, and receives 

external photostimulation through an optic fibre. c,d) Different stimulation designs with 40 blocks of 2 s of 

stimulation and 10 blocks with 10 seconds of stimulation (e) corresponding BOLD responses, left and right 

respectively. 
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Experimental and control groups underwent the same imaging protocol, i.e., one 

resting-state scan followed by randomized 5 Hz, 10 Hz and 20 Hz evoked fMRI scans. 

Additionally, in order to exclude abnormal behaviour induced by the photostimulation 

protocol (Weitz et al., 2015), all animals underwent the three stimulation sessions (5 Hz, 

10 Hz and 20 Hz) again while awake and freely walking in a behaviour-chamber. 

 

2.2.9 OfMRI: data analysis 

Data for the ofMRI experiments was pre-processed identically to the rsfMRI data, 

as described in section 2.2.5. The ofMRI response was analysed using a general linear 

model (GLM) framework (fsl_glm). The stimulation paradigm and its first derivative were 

convolved using the default gamma function and used as regressors in the analysis, with 

motion parameters as covariates. 

 

2.2.10 Statistics and data availability 

For both the rsfMRI and ofMRI datasets, descriptive statistics are given as mean 

difference and 95th confidence interval, unless stated otherwise, and graphically 

represented as ‘Gardner–Altman plots’ (https://www.estimationstats.com/; Ho et al., 2019). 

If not specified, descriptive statistics are provided for left-hemisphere ROIs. The statistical 

threshold for significance was set at p < 0.05, two-tailed. The voxel-wise analysis was 

carried out with a non-parametric, permutation-based (5000 permutations) test 

(randomize). Cluster correction was carried out with threshold-free cluster enhancement 

(tfce). Thresholded t-statistics for one-and two-sample t-tests (p < 0.05, tfce corrected) are 

shown as a colour-coded overlay on the AIBS template. ROI analysis was carried out with 

a linear mixed model using genotype and age as fixed effects and individual intercepts as 
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random effects, using lme4 package (1.1-21) for R (https://cran.r-project.org/, 3.5.3, “Great 

Truth”). Significance was assessed with general linear hypothesis tests implemented in 

multicomp (1.4-10) package and corrected with false discovery rate. Both the rsfMRI and 

ofMRI datasets are publicly available on https://openneuro.org/; Project IDs: 

Mouse_rest_3xTG, Mouse_opto_3xTG. 

 

2.2.11 Ex vivo processing 

All the ex vivo processing of the experimental mice brains has been conducted 

through external collaboration with staff @ SBIC, A*STAR and the National University of 

Singapore. Specifically, Dr Sejin Lee and Mr Hangyu Bae in the Neuromodulation and 

Neurocircuitriy group @ SBIC have carried out slice electrophysiology in 8 experimental 

mice (Ncontrols = 4 and N3xTgAD = 4). Mr Seung Hyun Baek has carried out the 

immunohistochemistry stainings. Dr Chun-Yao Lee in Neuro Plasticity Group (NPG) @ 

SBIC has carried out the sliced optogenetics stimulation (Ncontrols = 1 and N3xTgAD = 1). Dr 

Jasinda Lee @ NUS has carried out ELISA assays. 

 

Patch-clamp recordings for ChR2 expression 

Experiments were performed on acute brain slices. Mouse brains were rapidly 

removed after decapitation and placed in high sucrose ice-cold oxygenated artificial 

cerebrospinal fluid (ACSF) containing the following (in mM): 230 sucrose, 2.5 KCl, 10 

MgSO4, 0.5 CaCl2, 26 NaHCO3, 11 glucose, 1 kynurenic acid, pH 7.3, 95% O2 and 5% 

CO2. Coronal brain slices were cut at a thickness of 250 μm using a vibratome (VT1200S; 

Leica Biosystems) and immediately transferred to an incubation chamber filled with ACSF 

containing the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 1.2 

NaH2PO4, 26 NaHCO3, and 11 glucose, pH 7.3, equilibrated with 95% O2 and 5% CO2. 

https://openneuro.org/
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Slices were allowed to recover at 32°C for 30 minutes and then maintained at room 

temperature. Experiments were performed at room temperature.  

Whole-cell patch-clamp recordings were performed on CaMKIIα-positive ENTl 

cells expressing ChR2-mCherry and were visualized using a CCD camera and monitor. 

Pipettes used for recording were pulled from thin-walled borosilicate glass capillary tubes 

(length 75 mm, outer diameter 1.5 mm, inner diameter 1.1 mm, WPI) using a DMZ Ziets-

Puller (Zeitz).  

Patch pipettes (2–4 MΩ) were filled with internal solution containing (in mM): 105 

K-gluconate, 30 KCl, 4 MgCl2, 10 HEPES, 0.3 EGTA, 4 Na-ATP, 0.3 Na-GTP, and 10 

Na2-phosphocreatine (pH 7.3 with KOH; 295 mOsm), for both voltage- and current-clamp 

recordings. Photostimulation (460 nm) was delivered by LED illumination system (pE-

4000). Several trains of square pulses of 20 ms duration with 5, 10, and 20 Hz, were 

delivered respectively under current-clamp mode (I = 0) to examine whether the neurons 

were able to follow high-frequency photostimulation.  

After different frequencies of photostimulation were completed, neurons were 

shifted to voltage-clamp mode (at -60 mV), and a prolonged square pulse of 500 ms 

duration was delivered, to further confirm whether ChR2-induced current could be seen on 

the recording neurons. The access resistance, membrane resistance, and membrane 

capacitance were consistently monitored during the experiment to ensure the stability and 

the health of the cell. 

 

Whole-cell current-clamp recordings 

After undergoing the scan at 6-months of age 8 mice (Ncontrols = 4, N3xTgAD = 4) 

from the ofMRI experimental mice were used for whole-cell patch recording in brain 

slices. An overdose of Ketamine/Xylazine (0.1 ml/kg) was administered prior to cardiac 
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perfusion with ice-cold, oxygenated (95% O2 and 5% CO2) NMDG-HEPES solution 

consisting of NMDG 93, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, glucose 25, 

sodium ascorbate 5, thiourea 2, sodium pyruvate 3, MgSO4 10, CaCl2 0.5 (in mM, pH 7.3-

7.4, 300-310 mOsm). After perfusion, the brain was sliced coronally at 350 µm thickness 

using a VT-1000 vibratome (Leica, Germany) in ice-cold, oxygenated NMDG-HEPES 

solution. Brain slices were transferred to pre-warmed NMDG-HEPES solution and 

recovered for 35 min with constant oxygenation at 37˚C. During the recovery, 250, 250, 

500, 1000, 2000 µL of 2 M NaCl solution were added at 10, 15, 20, 25 and 30 min, 

respectively, into 150 ml of the recovery solution.  

After recovery, brain slices were placed in HEPES-holding solution consisting 

NaCl 92, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, glucose 25, sodium ascorbate 5, 

thiourea 2, sodium pyruvate 3, MgSO4 2, CaCl2 2 (in mM, pH 7.3-7.4, 300-310 mOsm; 

Ting et al., 2018) at room temperature. For recording, brain slices were transferred to a 

recording chamber and perfused with ACSF solution consisting of NaCl 124, KCl 2.5, 

NaH2PO4 1.2, NaHCO3 24, HEPES 5, glucose 12.5, MgSO4 2, CaCl2 2 (in mM, pH 7.3-

7.4, 300-310 mOsm) at room temperature. Recording pipettes were prepared from 

borosilicate glass pipette using a P-1000 (Sutter instrument, USA) to 4-7 MΩ impedance.  

The current clamp recording was performed in infralimbic cortex layer 2/3 and 

dentate gyrus using recording pipettes filled with an internal solution consisting K-

gluconate 130, EGTA 0.1, MgCl2 1, HEPES 10, NaCl 5, KCl 11, phosphocreatine 5, Mg-

ATP 2, Na-GTP 0.3 (in mM, pH 7.3-7.4, 300-310 mOs). The data were collected and 

recorded by Multiclamp 700A amplifier (Axon Instruments, USA), Digidata 1550B (Axon 

Instruments, USA), pCLAMP v10 (Molecular Devices, USA), and HEKA ECP10 USB 

(HEKA Elektronik, Germany), PatchMaster v2x90.2. Only data that met the criteria 

(Leakage current, < 100 pA; R-series, <30 MΩ) were used for further analysis.  
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Neuronal intrinsic properties were analysed using AxoGraph X and statistical 

analysis conducted using Prism 7.0. The data was plotted by the mean number of action 

potential with SEM. The statistical significance was presented with asterisks (*p < 0.05, 

**p < 0.01 by Mann-Whitney U test). 

  

Immunohistochemistry 

Immunohistochemical analyses were performed as described previously (Baek et 

al., 2017). Briefly, brains of Ncontrols = 3 controls (3, 6 and 10 months of age) and N3xTgAD = 

3  (3, 6 and 10 months of age) were fixed by perfusion with 4% PFA in phosphate buffer 

saline (PBS) and then in PFA and 30% sucrose for 48 h at 4°C. Fixed brains were cut on a 

microtome (CM3050S, Leica Microsystems, Nussloch, Germany) as 45 μm-thick sections 

and collected into a cold cryoprotectant solution (80 mM K2HPO4, 20 mM KH2PO4, 154 

mM NaCl, 0.3 g/ml sucrose, 0.01 g/ml polyvinylpyrrolidone, 30% vol/vol ethylene glycol). 

 Sections were washed 5 times for 3 minutes in 1 x PBS and blocked in 5% FBS 

with 0.1% Triton X-100 for 1 hour, followed by overnight incubation with the primary 

antibody in blocking solution at 4°C.  

The brain sections were immunostained with primary antibodies against Aβ (6e10, 

Covance Research Products Inc Cat #SIG-39300-1000 RRID: AB_10175637) and 

phospho-tau (AT8 ThermoFisher Scientific, Cat. #MN1020). After the primary antibody 

binding step sections were washed 5 times in 1 x PBS for 3 min and then incubated with 

anti-mouse Alexa 488 or anti-rabbit Alexa 594 for 2 hours followed by washing 3 times 

with 1 x PBS for 3 minutes.  

Sections were then mounted with DAPI plus mounting media on slides. All pictures 

were taken by using a confocal microscope with a 40× objective. 
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ELISA diagnostic assay 

Briefly, brains were homogenized in Tris-HCl buffer and agitated for 30 minutes 

before centrifugation at 6000 g. The supernatant was used for the detection of soluble Aβ40-

42 and the pellet was re-suspended in Tris-HCl and 10 μl was used for further processing 

for insoluble Aβ ELISA as recommended by the ELISA kit (incubation with 5 M 

Guanidine to solubilize any aggregates and diluted before adding into ELISA plates). 

Samples were diluted only when necessary (phospho-tau and total tau were diluted 2x, no 

dilution for Aβ ELISAs). As readings may be affected by how much of the sample was 

loaded into each well, we normalized ELISA results to protein assay results of the same 

fraction, hence, the final units are in picogram of Aβ or tau in per milligram of protein 

(pg/mg protein). 

 

Ex vivo histology for mCherry expression 

After the completion of experiments, animals were injected with an overdose of 

Ketamine/Xylazine and transcardially perfused with PBS, 0.01 M followed by 4% PFA in 

0.01 M PBS. After extraction, the brain was post-fixed in 4% PFA overnight. Brain 

sections of 50 μm were cut with a vibratome (VBT1200s, Leica); fluorophore expression, 

together with Hoechst staining, was checked through a confocal microscope Ti-E; DS-Qi2; 

Fluorescence, SBIC-Nikon Imaging Center, Singapore) for anatomical confirmation of 

viral infection and fibre optic cannula positioning. 

 

2.3 In vivo electrophysiology 

Acute in vivo electrophysiology to record electrically-evoked Local Field Potentials 

(LFP; 0.1 to 200 Hz) was carried out on 3xTgAD mice and age-matched controls to assess 

functional connectivity (input-output function) and synaptic short-term plasticity (paired-
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pulse facilitation) at two age points: 3-4 and 6-7 months of age. Male controls (total N = 

11) and 3xTgAD (total N = 10) were used for all experiments. Specifically, Ncontrols = 7 and 

N3xTgAD = 6  underwent 3 months old time-point experiments. Additionally, Ncontrols = 4 and 

N3xTgAD = 4 mice underwent 6 months old time-point experiments. 

 

2.3.1 Anaesthesia and surgery 

All in vivo electrophysiological experiments were conducted using urethane general 

anaesthesia via single intraperitoneal (i.p.) injection (1.5-1.7 g/kg of urethane as a 30 % 

w/v solution prepared in 0.9% saline; ethyl carbamate Sigma, UK). An additional dose was 

administered after 40 minutes in cases of non-complete areflexia (50 μl of 10 % w/v 

urethane solution prepared in 0.9 % saline). Body temperature was maintained at 37°C 

throughout the duration of the whole experiment with the use of a homoeothermic blanket 

(Harvard, UK) connected to a thermistor placed underneath the abdomen. Once fully 

anaesthetized mice were mounted and fixed into a stereotaxic frame (Kopf 1430, USA), 

through the use of ear and mouth bars, prior to surgery. Care was taken to position the 

skull on a horizontal plane connecting Bregma and Lambda. 

For each mouse, in order to expose the skull, a midline incision was made and the 

scalp retracted. After identifying Bregma and Lambda, the distance between the two 

landmarks was measured and compared to the standard 4.2 mm reported in the mouse 

brain atlas (Paxinos and Franklin, 2004). Scaling between the two measurements allowed 

an adjustment for the coordinates of the craniotomies, in order to improve the accuracy of 

electrode placement. Craniotomies were drilled over the left hemisphere using a 0.9 mm 

drill bit (Fine Science Tools, Germany) and a high-speed hand-held drill (Foredom, USA). 

Care was taken to maintain the brain and the craniotomy sites moist during the whole 

surgery procedure with sterile saline.  
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2.3.2 Electrode placement 

The skull was marked relative to Bregma and the midline for craniotomies in the 

left hemisphere above BLA, ENTl and DG (Table 2.1). The first recording electrode was 

lowered 4 mm into the brain to enter BLA at an angle of 15° from vertical in the coronal 

plane. Then the recording electrode for the DG region was lowered for 4 mm vertically 

into the brain. Finally, the stimulating electrode was placed in the ENTl region, starting at 

a depth of 3 mm. The stimulation electrode depth was then adjusted according to the 

response strength obtained during test 50 ms interval paired-pulse stimulation at 0.33 Hz 

(Figure 2.3). 

 

Table 2.1: Coordinates for electrodes positioning according to Paxinos atlas. AP: anterior-posterior; 

ML: medio-lateral; DV: dorso-ventral 

 

 BLA ENTl DG 

AP (mm) -2.5 -2.8 -3.5 

ML (mm) +2 +4.2 +2.5 

DV (mm) -4 -2.6 -4 

Angle (º) 15º 0º 0º 

 

 

The recording electrodes were 2 x 16 32-contact probes (A2x16-10-100-500-413, 

NeuroNexus Technologies, MI). Each electrode consisted of 2 shanks, each containing 16 

signal recording electrode contacts (numbered 1-16 and 17-32), which will be called 

‘channels’ in the rest of the work. The distance between the two shanks was 500 μm, the 

16 channels per shank were distributed over 1500 μm of length as the channels were 
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separated by 100 μm (Figure 2.3a,b,c). The area of each recording contact was 413 μm2. 

Recording electrodes were coated in Vibrant CM-DiI (Sigma, UK) cell-labelling solution 

prior to insertion for their post-mortem localisation by fluorescence microscopy. 

 

 

 

 

Figure 2.3: schematic for electrodes positioning in BLA, ENTl and DG 

 

a) Setup for in vivo electrophysiological recordings in DG and BLA, and stimulation in ENTl in the left 

hemisphere. b) Representation of the Neuronexus 2 x 16 32-contact probes. Distance between the twin 

shanks = 500 μm, length of each shank 1500 μm, distance across channels = 100 μm. Only 8 of 16 contacts 

shown for clarity. c) Sagittal view of the three ROIs: BLA (green section), ENTl (purple section), DG 

(yellow section). d) Coronal sections of the ROIs: diagram to show target locations for recording electrodes 

in BLA, and DG (left and right panels) and stimulating electrode in ENTl (middle panel). Coordinates per 

each location are given in mm in each panel as anterior-posterior; medio-lateral; dorso-ventral; angle of the 

electrode. scale bar: 1000 μm 

  

The electrodes were used to record evoked responses during electrical stimulation 

patterns. Graphics for electrodes position is shown in Figure 2.3d and histological 

evidence for the final placement of the recording electrodes and stimulating electrode are 
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shown in Figure 2.4. A bipolar stimulating electrode (twisted 125μm diameter Teflon-

insulated stainless-steel wires; Advent RM, UK) was positioned at the surface of the cortex 

and then slowly lowered during stimulus delivery until the ENTl was reached and a 

characteristic evoked laminar profile was seen (reported in Chapter 3). Stimuli were 0.2 ms 

duration and delivered via a constant-current device (DS3, Digitimer, UK). 

 

 

Figure 2.4: Histology for the location of the electrodes 

 

DiI fluorescence showing the electrode location within the BLA and DG regions (a,b) respectively. c) Final 

placement of the stimulating electrode targeting the ENTl. scale bar: 1000 μm 

 

Stimulus patterns included paired-pulses (pairs of stimuli provided at varying 

intervals; see below) to measure both short-term plasticity (STP) over a range of inter-

pulse intervals (see below) and functional connectivity (input/output; I/O) over a range of 

stimulus intensities (see below). Electrical stimuli were triggered by analogue 5 V square 

wave pulses from a PCI card (PCI-6071E, National Instruments, UK). Stimulation patterns 

were implemented with custom-designed programs written in LabVIEW (v8, National 

Instruments, UK). Data were recorded to disk as PLX/DDT files (Plexon data file types; 

Plexon, USA) using a Recorder64 system (Plexon, USA) after digitization at 10 kHz (12-

bit A/D) per channel and bandpass filtering (0.1 - 1 kHz). Amplification was normally 
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500x overall via a 20x headstage amplifier and further amplification set via software on the 

PC-mounted Recorder64 system PCI data acquisition card. To confirm that electrodes were 

accurately placed within DG and BLA, single stimulus pulses (300 μA) were applied to the 

ENTl until characteristic evoked response profiles were detected. 

 

2.3.3 Stimulation protocols 

Input/output curve (IOC) 

After obtaining a typical response profile in DG and BLA through stimulation of 

ENTl, the I/O curve (IOC) was constructed by applying pairs of pulses at 50 ms interval, 

characterised by increasingly strong stimulation to assess how the recorded response 

changed as a function of input strength. Stronger stimulation should recruit more 

fibres/synapses and result in a larger response; thus, the IOC reflects the effective range of 

synaptic connectivity. The range of current intensities was 180, 300, 450 and 600 μA. 

Stimuli at each intensity were delivered 20 times with an inter-stimulus interval of 3 s. 

Evoked responses were considered to be monosynaptic field excitatory postsynaptic 

potential (fEPSP) as these were consistent with previous literature (Davis et al., 2014; 

Maren and Fanselow, 1995). The initial fEPSP slope to each first stimulus of each pair was 

measured using a custom script in R (Figure 2.5). The input current parameter for the 

Paired-Pulse recordings was then set to that which produced the half-maximal response on 

the IOC (i.e., 50% of the current required to elicit a maximal fEPSP). In the majority of 

cases, the 50% value was 300 μA. 

 

Paired-Pulse stimulation (PPS) 

Paired-pulses were delivered with a current intensity of 300 μA (50 % of IOC), 

changing the interval within the pair every 20 repetitions. The range of intervals was 20, 
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50, 100, 200, 500 and 1000 ms. A custom-made R script was used to measure the initial 

slopes of the fEPSP for pulses 1 and 2 (P1 and P2 respectively), averaged across the 20 

pairs, in order to detect any paired-pulse facilitation or depression (Figure 2.5). Depression 

(PPD) could be identified by a decrease in the response to the second pulse, i.e., P2 would 

be less steep than P1, and vice versa for paired-pulse facilitation (PPF). PPF/PPD provides 

an index for the capacity of synaptic connections to express short-term plasticity, a form 

‘memory’ for prior synaptic activity that only persists for the duration of the stimulus 

(Zucker, 1989). 

 

2.3.4 Data analysis 

All data were imported offline into Spike2 (CED Cambridge, UK) and saved as text 

files to be processed with custom made R scripts. 

 

Current source density 

In order to obtain a spatiotemporal map of synaptic activity along each shank in 

BLA and DG, current source density (CSD) analysis was carried out, which allowed us to 

establish local presence and direction of current flow. This technique helps to ensure that 

recorded potentials are being generated from activated tissue local to the electrode rather 

than being volume conducted purely via the extracellular space from synaptic activation at 

a distance. The latter would have zero value in a CSD analysis. Calculated non-zero CSD 

values are thought to represent current flow into and out of local neurons as a result of 

locally-active synapses (producing removal (sink) or addition (source) of currents from 

activation of those synapses).  

The analysis of CSD assumes that the tissue conductivity within the ROI is 

homogeneous. 



 
81 

 

The general formula for computing CSD values is: 

 

CSD (h, t) = σh (Φ (h - nΔh, t) - 2Φ (h, t) + Φ (h + nΔh, t)) / (nΔh)2   (2) 

 

Where σh is the tissue conductivity (assumed to be constant), Φ (h,t) is the field 

potential at a given time (t) and depth (h), Δh is equal to the distance between channels in 

one electrode, i.e. 100 μm for neighbouring electrodes, and n corresponds to the spatial 

smoothing value (Freeman and Nicholson, 1975). In these experiments, we chose to 

calculate the CSD from neighbouring channels, so our spatial smoothing factor was 1. The 

PPS recording for 50 ms interval was selected for CSD analysis, from each animal. The 20 

pairs of stimuli were averaged and a contour plot for CSD values was performed in 

Origin®. Current sources in the CSD analysis were visualized in red, whereas sinks in blue 

and zero-value regions in green. The CSD visualization per each shank per each mouse 

provided an informative overview of the current sources and sinks anatomically aligned 

with the 16 channels in each electrode’s shank, facilitating the choice of the channels to 

analyse for IOC and PPS protocols. 

 

IOC and PPS 

For IOC, used to assess changes in functional connectivity (FC), the slope of the 

average P1 fEPSP in each pair was used to plot the curve. For PPS, in order to measure the 

value of PPF or PPD short-term plasticity, the paired-pulse index (PPI) was calculated 

using P1 and P2 initial fEPSP slopes with the following formula (Figure 2.5). 

 

𝑃𝑃𝐼   =  (𝑃2  − 𝑃1)/ 𝑃1       (3) 
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As a result, PPI > 0 represents enhanced short-term plasticity (P2 > P1), defined as 

PPF; PPI < 0 represents a depression of short-term plasticity, therefore PPD (P2 < P1). 

Responses to the IOC (initial slope for P1) and PPI (ratio between P2 and P1) paradigms, 

in BLA and DG at the two age groups, were analysed separately with a linear mixed model 

analysis, using ROI, age, genotype, amplitude or intervals (for IOC and PPS respectively), 

and their mutual interactions as fixed effects; animal intercepts and repetitions of 

stimulation (20 times each) as random effects using R package lme4. 

 

 

Figure 2.5: An example of the measurement of paired-pulse and I/O slopes in BLA 

 

Left: example of one paired-pulse response in 3xTgAD mouse (3 months old, 50 ms PPS interval). P1 

indicates the slope for the fEPSP response to Pulse 1, P2 indicates the second response, i.e. slope for the 

response to Pulse 2. The red lines indicate the two stimuli. Right: expanded view of P2; here, the red lines 

define the interval, for measuring the fEPSP slope; the blue line indicates the portion of the response 

measured as the initial slope of the fEPSP. This value was calculated as the slope of the blue line. This was 

always taken from the straightest portion of the initial responses. 

  

Interaction effects were determined using a likelihood ratio test. A post-hoc 

analysis was performed after a general linear hypothesis test using contrast to determine 

genotype effects at each stimulation amplitude or interval. Correction for multiple 

comparisons was implemented during the contrast analysis using the R package multcomp 

(Bates et al., 2015; Bretz et al., 2016). Data are plotted as mean ± standard error (SEM). 
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2.3.5 Perfusion 

At the end of the experiment, an additional volume of anaesthesia with urethane 

(30%) was administered to the animals (i.e., terminal anaesthesia). The animals were then 

transcardially perfused with 0.9 % saline, followed by 4 % paraformaldehyde (PFA). The 

brain was then extracted and stored in 4 % PFA in a refrigerator for at least 24 hours. Prior 

to sectioning, the brain was transferred into a 30 % sucrose solution until it sank for 

cryoprotection. 

 

2.3.6 Histology 

Once sunk in sucrose the left hemisphere was removed, mounted in Tissue-Tek 

(source) on a freezing stage and coronal sections 50 µm thick were made using a 

microtome (Leica, UK). Slices were then mounted on subbed slides and allowed to dry 

overnight in absence of light. Finally, the slices were sent to the Bioimaging Centre in the 

Faculty of Biology, Medicine and Health at the University of Manchester and 

photographed using a 3D Histech, Pannoramic 250 Flash III digital slide scanner system 

(3DHistech, Hungary). The images were viewed using CaseViewer software (3DHistech, 

Hungary) in order to detect the fluorescence from the electrode tracks.  
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~ Chapter 3 ~  

Paper 1 

Rationale behind Paper 1 

The project described in this thesis was made possible through a mutli-site collaboration, 

between the University of Manchester and the Singapore Bioimaging Consortium. The major 

advantage of this collaboration was the ability to adopt different techinques to investigate the early 

stages of AD-like pathology in the young 3xTgAD mouse model. The overall aim of this project 

was to integrate a variety of techniques in order to exploit their relative advantages and to 

overcome their limitations, by combining the different readouts in the same framework.  

Thus, firstly, fMRI recordings of the resting-state brain were acquired. Although this is not 

cell-specific and only reports neuronal activity indirectly, resting-state fMRI is beneficial in that it 

provides non-invasive information about FC in both healthy and diseased brain states. The non-

invasive nature of fMRI renders it a fundamental tool for translation between pre-clinical and 

clinical research: when applied to an animal model, it can bring crucial insight into the pathological 

changes in FC and, by extension, can aid the interpretation of FC changes in the human brain.  

A great advantage of using animal models is that fMRI can be used during invasive 

manipulation of specific neuronal populations, which is unacheivable in patients. To take 

advantage of this my second step in this Paper was to optogenetically-induce manipulation of 

excitatory neurons in the left ENTl in combination with whole-brain fMRI readout. This was a 

logical subsequent step that provided further information on the relationship of BOLD fMRI signal 

to synaptic activity (the latter will be further probed directly with in vivo electrophysiology in 

Paper 2, Chapter 4).  
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3.1 Abstract 

Alzheimer’s disease is the most common cause of dementia and is distinguished by the 

progressive accumulation of toxic neuritic plaques and neurofibrillary tangles in the brain. 

Recently, research has shifted the attention towards investigating the early pre-plaque stage of 

pathology. Animal models, which recapitulate aspects of this pathology, have proven useful in 

exploring underlying mechanisms associated with the disease, such as depicting functional changes 

in the brain with ultra-high field fMRI. 

Here, we firstly assessed spontaneous activity in the 3xTgAD mouse model for cerebral 

amyloidosis and tau hyperphosphorylation, at 3 and 6 months of age. We hypothesised that 

functional connectivity would decrease within, and in relation to, orthologous areas to the human 

temporal lobes, which are the earliest cortical areas to be affected in pre-AD subjects. Secondly, we 

combined optogenetic stimulation with fMRI in order to gather neuronal-specific signatures from 

the BOLD signal of fMRI. Resting-state fMRI results confirmed a loss of local functional 

connectivity in 3xTgAD mice compared to controls, and a decrease in functional connectivity 

encompassing distal brain regions, relative to the entorhinal cortex. The optogenetic activation of 

entorhinal pyramidal neurons showed, instead, increased responses in 3xTgAD compared to 

controls, at both ages.  

We conclude that, by 3 months of age, 3xTgAD mice show decreased functional coupling 

in the entorhinal cortex during spontaneous activity. This converts to increased activity in major 

hubs for cerebral amyloidosis upon strong experimental activation, thus suggesting an increase in 

metabolic demand in pathology, possibly as a result of heightened synaptic activity. This study 

brings supporting evidence for a functional reorganization of the brain within the early stages of 

AD-like pathology, in line with several empirical findings in humans at risk of developing AD. 
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3.2 Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disease characterised by 

progressive cognitive decline and pathological accumulation of beta-amyloid (Aβ) 

products and phosphorylated tau protein in the brain as Aβ plaques and neurofibrillary 

tangles (NFTs), respectively (Braak and Braak, 1995, 1991). Cognitive decline in AD 

patients is initially manifested through episodic memory deficits and then progresses to 

emotional memory and learning impairment, fear, anxiety (Bäckman and Small, 2007; 

Dere et al., 2010; Gilboa et al., 2006; Paz and Pare, 2013). With currently no effective 

treatment, AD is predicted to affect 75.6 million people worldwide by 2030 and has a 

significant patient and economic impact (Mount and Downton, 2006; Vradenburg, 2015). 

AD development is manifested as progressive brain atrophy detectable with structural MRI 

and Aβ deposition revealed by PET (Jack et al., 2010).  

Growing evidence indicates that functional magnetic resonance imaging (fMRI) 

markers, either acquired at rest (rsfMRI) or evoked during tasks, provide one of the earliest 

indicators of pathology and may predict disease progression (Sperling et al., 2011). 

Functional biomarkers are sensitive to mild cognitive impairment (MCI) and also seen in 

groups at risk of AD, such as mid-life APOEε4 carriers (Chen et al., 2013; Filippini et al., 

2009). However, variability in study methodology, exclusion/inclusion criteria, 

presentation of co-morbidities and limitations in performing invasive experiments in 

humans highlight the difficulties in obtaining a clear understanding of the functional 

landscape in the early stages of the pathology. 

To address some of these limitations we first sought to investigate the relationship 

between the multitude of functional readouts derived from fMRI (Buxton, 2012; Smitha et 

al., 2017) during the early stages of cerebral amyloidosis and tau pathology. Secondly, we 

sought to reveal the neuronal substrate underlying these functional alterations. Finally, we 
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tested for disease-relevant enabling factors whose expression correlated with functional 

deficits concurrently with the AD-associated molecular substrate. To address these 

outstanding questions, we measured fMRI both at rest (rsfMRI; Gozzi and Schwarz, 2016; 

Grandjean et al., 2014b) and concurrently with optogenetics (ofMRI; Grandjean et al., 

2019b; Lee et al., 2010) in the 3xTgAD model. This model expresses human PS1M146V, 

APPSWE and tauP301L mutations (Oddo et al., 2003), thus recapitulating major aspects of 

AD. In particular, it displays a prolonged pre-plaque stage of intracellular Aβ accumulation 

in AD-related regions (hippocampal formation, amygdala and cortex) with the appearance 

of both cognitive impairment and synaptic dysfunction at a young age (Billings et al., 

2005). Aβ plaques and NFTs aggregates appear later in the life cycle, often from 

approximately 9-10 months of age.  

This model was selected as its behavioural profile replicates cognitive symptoms 

found in MCI, namely, perturbed emotion and episodic-like memory at young ages 

(Billings et al., 2005; Davis et al., 2013b; España et al., 2010). For these reasons, we 

hypothesize that functional changes would be present within, and relative to, the lateral 

entorhinal cortex (ENTl), a region at the interface between neocortex and hippocampus 

proper, fundamental for the formation, retrieval and consolidation of memories (Palop et 

al., 2006; Petrache et al., 2019).  

The ENTl has been shown to be among the earliest targets of AD development 

(Van Hoesen et al., 1991). In animals, it represents one of the earliest regions affected by 

neuronal hyperexcitability and synaptic imbalance in mouse models for AD, such as the 

knock-in model APPNL-F/NL-F (Petrache et al., 2019). Hence, we hypothesized that in the 

early stages of cerebral amyloidosis and tau pathology 3xTgAD mice would result in 

functional connectivity changes in this region at rest and this would be further potentiated 

by optogenetic activation of ENTl projections to drive global neuronal network imbalance. 
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3.3 Method 

3.3.1 Animals 

All applicable international, national, and/or institutional guidelines for the care and 

use of animals were followed. All procedures performed in studies involving animals were 

in accordance with the ethical standards of the Institutional Animal Care and Use 

Committee (A*STAR Biological Resource Centre, Singapore, IACUC #171203). Male 

129sv/c57bl6 controls (total N = 29) and 3xTgAD (total N = 31) were used for all the 

experiments. Specifically, Ncontrols = 10 and N3xTgAD = 19 underwent rsfMRI experiments. 

Additionally, Ncontrols = 19 and N3xTgAD = 12 mice underwent ofMRI experiments. Specific 

breakdown of animals group sizes is found per experiment. 

 

3.3.2 Optogenetic surgery 

Male 129sv/c57bl6 and 3xTgAD mice (~30 g, N = 19, N = 12 respectively) were 

anaesthetised with a mixture of Ketamine/Xylazine (Ketamine 75 mg/kg, Xylazine 10 

mg/kg). The scalp was shaved and then cleaned with Betadine® and ethanol (70%). 

Lidocaine was administered subcutaneously, in situ. Each animal was kept on a warm pad 

to prevent hypothermia, and the head was positioned in a stereotaxic frame with protective 

ophthalmic gel applied to avoid corneal drying. A portion of the skin from the scalp was 

removed to expose the skull. Perforation of the skull was performed with a hand-held 

surgical drill (drill bit tip Ø .9 mm2) to create a small craniotomy -2.8 mm from bregma 

and +4.2 mm left from the middle line.  

Virus injection was carried through the craniotomy at -2.8 to -2.7 mm from the 

brain surface and the cannula tip position was adjusted to -2.6 mm from the surface. 

Coordinates were taken from the Paxinos mouse brain atlas (Paxinos and Franklin, 2004). 

An injection of adeno-associated virus (AAV) was performed at the target through a 
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precision pump (KD Scientific Inc., Harvard Bioscience) with a 10 µl NanoFil syringe 

with a 33-gauge beveled needles (NF33BV-2). The injected AAVs were AAV5-CaMKIIα-

hChR2 (H134R)-mCherry (Ncontrols = 10, N3xTgAD = 12) or AAV5-CaMKIIα-mCherry 

(Ncontrols-mCherry = 9 with no opsin), titer 1-8 x 1012 vg/ml, acquired from Vector Core at the 

University of North Carolina (USA). 

A total volume of 0.75 µl of AAV was injected in each mouse at a rate of 0.15 

µl/min. The injection needle was kept in location for 10 minutes after the injection was 

completed, to exclude backflow. After the needle extraction, a fibre optic cannula (Ø 200 

μm, 0.39 NA, length according to injection site, Ø 1.25 mm ceramic ferrule) was lowered 

to the region targeted for AAV (Laser 21 Pte Ltd, Singapore; Hangzhou Newdoon 

Technology Co. Ltd, China). The cannula was fixed in place with dental cement 

(Meliodent rapid repair, Kulzer). Buprenorphine was administered post-surgery to each 

animal. Animal recovery took place on a warm pad. 

 

3.3.3 Animal preparation for imaging 

Animal preparation followed (Grandjean et al., 2014a). Anaesthesia was induced 

with 4% isoflurane; subsequently, the animals were endotracheally intubated, placed on an 

MRI-compatible cradle and artificially ventilated (90 breaths/minute; Kent Scientific 

Corporation, Torrington, Connecticut, USA). A bolus with a mixture of medetomidine 

(Dormitor, Elanco, Greenfield, Indiana, USA) and Pancuronium Bromide (muscle relaxant, 

Sigma-Aldrich Pte Ltd, Singapore) was administered subcutaneously (0.05 mg/kg), 

followed by a maintenance infusion (0.1 mg/kg/hr) administered 5 minutes later while 

isoflurane was simultaneously reduced and kept to 0.5%. Functional MRI was acquired 20 

min following maintenance infusion onset to allow for the animal state to stabilize. Care 

was taken to maintain the temperature of the animals at 37°C. 
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3.3.4 Data acquisition and stimulation protocols 

Data were acquired on an 11.75 T (Bruker BioSpin MRI, Ettlingen, Germany) 

equipped with a BGA-S gradient system, a 72 mm linear volume resonator coil for 

transmission. A 2×2 phased-array cryogenic surface receiver coil was adopted for the 

rsfMRI experiment (N = 29) and a 10 mm single loop surface coil for ofMRI experiments 

(N = 31). Images were acquired using Paravision 6.0.1 software. 

For the rsfMRI data acquisition, an anatomical reference scan was acquired using a 

spin-echo turboRARE sequence: field of view (FOV) = 17×9 mm2, FOV saturation slice 

masking non-brain regions, number of slices = 28, slice thickness = 0.35, slice gap = 0.05 

mm, matrix dimension (MD) = 200×100, repetition time (TR) = 2750 ms, echo time (TE) 

= 30 ms, RARE factor = 8, number of averages = 2. Functional scans were acquired using 

a gradient-echo echo-planar imaging (EPI) sequence with the same geometry as the 

anatomical: MD = 90×60, TR = 1000 ms, TE = 15 ms, flip angle = 50°, volumes = 600, 

bandwidth = 250 kHz.  

Parameters for the ofMRI data acquisition were adapted to the lower sensitivity of 

the room-temperature receiver coil. The anatomical reference scan was acquired using 

FOV = 20×10 mm2, number of slices = 34, slice thickness = .35, slice gap = 0 mm, MD = 

200×100, TR = 2000 ms, TE = 22.5 ms, RARE factor = 8, number of averages = 2.  

Functional scans were acquired using FOV = 17×9 mm2, FOV saturation slice 

masking non-brain regions, number of slices = 21, slice thickness = 0.45, slice gap = 0.05 

mm, MD = 60×30, TR = 1000 ms, TE = 11.7 ms, flip angle = 50°, volumes = 720, 

bandwidth = 119047 Hz. Field inhomogeneity was corrected using MAPSHIM protocol. 

ChR2 stimulation was provided through a blue-light laser (473 nm, LaserCentury, 

Shanghai Laser & Optic Century Co., Ltd) controlled by in-house software (LabVIEW, 

National Instruments).  
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The power of the laser (measured in continuous mode) was of 15 mW/mm2. After 

an initial 50 s of rest as a baseline, 10 s of 5, 10 or 20 Hz light pulses were followed by 50 

s of rest period, in a 10-block design fashion. An additional 60 s of rest was recorded after 

the last block of stimulation.  

Experimental and control groups underwent the same imaging protocol, i.e., one 

resting-state scan followed by randomized 5 Hz, 10 Hz, 20 Hz evoked fMRI scans. 

Additionally, to exclude any abnormal behaviour induced by the photostimulation protocol 

(Weitz et al., 2015), all animals underwent the three stimulation sessions (5 Hz, 10 Hz and 

20 Hz) again while awake and freely walking in a behaviour-chamber. 

 

3.3.5 fMRI analysis 

Images were processed using a protocol optimized for the mouse. Images were 

corrected for spikes (3dDespike, AFNI; Cox, 1996), motion (mcflirt, FSL; Smith et al., 

2004), and B1 field inhomogeneity (fast). Automatic brain masking was carried out on the 

EPI using bet, following smoothing with a 0.3 mm2 kernel (susan), and a 0.01 Hz high-

pass filter (fslmaths). Nuisance regression was performed using FIX (Zerbi et al., 2015). 

Separate classifiers were generated for rsfMRI and ofMRI. The EPIs were registered to the 

Allen Institute for Brain Science (AIBS) reference template ccfv3 using SyN 

diffeomorphic image registration (antsIntroduction.sh, ANTS; Avants et al., 2009). 

Local connectivity was assessed with Regional Homogeneity (ReHo, 3dReHo; Wu 

et al., 2017; Zang et al., 2004). Pair-wise region-of-interest (ROI) analysis was carried out 

with respect to ROIs defined in the AIBS atlas. Time series extracted with the atlas were 

cross-correlated to the time series from the ENTl using Pearson’s correlation. ofMRI 

response was examined using a general linear model (GLM) framework (fsl_glm).  
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The stimulation paradigm and its first derivative were convolved using the default 

gamma function and used as regressors in the analysis, with motion parameters as co-

variates. 

 

3.3.6 Ex vivo processing 

Patch-clamp recordings for ChR2 expression 

Experiments were performed on acute brain slices. Mouse brains were rapidly 

removed after decapitation and placed in high sucrose ice-cold oxygenated artificial 

cerebrospinal fluid (ACSF) containing the following (in mM): 230 sucrose, 2.5 KCl, 10 

MgSO4, 0.5 CaCl2, 26 NaHCO3, 11 glucose, 1 kynurenic acid, pH 7.3, 95% O2 and 5% 

CO2. Coronal brain slices were cut at a thickness of 250 μm using a vibratome (VT1200S; 

Leica Biosystems) and immediately transferred to an incubation chamber filled with ACSF 

containing the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 1.2 

NaH2PO4, 26 NaHCO3, and 11 glucose, pH 7.3, equilibrated with 95% O2 and 5% CO2. 

Slices were allowed to recover at 32° C for 30 minutes and then maintained at room 

temperature. Experiments were performed at room temperature.  

Whole-cell patch-clamp recordings were performed on CaMKIIα-positive ENTl cells 

expressing ChR2-mCherry and were visualized using a CCD camera and monitor.  

Pipettes used for recording were pulled from thin-walled borosilicate glass capillary 

tubes (length 75 mm, outer diameter 1.5 mm, inner diameter 1.1 mm, WPI) using a DMZ 

Ziets-Puller (Zeitz). Patch pipettes (2–4 MΩ) were filled with internal solution containing 

(in mM): 105 K-gluconate, 30 KCl, 4 MgCl2, 10 HEPES, 0.3 EGTA, 4 Na-ATP, 0.3 Na-

GTP, and 10 Na2-phosphocreatine (pH 7.3 with KOH; 295 mOsm), for both voltage- and 

current-clamp recordings. Photostimulation (460 nm) was delivered by LED illumination 

system (pE-4000). Several trains of square pulses of 20 ms duration with 5, 10, and 20 Hz, 
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were delivered respectively under current-clamp mode (I = 0) to examine whether the 

neurons were able to follow high-frequency photostimulation. After different frequencies 

of photostimulation were completed, neurons were shifted to voltage-clamp mode (at -60 

mV), and a prolonged square pulse of 500 ms duration was delivered, to further confirm 

whether ChR2-induced current could be seen on the recording neurons. The access 

resistance, membrane resistance, and membrane capacitance were consistently monitored 

during the experiment to ensure the stability and the health of the cell. 

 

Whole-cell current-clamp recordings in the infralimbic cortex and dentate gyrus 

After undergoing the scan at 6-months of age 8 mice (Ncontrols = 4, N3xTgAD = 4) 

from the ofMRI experimental mice were used for whole-cell patch recording in brain 

slices. An overdose of Ketamine/Xylazine (0.1 ml/kg) was administered prior to cardiac 

perfusion with ice-cold, oxygenated (95% O2 and 5% CO2) NMDG-HEPES solution 

consisting of NMDG 93, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, glucose 25, 

sodium ascorbate 5, thiourea 2, sodium pyruvate 3, MgSO4 10, CaCl2 0.5 (in mM, pH 7.3 - 

7.4, 300-310 mOsm). 

After perfusion, the brain was sliced coronally at 350 µm thickness using a VT-

1000 vibratome (Leica, Germany) in ice-cold, oxygenated NMDG-HEPES solution. Brain 

slices were transferred to pre-warmed NMDG-HEPES solution and recovered for 35 min 

with constant oxygenation at 37˚C. During the recovery, 250, 250, 500, 1000, 2000 µL of 2 

M NaCl solution were added at 10, 15, 20, 25 and 30 min, respectively, into 150 ml of the 

recovery solution. After recovery, brain slices were placed in HEPES-holding solution 

consisting NaCl 92, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, glucose 25, sodium 

ascorbate 5, thiourea 2, sodium pyruvate 3, MgSO4 2, CaCl2 2 (in mM, pH 7.3 - 7.4, 300-

310 mOsm; Ting et al., 2018) at room temperature.  
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For recording, brain slices were transferred to a recording chamber and perfused 

with ACSF solution consisting of NaCl 124, KCl 2.5, NaH2PO4 1.2, NaHCO3 24, HEPES 

5, glucose 12.5, MgSO4 2, CaCl2 2 (in mM, pH 7.3-7.4, 300-310 mOsm) at room 

temperature. Recording pipettes were prepared from borosilicate glass pipette using a P-

1000 (Sutter instrument, USA) to 4-7 MΩ impedance. The current clamp recording was 

performed in infralimbic cortex layer 2/3 and dentate gyrus using recording pipettes filled 

with an internal solution consisting K-gluconate 130, EGTA 0.1, MgCl2 1, HEPES 10, 

NaCl 5, KCl 11, phosphocreatine 5, Mg-ATP 2, Na-GTP 0.3 (in mM, pH 7.3-7.4, 300-310 

mOsm). The data were collected and recorded by Multiclamp 700A amplifier (Axon 

Instruments, USA), Digidata 1550B (Axon Instruments, USA), pCLAMP v10 (Molecular 

Devices, USA), and HEKA ECP10 USB (HEKA Elektronik, Germany), PatchMaster 

v2x90.2. Only data that met the criteria (Leakage current, < 100 pA; R-series, < 30 MΩ) 

were used for further analysis. Neuronal intrinsic properties were analysed using 

AxoGraph X and statistical analysis conducted using Prism 7.0. The data were plotted as 

the mean of the number of action potential with SEM. The statistical significance was 

presented with asterisks (*p<0.05, **p<0.01 by Mann-Whitney U test). 

 

Immunohistochemistry 

Immunohistochemical analyses were performed as described previously (Baek et 

al., 2017). Briefly, brains of Ncontrols = 3 (3, 6 and 10 months of age) and N3xTgAD = 3 (3, 6 

and 10 months of age) were fixed by perfusion with 4% PFA in phosphate buffer saline 

(PBS) and then in PFA and 30% sucrose for 48 h at 4°C. Fixed brains were cut on a 

microtome (CM3050S, Leica Microsystems, Nussloch, Germany) as 45 μm-thick sections 

and collected into a cold cryoprotectant solution (80 mM K2HPO4, 20 mM KH2PO4, 154 

mM NaCl, 0.3 g/ml sucrose, 0.01 g/ml polyvinylpyrrolidone, 30% vol/vol ethylene glycol). 
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Sections were washed 5 times for 3 minutes in 1 x PBS and blocked in 5% FBS with 0.1% 

Triton X-100 for 1 hour, followed by overnight incubation with the primary antibody in 

blocking solution at 4°C. The brain sections were immunostained with primary antibodies 

against Aβ (6e10, Covance Research Products Inc Cat #SIG-39300-1000 RRID: 

AB_10175637) and phospho-tau (AT8 ThermoFisher Scientific, Cat. #MN1020). After the 

primary antibody binding step sections were washed 5 times in 1 x PBS for 3 min and then 

incubated with anti-mouse Alexa 488 or anti-rabbit Alexa 594 for 2 hours followed by 

washing 3 times with 1 x PBS for 3minutes. Sections were then mounted with DAPI plus 

mounting media on slides. All pictures were taken by using a confocal microscope with a 

40× objective. 

 

ELISA diagnostic assay 

Briefly, brains were homogenized in Tris-HCl buffer and agitated for 30 minutes 

before centrifugation at 6000 g. The supernatant was used for the detection of soluble Aβ40-

42 and the pellet was re-suspended in Tris-HCl and 10 μl was used for further processing 

for insoluble Aβ ELISA as recommended by the ELISA kit (incubation with 5 M 

Guanidine to solubilize any aggregates and diluted before adding into ELISA plates). 

Samples were diluted only when necessary (ptau and total tau were diluted 2x, no dilution 

for Aβ ELISAs). As readings may be affected by how much of the sample was loaded into 

each well, we normalized ELISA results to protein assay results of the same fraction, 

hence, the final units are in picogram of Aβ or tau in per milligram of protein (pg/mg 

protein). 
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Ex vivo histology for mCherry expression 

After the completion of experiments, animals were injected with an overdose of 

Ketamine/Xylazine and transcardially perfused with PBS, 0.01 M followed by 4% 

paraformaldehyde (PFA) in 0.01 M PBS. After extraction, the brain was post-fixed in 4% 

PFA overnight. Brain sections of 50 μm were cut with a vibratome (VBT1200s, Leica); 

fluorophore expression, together with Hoechst staining, was checked through a confocal 

microscope Ti-E; DS-Qi2; Fluorescence, SBIC-Nikon Imaging Center, Singapore) for 

anatomical confirmation of viral infection and fibre optic cannula positioning. 

 

3.3.7 Statistics and data availability 

Descriptive statistics are given as mean difference and [95th confidence interval], 

unless stated otherwise, and graphically represented as ‘Gardner–Altman plots’, 

(https://www.estimationstats.com/; Ho et al., 2019). If not specified, descriptive statistics 

are provided for left-hemisphere ROIs. The statistical threshold for significance was set at 

p < 0.05, two-tailed. Voxel-wise was carried out with non-parametric permutation-based 

(5000 permutations) test (randomize). Cluster correction was carried out with threshold-

free cluster enhancement (tfce). Thresholded t-statistic for one-sample and two-sample t-

tests (p < 0.05, tfce corrected) are shown as a colour-coded overlay on the AIBS template. 

ROI analysis was carried out with a linear mixed model using genotype and age as fixed 

effects and individual intercepts as 

random effects, using lme4 package (1.1-21) for R (https://cran.r-project.org/, 3.5.3, “Great 

Truth”). Significance was assessed with general linear hypothesis tests implemented in 

multicomp (1.4-10) package and corrected with false discovery rate. Both the rsfMRI and 

ofMRI datasets are made publicly available on https://openneuro.org/  Project IDs: 

Mouse_rest_3xTG, Mouse_opto_3xTG.  

http://www.estimationstats.com/%3B
https://openneuro.org/
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3.4 Results 

3.4.1 Immunohistochemical validation and ELISA 

Firstly, immunohistochemical staining and ELISA for Aβ and tau were performed 

at 3, 6 and 10 months of age in 3xTgAD and age-matched controls. Analyses showed no 

plaques or NFTs at 3 or 6 months of age, confirming that these ages represent early stages 

of pathology progression (Clinton et al., 2007; Mastrangelo and Bowers, 2008); 

Supplementary Figure S1). Indeed, tau-pathology in 3xTgAD mice was present as 

phosphorylated tau by 3 months of age in the amygdaloid nuclei and the hippocampus 

proper and DG by 6 months when revealed by AT8 staining (Supplementary Figure 

S1a,b). Probable NFTs accumulation was, instead, found only in older mice 

(Supplementary Figure S1c).  

Control animals showed no staining with AT8 (data not shown). ELISA results 

confirmed an increase of total tau in 3xTgAD compared to controls (for example, 6 month-

old 3xTgAD mice showed values of circa 212,000 pg/mg and controls 6,600 pg/mg; 

Hampel and Teipel, 2004). ELISA showed no detectable difference between 3xTgAD and 

controls at any time point for insoluble Aβ40; soluble Aβ40 was reported ≈1.3-fold increase 

by 3 months of age (3xTgAD = 16,000 pg/mg; controls = 12,000 pg/mg) and ≈1.7-fold 

increase in 3xTgAD compared to controls at 6 months of age (3xTgAD = ≈16,100 pg/mg; 

controls = 9,120 pg/mg). From ELISA and immunohistochemical examination at these 

ages, there was no evidence for an increase in Aβ42 or plaques in 3xTgAD compared to 

controls. 

 

3.4.2 Resting-state fMRI reveals regional homogeneity deficit in 3xTgAD 

We recorded rsfMRI in male 3xTgAD (N = 19) and control mice on the same 

background strain (129sv/c57bl6); N = 10) at 3 and 6 months of age (N3xTgAD = 13, Ncontrols 
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= 10). The rsfMRI protocol employed here was recently compared to others in a multi-

center study. The latter indicated elevated sensitivity and specificity to RSN detected in 

this dataset relative to other protocols, including an awake mouse protocol (Grandjean et 

al., 2019a). One 3xTgAD mouse developed hydrocephalus, which, despite the acute 

condition, only marginally affected FC (Mandino et al., 2019). This animal was removed 

from this study following our a priori exclusion criteria.  

 

 

Figure 3.1: Resting-state fMRI shows regional homogeneity decrease in 3xTgAD 

 

a) Regional Homogeneity (ReHo) shown as thresholded group analysis for 3 months and 6 months of age at 

left and right, respectively. 3xTgAD mice show a significant decrease in ReHo by 3 months of age within the 

ENTl, ACB and BLA. 3xTgAD shows increased ReHo values for SSp-bfd, by 6 months of age. b,c) A 

significant decrease in ReHo was found at 3 and 6 months of age in the ENTl. d) Pair-wise ROI interactions 

relative to the left ENTl shows decrease of FC in right ENTl, ACB, BLA. Increase in FC was found again in 

somatosensory regions. SSp-II: somatosensory area, lower limb; PERI: perirhinal area; ECT: ectorhinal area; 

CA: cornu ammonis; ENTm: medial entorhinal cortex; PAR: parasubiculum; PRE: presubiculum; SUB: 

subiculum; ProS: prosubiculum; HATA: hippocampal-amygdalar transition area; LA: lateral amygdalar 

nucleus; BLA: basolateral amygdala; CP: caudoputamen; ACB: nucleus accumbens; PAL: pallidum; HY: 

hypothalamus; ENTl: lateral entorhinal cortex. 
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Five 3xTgAD mice could not be included in the second time point scan, leading to 

the following group sizes N3xTgAD = 19, Ncontrols = 10 at 3 months; N3xTgAD = 13, Ncontrols = 

10 at 6 months. 3xTgAD mice presented a deficit in ReHo compared to controls, at both 

age groups (Figure 3.1a), localized ventrally within the brain. 

These included the ENTl (Δmean3months = -0.007 [-0.010, -0.005], Δmean6months = -

0.006 [-0.010, -0.003], Figure 3.1bc) within the retrohippocampal area, the nucleus 

accumbens (ACB, Δmean3months = -0.003 [-0.005, -0.001], Δmean6months = -0.005 [-0.007, -

0.003], Supplementary Figure S2a) in the ventral striatum, the basolateral amygdala 

(BLA, Δmean3months = -0.018 [-0.024, -0.014], Δmean6months = -0.015 [-0.020, -0.011], 

Supplementary Figure S2b) within the amygdaloid area. Moreover, deficits in ReHo 

were also found in 3xTgAD in the medial prefrontal cortex (mPFC), such as the prelimbic 

cortex (PL, Δmean3months = -0.004 [-0.015, -0.005], Δmean6months = -0.016 [-0.032, 1.93E-

05], Supplementary Figure S2c).  

Concurrently, 3xTgAD exhibited enhanced ReHo in somatosensory areas, such as 

barrel field cortex (SSp-bfd, Δmean3months = 0.122 [0.005, 0.020], Δmean6months = 0.017 

[0.006, 0.035], Supplementary Figure S2d). In summary, the 3xTgAD model, similar to 

other transgenic models, e.g. PSAPP, ArcAβ (Grandjean et al., 2016; Shah et al., 2016, 

2013), presents functional alterations that precede Aβ deposition. The functional deficits 

hotspots overlapped with the amygdaloid-striatal-ventral system, early sites of tau 

aggregation, thus conferring this model with added relevance to the study of early 

emotional-memory deficits found in MCI patients. 

 

3.4.3 Local FC deficits translates into whole-brain network alterations 

The ENTl is a major hub involved in early stages of AD pathology in humans and 

AD-pathology in mice; as such, it was targeted as a major focus for further analysis. To 
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examine distal FC alterations at rest, we assessed pair-wise ROI interactions relative to the 

left-hemisphere ENTl. FC to the ENTl was decreased in the retrohippocampal and 

hippocampal regions (Figure 3.1d, Supplementary Figure S3, e.g. ENTl right 

hemisphere: Δmean3months = -0.114 [-0.193, -0.035], Δmean6months = -0.127 [-0.205, -0.058], 

Supplementary Figure S3a), ventral striatum (ACB: Δmean3months = -0.110 [-0.154, -

0.068], Δmean6months = -0.152 [-0.199, -0.107], Supplementary Figure S3b), and 

amygdala (BLA: Δmean3months = -0.066 [-0.110, -0.025], Δmean6months = -0.061 [-0.115,-

0.011], Supplementary Figure S3c). Similarly, an increase in FC relative to the 

somatosensory cortex was presented (SSp-ll: Δmean3months = 0.0833 [0.0192, 0.149], 

Δmean6months = 0.112 [0.0587,0.157], Supplementary Figure S3d). These results focusing 

on the ENTl-specific network show similarities to the whole brain FC changes assessed 

with ReHo, presented in an overlapped design in Supplementary Figure S4. 

In an exploratory analysis, we examined whole-brain network deficits in 3xTgAD 

mice at 3 and 6 months of age, summarised in Supplementary Figure S5a (left and right 

respectively) in a half-matrix format. Alterations were consistent between both age-groups, 

localized within and between regions highlighted in the ReHo analysis, namely, in the 

amygdaloid/cerebral nuclei (including BLA and ACB) and the hippocampal formation, e.g. 

ENTl (Figure 3.1a, Supplementary Figure S5b).  

These results indicated that local FC deficits translated into distal FC deficits and 

transpired into greater network dysfunction. Moreover, regions highlighted in the pair-wise 

correlation analysis were also found to be enriched in tau aggregates later in the disease 

progression (amygdala and hippocampal formation, Supplementary Figure S1c, left and 

right respectively), consistent with tau dispersions within functionally connected networks 

(Franzmeier et al., 2019). 
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3.4.4 Functional connectome of the ENTl revealed by optogenetics 

The ENTl was revealed to be a major hub region affected in 3xTgAD at rest. To 

explore its functional connectome, we used ofMRI (Deisseroth, 2011; Lee et al., 2010) to 

visualize the haemodynamic response to a 10-block design photostimulation of ChR2-

transfected CaMKIIα-positive (AAV5-CamKIIα-hChR2 (H134R)-mCherry) ENTl neurons 

(Ncontrols = 10, N3xTgAD =12; Figure 3.2a; Supplementary Figure S6a). Anatomical 

imaging of the fibre revealed that the ENTl was accurately targeted (Supplementary 

Figure S6b). Transfection led to robust expression at the target site (Figure 3.2b, 

Supplementary Figure S7a). Cell bodies of transfected neurons were consistent with 

those of pyramidal cells (Figure S7b). ENTl neurons faithfully responded to 5 and 20 Hz 

pulse trains in both controls and 3xTgAD (Figure 3.2d and Supplementary Figure S7c, 

respectively). Prolonged photostimulation (500 ms) applied to the patched neurons 

confirmed an effective ChR2-induced inward current on both control and 3xTgAD mice 

(Supplementary Figure S7d). There was no evidence of aberrant spontaneous behaviour 

to photostimulation protocols in freely walking mice, unlike seizures previously reported 

following photostimulation of the hippocampus in rats (Weitz et al., 2015).  

The haemodynamic response was significantly associated with our modelled 

response in controls (Figure 3.2e, left and middle panels) and 3xTgAD (Supplementary 

Figure S8, left and middle panels) in an unbiased GLM analysis in several regions, 

including: the hippocampal formation (hippocampus proper, ENTl, DG, SUB), the 

amygdaloid area (e.g. BLA), the ventral striatum (ACB), the prefrontal and the insular 

areas at both time points. Interestingly, optogenetically-evoked activity was mostly 

confined to the ipsilateral hemisphere, despite the presence of contralateral projections, as 

predicted by viral tracers (Figure 3.2e left panel, spatial correlation R = 0.36). This 

supports the presence of neuronal mechanisms that silence the response contralaterally but 
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not ipsilaterally to artificially generated neuronal activity, perhaps via feed-forward active 

inhibition (Histed, 2018). 

 

 

 

Figure 3.2: Optogenetic modulation of the ENTl 

 

a) Diagram of stereotaxic injection and fiber optic implantation. b) ChR2-mCherry/Hoechst co-labelling in 

one ChR2-mCherry control (left panel) and one mCherry control (right panel) mouse indicate successful 

targeting of the ENTl and stable transfection. Scale bar: 1000 μm. c) 3D rendering of fiber tip position for 

each experimental animal, red dots indicate 3xTgAD subjects (N = 12) and blue dots indicate controls (N = 

10). Coordinates of ENTl injection site are reported in mm from Bregma: AP: -2.8; ML: +4.2; DV: -2.6. d) 

Optogenetic stimulation of ChR2-transfected neurons at 5 Hz and 20 Hz shows frequency-locked spiking 

activity in vitro. e) Optogenetically-locked BOLD response overlaps with density projection maps. Left and 

middle panels indicating one-sample t-test for stimulation-locked BOLD response in the control group and 

3xTgAD mice (N = 10, N = 12, respectively; p < 0.05 corrected) highlighting activation in key regions 

related to ENTl projections, i.e. BLA, ACB. AIBS tracer projection density map with injection in ENTl 

(experiment ID: #114472145; right panel). f) BOLD response profile, averaged across 10 blocks, following 

stimulation at 20 Hz of control mice injected with ChR2-mCherry (N = 10) and control mice injected with 

mCherry only (N = 9) shows opsin-dependent BOLD response. AP: anterior-posterior; ML: medio-lateral; 

DV: dorso-ventral. 
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The response elicited through photostimulation of ENTl was comparable between 3 

and 6 months, indicating a stable expression allowing for longitudinal analysis (Figure 

3.2e left and middle panels for controls, and Supplementary Figure S8 for 3xTgAD 3 and 

6 months, left and middle panels respectively). 

A negative control carried out in controls (N = 9) transfected with mCherry alone 

(Figure 3.2b) did not reveal the presence of a light response, except for a visual-associated 

response of the lateral geniculate nucleus and superior colliculus, probably due to fibre 

illumination perceived as visual stimulus (Figure 3.2f). Hence, we concluded that the 

response recorded with ofMRI was not associated with potential heating and/or vascular 

photoreactivity artefacts (Christie et al., 2013; Rungta et al., 2017; Schmid et al., 2017).  

Photostimulation at frequencies ranging from 5 to 20 Hz indicated spatially 

overlapping results (Supplementary Figure S6d), in contrast to (Chan et al., 2017). In 

fact, the visually-associated response amplitude was stronger at lower frequencies 

(Supplementary Figure S6c upper panel), while the opsin-associated response was more 

marked at 20 Hz (Figure 4.3e, Supplementary Figure S8). The visual response, elicited 

with 5 Hz stimulation, was subsequently masked from our results and the remainder of the 

analysis is focused on the 20 Hz paradigm (Supplementary Figure S6c upper panel). 

 

3.4.5 Potentiated haemodynamic response and neuronal activity 

To assess response differences across the whole brain, a non-parametric second-

level analysis comparing the amplitude of activation between 3xTgAD and controls was 

carried out (Figure 3.3a). A few animals could not be scanned at the 6-months time-point 

due, for example, to the detachment of the implant. Therefore, group sizes differ between 3 

months (Ncontrols = 10, N3xTgAD = 12) and 6 months (Ncontrols = 8, N3xTgAD = 10) of age. At 3 

months of age, 3xTgAD mice showed significantly larger responses across several regions 
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compared to controls, including the ipsilateral dorsal hippocampus proper and DG, ACB, 

PL, ILA, cingulate retrosplenial areas, and contralateral ENTl. The presence of an effect at 

the 6 months time-point could not be inferred, potentially due to the reduced group size, or 

to a normalization of the response at a later age. 

 

Figure 3.3: Two-sample t-test results, 3 months time-point 

 

a) Two-sample t-test showing significantly higher response (p < 0.05, corrected) in 3xTgAD compared to 

controls in regions encompassing the prefrontal cortex, such as PL, and ventral striatum (ACB). b,c) COPE 

extracted from the PL as example of potentiated response in 3xTgAD compared to age-matched controls, at 3 

and 6 months of age. PL: prelimbic cortex; COPEs: contrast of parameter estimates. 

 

To examine local response amplitude, contrast of parameter estimates (COPEs) 

were extracted from ROIs highlighted in the voxel-wise comparison: ENTl (Δmean3months = 

0.044, [0.022, 0.070]), ACB (Δmean3months = 0.15 [0.0106, 0.298]) and PL (shown in 
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Figure 3.3b as example, Δmean3months = 0.283 [0.161, 0.431]). Similar results were present 

at lower stimulation frequencies, although the more distal regions lacked an effect at lower 

frequencies (example for 10 Hz, ENTl: Δmean3months = 0.008, [-0.08, 0.09]). Data acquired 

at rest, prior to optogenetic stimulation, with the single loop coil, indicated ReHo deficits 

converging with that acquired in the previous dataset (i.e. with cryogenic coil), replicating 

our observations above (Figure 3.1a, Supplementary Figure S9). Acute slice 

electrophysiology indicated that both hippocampal and prefrontal excitatory neurons of 

3xTgAD were prone to hyperactivity following current injection compared to controls 

(Supplementary Figure S10; Supplementary Table S1), while the shape of the spikes 

was otherwise mostly unaltered (Supplementary Table S2). 

To examine how the functional alterations of the ENTl functional projectome at 3 

months relate to loss of connections at rest, we projected the two responses onto the same 

template  Supplementary Figure S8c). There, we found that several of the ROIs 

presenting a decreased FC at rest were responding with greater amplitude to an 

optogenetically-driven neuronal activity. This was the case for regions encompassing the 

ventral striatum (ACB), the dorsal DG within the hippocampal formation and prefrontal 

regions. We concluded, therefore, that disturbed distal connectivity at rest translated to 

heightened haemodynamic response to elicited neuronal activity with optogenetics, and 

that this response is accompanied with hyperactivity of the embedded neurons within the 

affected circuits, while their intrinsic spiking properties remained unaltered. 
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3.5 Discussion 

The entorhinal and associated hippocampal areas form a fundamental network for 

memory encoding and retrieval (van Strien et al., 2009). Specifically, the lateral entorhinal 

cortex is crucial for episodic memory (Buzsáki and Moser, 2013) and is one of the primary 

areas affected in human AD (Van Hoesen et al., 1991) and the 3xTgAD model of cerebral 

amyloidosis and tauopathy (Oddo et al., 2003). Here, we demonstrate that local FC 

disruption in 3xTgAD mice translates into larger network dysfunction as seen by a general 

reduction in resting-state activity (Figure 3.1). Moreover, network dysfunction at rest 

further translated into the aberrant response to optogenetically-driven neuronal activity, 

highlighting a possible increase in neuronal excitability following stimulation (Figure 

3.3a, Supplementary Figure S8 right panel).  

The dichotomy of the direction of these changes in resting and evoked activity, 

specifically within the ENTl network, mirrors several findings in preclinical and mild AD 

patients. Decreased FC is found in mild AD patients at rest, in areas related to the DMN, 

including the hippocampal formation (Greicius et al., 2004; Wang et al., 2006). However, 

task-based fMRI studies show increased activity in memory-related areas in subjects at risk 

of AD but cognitively still normal (e.g. APOEε4 carriers), suggesting a possible dichotomy 

in network organisation of the brain at rest and in engaged status (Bookheimer et al., 

2000).  

Taken together, our findings thus seem to reconcile apparent discordant results put 

forward in early-AD subjects (Braskie et al., 2012; Filippini et al., 2009; Sheline et al., 

2010). This was, however, not systematically consistent throughout dementia research 

literature. Studies with both memory-task and resting-state in APOEε4 carriers show 

increased activity both at rest and during task-based fMRI (Filippini et al., 2009). This may 

be due to different stages into the pathology or analysis parameters. Alternatively, this 
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could be related to network-specific alterations. We report here elevated ReHo and distal 

FC in the somatosensory networks, indicating that not all circuits are affected in the same 

manner. Indeed, the presence of phospho-tau was found in regions presenting decrease in 

FC regions (Supplementary Figure S1), highlighting the selective vulnerability of the 

amygdaloid area and hippocampal formation in AD-pathology, resulting in local loss of 

coherence.   

Considering the above, we propose that the dichotomy of decreased spontaneous 

co-activation and increased evoked response suggests localized circuit disorganization 

within AD-vulnerable networks. At rest, decrease of inter-regional connectivity is 

predominant, and leads to impoverished network efficiency. During acute modulated 

stimulation, instead, we assist at an increase in synaptic activity, thus resulting in increased 

metabolic demand. This circuit disorganisation may be the result of synaptic dysfunction, 

neuronal morphology changes and aberrant neuronal excitation (Šišková et al., 2014). 

The electrophysiological evidence reported here from DG and prefrontal areas 

confirms aberrant spiking activity, highlighting a possible excitatory/inhibitory (E/I) 

imbalance in early stages of AD-like pathology. Previous evidence in hAPP mice 

highlights a causal cascade of events with synaptic dysfunction and consequent neuronal 

hyperexcitation as key causes. The administration of the anti-epileptic drug Levetiracetam 

for a prolonged period resulted in amelioration of behavioural and synaptic transmission 

deficits, confirming an E/I imbalance (Lipton and Sanz-Blasco, 2012). Overall, this loss of 

efficiency and local circuit disruption results in increased metabolic requirements during 

tasks, to overcome inappropriate signal transmission and processing leading to aggravated 

pathology later in life (Bero et al., 2011). Under this model, functional alterations become 

both an important biomarker and a target for early interventions aimed at restoring normal 

synaptic transmission in local circuitry (Canter et al., 2016). This is an increasingly 
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important approach, as network dysfunction and corresponding tau pathology are thought 

to propagate from dysfunctional hub to hub (Braak and Braak, 1995). Hence, early 

detection with functional biomarkers would be a vital tool in early prevention schemes.  

Beyond the ENTl, the ventral amygdaloid-striatal system, including the BLA and 

ACB, presented localized FC deficits. This is consistent with behavioural results in young 

3xTgAD, where fear and emotional processes are highly affected (España et al., 2010). 

Moreover, evidence from animal research shows that the modulation of fear conditioning 

in the BLA is regulated by prefrontal regions, in a ‘top-down’ inhibitory fashion. Lesions 

in the infralimbic cortex (ILA) are thought to disrupt fear memory extinction processes, 

thus highlighting the delicate balance between these regions for a healthy processing of 

emotional control (for a review Etkin et al., 2011). Indeed, emotional control, regulated by 

the ventral hippocampal-prefrontal-amygdaloid system, is also affected in pre-AD patients 

(LaBar and Cabeza, 2006; Sturm et al., 2013).  

Interestingly, a central hub highlighted in our analysis is the ACB of the ventral 

striatum. ACB expresses a high tau load in AD patients in the later stages of the disease. 

This, together with the evidence in the BLA, suggests a ventrally-oriented vulnerability of 

pathology spread (Selden et al., 1994). ACB is thought to be related to dopaminergic (DA) 

systems regulating reward (Salamone et al., 2005). Loss of DA neurons and DA signalling 

pathway dysfunction have been associated with memory loss in AD patients (Koch et al., 

2014) and AD-like mouse models (Cordella et al., 2018). Moreover, loss of DA receptors, 

especially D2, has been shown in areas such as the hippocampal formation, prefrontal 

cortices and BLA (Joyce et al., 1993; Kemppainen et al., 2003) in AD patients. Our results, 

therefore, bring supporting evidence for a disruption in the DAergic system associated with 

early cerebral amyloidosis and tauopathy, which leads to synaptic dysfunction in ACB, 

BLA and prefrontal projection sites. Therefore, the dysfunction of DA transmission in 
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distal targets, prior to amyloid plaque accumulation, may contribute to the initial 

pathogenesis of AD.  

In sum, functional deficits found within and relative to the temporal and ventral 

areas in 3xTgAD mice recapitulate several important effects described with functional 

neuroimaging in pre- and early stages of AD. Importantly, we highlight a possible loss of 

local coherence derived from aberrant neuronal activity in AD-vulnerable regions, before 

the appearance of overt Aβ plaques and NFTs. Aberrant neuronal activity, in turn, might be 

due to a reduced inhibition or to a loss of connectivity which results in an enriched 

excitatory synaptic response as a potential compensatory mechanism for decreased 

synaptic connectivity.  

Moreover, our results are consistent with disruption in DA signalling pathways 

involving ACB, BLA and prefrontal regions as one of the earliest features characterising 

AD development. Finally, photostimulation of ENTl pyramidal cells leads to a marked 

increase in BOLD response in several important projection areas, which seems to mirror 

several empirical findings in humans at risk of developing AD. This apparent dichotomy 

between resting- and evoked- functional responses can be seen during the early stages of 

cerebral amyloidosis and tauopathy in 3xTgAD and is in line with several empirical 

findings in humans at risk of developing AD. Our results highlight the central role of the 

ENTl as a hub for AD-like pathogenesis and provide an understanding of the underlying 

mechanisms leading to functional deficits preceding this devastating neurodegenerative 

disorder. 
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3.6 Supplementary material 

3.6.1 Supplementary tables 

Table S1: Intrinsic properties of granule cells in dentate gyrus and pyramidal cells in infralimbic 

cortex 

 

Rheobase, threshold, AP latency, AP amplitude, AHP, AHP latency, half width of AP were measured from 

the first trace showing action potential (Rheobase trace). The values represent mean value with SEM and the 

statistical significance was presented with asterisk (p*<0.05, p**<0.01 by Mann-Whitney U test; N = 

number of animals, n = number of cells). 

 

 

Table 1. Intrinsic properties 

  

dentate gyrus 

  

Infralimbic cortex 

 control 

(N = 4, n = 29) 

3xTgAD  

(N = 5, n = 18) 

p value 

(M-W) 

control 

(N = 4, n = 10) 

3xTgAD  

(N = 5, n = 11) 

p value 

(M-W) 

 

Rm (mV) 

-74.54 

±0.7242 

 

-76.66±1.029 

 

ns 

 

-52.42±2.827 

 

-54.71±3.149 

 

ns 

Rheobase 

(pA) 

 

79.83±6.231 

 

69.44±6.591 

 

ns 

 

37±8.95 

 

24.55±3.659 

 

ns 

Threshold 

(mV) 

 

-33.38±1.554 

 

-36.38±1.919 

 

ns 

 

-35.69±0.5727 

 

-34.58±1.228 

 

ns 

AP latency 

(ms) 

 

238±40.01 

 

343.3±56.88 

 

ns 

 

94.81±28.06 

 

174.2±33.35 

 

ns 

AP 

Amplitude 

(mV) 

 

97.06±2.129 

 

91.59±2.219 

 

ns 

 

72.99±2.284 

 

70.34±2.871 

 

ns 

 

AHP (mV) 

 

-11.35±0.8297 

 

-10.17±1.241 

 

ns 

 

-10.9±1.653 

 

-10.73±0.9142 

 

ns 

AHP 

latency (ms) 

 

5.015±0.2014 

 

4.794±0.3514 

 

ns 

 

16.88±3.091 

 

55.6±13.21 

 

0.0028 

(**) 

Half-width 

(ms) 

 

1.321±0.0424 

 

1.242±0.0472 

 

ns 

 

2.27±0.1154 

 

2.862±0.2157 

0.0079 

(**) 
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Table S2: Number of action potential evoked by various current injections 

 

The number of action potentials was counted in granule cells in dentate gyrus and pyramidal cells in 

infralimbic cortex from various current injection (20 – 140 pA). The values represent mean value with SEM 

and the statistical significance was presented with asteriska (*p<0.05, **p<0.01 by Mann-Whitney U test; N 

= number of animals, n = number of cells). 

 

 

Table 2. Number of Action potential (Hz) 
 

 
 

dentate gyrus 
 

 

infralimbic cortex 

Current 

injection 

(pA) 

 

control 

(N = 4, n = 29) 

 

3xTgAD (N = 

5, n=18) 

 

p value 

(M-W) 

 

control 

(N = 4, n = 10) 

 

3xTgAD  

(N = 5, n = 11) 

 

p value 

(M-W) 

 

20 

 

na 

 

na 

 

na 

 

1.8±0.7572 

 

2.182±0.6851 

 

ns 

 

40 

 

0.1034±0.076 

 

1.556±0.879 

 

ns 

 

4±1.229 

 

6±0.9723 

 

ns 

 

60 

 

0.5517±0.2359 

 

3.556±1.322 

0.029 

(*) 

 

6.2±1.724 

 

9.636±0.8008 

 

ns 

 

80 

 

2.621±0.5985 

 

6.056±1.652 

 

ns 

 

7.8±1.825 

 

11.45±0.9757 

 

ns 

 

100 

 

4.345±0.7773 

 

8.5±1.801 

 

ns 

 

9.2±1.611 

 

12.55±1.012 

 

ns 

 

120 

 

5.241±1.013 

 

10.39±1.91 

0.0214 

(*) 

 

8±1.366 

 

13.82±1.094 

0.0036 

(**) 

 

140 

 

6.138±1.24 

 

10.83±1.526 

0.0078 

(**) 

 

8.4±1.392 

 

13.45±1.268 

0.0204 

(*) 
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3.6.2 Supplementary figures 

 

Figure S1: Immunohistochemistry for 3xTgAD characterisation with AT8 

 

a) 3xTgAD mice show positive staining for phosphorylated tau in the amygdaloid area by 3 months. b) 6 

months old 3xTgAD mice show tau-positive labelling in the amygdala (white square, left panel) and 

extended to the hippocampus proper(white square, right panel); within the hippocampal formation, the ENTl 

(yellow squares) shows no apparent pathology. c) 10 months old 3xTgAD mice show tau-positive staining in 

the amygdala (white square, left panel) and hippocampus proper (white square, right panel). Within the 

hippocampal formation, the ENTl (yellow square, right panel) however does not show positive response to 

AT8. left panels 1000 μm, middle panels 500 μm, right panels 100 μm. 

b 

c 

c 

 

a 

c 

c 

 

c 

c 

c 
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Figure S2: ReHo values extracted in selected ROIs show FC changes in 3xTgAD 

 

3xTgAD mice show deficits in ReHo in regions encompassing the ACB (a), the BLA (b) and the PL (c). 

Increase in ReHo was found in somatosensory areas (SSp-bfd) suggests that FC deficits in 3xTgAD might be 

network-specific to AD-vulnerable regions (d). ACB: nucleus accumbens; BLA: basolateral amygdala; PL: 

prelimbic cortex; ReHo: regional homogeneity. 
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Figure S3: Pair-wise ROI interactions relative to the left-hemisphere ENTl 

 

Compared to the left ENTl, 3xTgAD mice show a decrease in FC in right ENTl (a), ACB (b) and BLA (c). 

These results show consistent trend as in whole-brain ReHo, highlighting the relevance of ENTl as central 

hub for FC changes in 3xTgAD. d) FC in somatosensory regions is increased in 3xTgAD compared to 

controls, in pair-wise interaction with left ENTl. 
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Figure S4: Restricted pair-wise ENTl at 3 months of age and 6 months of age overlapped with ReHo 

 

Overlap between ReHo (yellow) and pair-wise interactions between ENTl and whole-brain regions (cyan) 

resulted in major hotspots of interest, consistent across ages. 
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Figure S5: Whole brain NA at 3 months of age and 6 months of age and overlap with ReHo analysis 

 

a) Half-matrices of whole-brain network analysis show deficits in 3xTgAD at 3 and 6 months of age. b) 

Overlap of ReHo results (uncorrected) with NA spatial maps highlight common regions showing deficits in 

FC, such as the amygdaloid/cerebral nuclei (e.g. BLA and ACB) and hippocampal formation (e.g. ENTl). 

ReHo: regional homogeneity; NA: network analysis; ENTl: lateral entorhinal cortex; BLA: basolateral 

amygdala; ACB: nucleus accumbens. 
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Figure S6: Experimental design for optogenetic stimulation and control validation 

 

a) Stimulation design consisted of 50 s baseline and subsequent 10 blocks of 5, 10 or 20 Hz-pulses for 10 s, 

alternated by 50 s of rest with no stimulation; stimulation protocols were provided in random order. b) 

Anatomical scan shows the fiber positioning in 4 mice from the experimental group. c) Top: Two-sample t-

test in mice transfected with mCherry shows that only lower frequencies, i.e., 5 Hz, engage a stronger 

response in the visual system, compared to 20 Hz stimulation. Bottom: Response derived from 5 Hz 

stimulation protocol was used to mask the regions that responded positively to visual stimulation. d) Mice 

injected with ChR2 show response to low frequencies, i.e. 5 and 10 Hz, here shown as the control group at 3 

months of age. The response to 20 Hz stimulation was chosen for the rest of the analyses. e) Average BOLD 

response for the 10 blocks of stimulation across frequencies for controls and 3xTgAD (left and right 

respectively), represented in mean ± SD. 

e 

c 

c 
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Figure S7: Optogenetic validation of pyramidal neurons in ENTl 

 

Histological evidence for opsin expression in 3xTgAD mice co-stained with Hoechst neuronal cell bodies. 

whole-cell patch-clamping in a ChR2-expressing pyramidal neuron in the ENTl. c) 5 and 20 Hz stimulation 

of the patched neuron show faithful frequency-gated activity. d) Prolonged photostimulation (500 ms) 

applied under voltage-clamp mode (-60 mV) shows an initial action potential spike and a ChR2-induced 

inward current. 
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Figure S8: Optogenetically-locked BOLD response in 3xTgAD and overlap with resting-state FC 

 

Left and middle panels indicating one-sample t-test for stimulation-locked BOLD response in the 3xTgAD 

mice (p < 0.05 corrected) at 3 (N = 12) and 6 (N = 10) months of age highlighting activation in key regions 

related to ENTl projections, i.e. HIP, BLA, ACB. Right panel indicating resting-state FC analysis (cyan) and 

optogenetically evoked response (yellow) highlights overlapping loci for decrease in FC at rest and 

potentiated response during stimulation (pink). 
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Figure S9: Resting-state fMRI with single-loop coil reveals similar patterns of FC deficits in 3xTgAD 

 

ReHo analysis of rsfMRI with single-loop coil, acquired before the ofMRI protocols, reveals similar loss of 

coherence in AD-vulnerable brain regions, e.g. ENTl, ACB. Increase in ReHo in somatosensory areas is also 

in line with the results reported with the cryogenic coil. ENTl: lateral entorhinal cortex; ACB: nucleus 

accumbens; SSp-bfd: somatosensory barrel field cortex; ReHo: regional homogeneity. 
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Figure S10: Intrinsic neuronal properties between controls and 3xTgAD 

 

Representative firing pattern of action potential with 120 pA injection on (a) granule cells of dentate gyrus 

(controls: N = 4, n = 29 / 3xTgAD: N = 5, n = 18) and (b) pyramidal cells of infralimbic cortex (controls: N = 

4, n = 10 / 3xTgAD: N = 4, n = 11) from each mouse line were shown, left side of each panel. The number of 

action potential spikes was counted from various injected currents on (a) granule cells in dentate gyrus and 

(b) pyramidal cells in infralimbic cortex, right side of each panel. The data were plotted by mean number of 

action potential with SEM. The statistical significance was presented with asterisk (*p < 0.05, **p < 0.01 by 

Mann-Whitney U test; N = number of animals, n = number of cells). 
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~ Chapter 4 ~  

Paper 2 

Rationale behind Paper 2 

With the work conducted in Paper #1, whole-brain FC changes in the young 3xTgAD 

mouse have been reported by means of high-field fMRI. Specifically, FC decrease in areas 

vulnerable to tau deposition were evident by 3 months of age. Conversely, with optogenetically-

driven stimulation of the excitatory neurons in the ENTl, an increase in BOLD signal was 

identifiefd in downstream targets of the ENTl. The dichotomic relationship observed between 

resting-state and evoked-state conditions cannot be readily interpreted, as the fMRI readouts (in 

both circumstances) are a product of the underlying neurovascular coupling. As such, the aim of 

the second part of this project was to gain information on the neuronal scale of events, carried out 

through electrophysiologial recording and stimulation in vivo. 

In order to achieve the above aim, electrophysiological recordings were analysed in the 

same mouse model at the same age-points to gain insight into the underlying synaptic physiology 

within disease-relevant regions of interest dislaying AD-like pathology. Although a major 

disadvantage of targeted electrophysiology in vivo is the limited ‘field of view’, by choosing the 

same target regions as in fMRI, i.e., the activation of ENTl (Paper 1), it is possible to investigate 

further the evoked-state, already reported with ofMRI. Electrophysiological recordings in vivo, 

therefore, provide further insight in the underlying physiological mechanisms that result in the FC 

changes seen with rsfMRI and ofMRI (Paper 1). 
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4.1 Abstract 

Alzheimer’s disease (AD) is a neurodegenerative state resulting in memory loss, emotional 

changes such as heightened aggression and a later gradual decline in executive function. 

This pathology targets preferentially the hippocampal formation and amygdala within the medial 

temporal lobes of patients. This can be visualised as the gradual accumulation of insoluble beta-

amyloid plaques and hyperphosphorylated protein tau aggregates, resulting in progressive neuronal 

cell death and brain atrophy. Changes in synaptic integrity among the key hubs expressing this 

pathology are thought to be one of the major factors for AD symptom development. 

Mouse models engineered to recapitulate AD features represent a fundamental step to 

establish early prodromal disease markers, giving access to direct neuronal measurements. Indeed, 

there is growing evidence that an early marker in these models and AD patients is synaptic 

hyperexcitability, perhaps resulting from intracellular, particularly presynaptic, accumulation of 

soluble beta-amyloid. The 3xTg mouse model for AD shows cognitive deficits already by 3-4 

months of age, that is before overt amyloid accumulations are found in the brain. Here, we 

investigated synaptic circuit integrity over this age range among key regions for AD progression, 

through electrophysiological recordings in vivo. Electrical stimulation of the lateral entorhinal 

cortex revealed increased neuronal connectivity with both mid-septo-temporal dentate gyrus and 

basolateral amygdala in 3-month old male 3xTgAD mice. Moreover, increased short-term synaptic 

plasticity in 3xTgAD mice was also found in these two connections at 3-months, which was also 

seen in a 6-months age group. These results demonstrate increased facilitation in the amygdala for 

the first time in an AD model and extend the presence of similar changes to more ventral dentate 

gyrus. Overall, our work further supports the view that synaptic changes are among the earliest 

markers of AD-like pathology the 3xTgAD mouse and further support the translational relevance 

of this model to AD patients. 
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4.2 Introduction 

Alzheimer’s disease (AD) is the most common form of dementia and it is 

commonly associated with the overt accumulation of beta-amyloid (Aβ) plaques and 

neurofibrillary tangles of hyperphosphorylated tau protein aggregates (NFTs; Selkoe, 

2008, 1997). The typical phenotype of AD results in a progressive cognitive loss, starting 

with episodic memory (Bäckman et al., 2004) and progressing to emotional memory and 

emotional learning, fear and anxiety (Cohen and Paz, 2015; Gallagher and Chiba, 1996; 

Paz and Pare, 2013). It has been shown, however, that cognitive deficits are poorly 

correlated with Aβ plaque load in AD patients (Berg et al., 1998). Furthermore, studies on 

subjects suffering from mild cognitive impairment (MCI), a precursor to AD in many 

cases, show episodic memory deficits before pre-plaques appearance, i.e., at stages where 

only soluble intracellular Aβ forms are found (Selkoe, 2008, 1997). Thus, there is a 

growing interest and focus on the role of soluble Aβ oligomers as a key culprit for early 

cognitive decline in AD. AD is commonly correlated with synaptic transmission changes 

in local and distributed circuits within the hippocampal formation, which may result in the 

reported memory deficits (Selkoe, 2002).  

However, the genotype-to-phenotype physiological mechanisms underlying 

cognitive decline are still not fully understood: the functional synaptic connectivity across 

the earliest targets of AD pathology, leading to memory deficits, needs further exploration. 

The key regions affected in early AD progression encompass the medial temporal lobe 

(Jobst et al., 1994). Specifically, the entorhinal cortex (lateral part, ENTl) is one of the first 

regions to show pathology in human AD (Braak and Braak, 1995) and is a vital interface 

between the hippocampal formation and the neocortex, playing a key role in memory 

encoding and retrieval (Buckmaster, 2004; van Groen et al., 2003). ENTl layer II is 
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monosynaptically connected with the dentate gyrus (DG) of the hippocampal formation 

through the perforant pathway (Hyman et al., 1986).  

Together, ENTl and DG, represent the first node of the trisynaptic circuit (Witter, 

2007b). Recent work has shown that DG may contribute to memory formation, through 

neurogenesis (Toda et al., 2019; van Praag et al., 1999), as well as working as a hub 

between ENTl and hippocampus proper (i.e. Cornus Ammonis fields; Nakashiba et al., 

2012). The function of DG is often related to pattern separation, particularly to 

disambiguate episodic memories that share elements such as different events that occur in 

the same encoding context (Yassa et al., 2010).  

Additionally, the amygdala, particularly the basolateral nucleus (BLA), is a central 

hub for emotional memory, fear and anxiety processing and is a key region in facilitating 

declarative memory encoding in situations with high emotional arousal (Bazelot et al., 

2015; Paz and Pare, 2013; Roozendaal and McGaugh, 2011). The BLA and ENTl are some 

of the earliest targets for toxicity in AD (Booth et al., 2016; Khan et al., 2014; Nelson et 

al., 2018). The deep layers of the ENTl receive monosynaptic inputs from the BLA 

(Brothers and Finch, 1985; Maren and Quirk, 2004; Xu et al., 2016) and strong 

connections are also seen from ENTl to BLA in rat (Agster et al., 2016; Ferry et al., 2006; 

Tomás Pereira et al., 2016). Figure 3.1a represents a schematic of the main circuitry 

involving BLA, ENTl and DG.  

Animal models such as transgenic mice overexpressing human genes associated 

with familial AD represent an important approach to investigate the neuronal changes 

caused by AD-like pathology. The 3xTgAD mouse model carries transgenes for human 

PS1M146V, APPSWE and TauP130L. It recapitulates the major features of AD 

development in a similar spatiotemporal fashion to that seen in AD patients, in that it 

develops both Aβ plaques and NFTs later in life (Mastrangelo and Bowers, 2008). 
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Moreover, 3xTgAD mice show cognitive deficits prior to plaque deposition, rendering this 

a good candidate model to investigate prodromal stages of AD-like pathology (Davis et al., 

2013b; Marchese et al., 2013; Mastrangelo and Bowers, 2008). Changes in synaptic 

activity and connectivity have been found in hippocampal regions including the ENT in 

transgenic mouse models, compared to healthy controls, such as the PDAPP mouse model 

for AD-like pathology or rTg4510 model for tauopathy (Booth et al., 2016; Larson et al., 

1999; Moechars et al., 1999).  

To date, the majority of studies investigating neuronal excitability and synaptic 

connectivity have been conducted in vitro, by performing electrophysiological recording 

on isolated brain regions; these have highlighted a disruption in neuronal connectivity in 

several mouse lines for AD-like pathology (Chapman et al., 1999; Fitzjohn et al., 2001). 

Electrophysiological recordings in slices of the 3xTgAD mouse model bring supporting 

evidence for a loss of synaptic transmission assessed in vitro (Oddo et al., 2003). 

Conversely, work in vivo highlights hyper-excitatory behaviour in 3xTgAD 

hippocampal regions (Davis et al., 2014; Palop et al., 2007). It is, therefore, necessary to 

investigate further the synaptic changes in a specific brain region whilst embedded within 

the brain, in order to preserve the bidirectional cortical connectivity, crucial for memory 

encoding and retrieval. Here for the first time in 3xTgAD mouse, we investigated synaptic 

integrity between ENTl and its BLA and DG post-synaptic targets in vivo. We 

hypothesised a genotype effect on synaptic integrity in the regions of interest (ROIs) in 

3xTgAD mice compared to matched controls. By performing evoked Local Field Potential 

(LFP) recordings in BLA and DG following electrical stimulation of the ENTl, we 

assessed synaptic integrity and short-term plasticity in 3xTgAD mice at 3 and 6 months of 

age, in order to study prodromal stages of AD-like pathology. 
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4.3 Methods 

4.3.1 Animals 

All procedures were performed in accordance with the UK Animals (Scientific 

Procedures) Act 1986. Male 3xTgAD and control mice on the same background strain 

(129sv/c57bl6) aged either 3-4 months (N = 6 and N = 7, respectively) or 6-7 months old 

(N = 4 and N = 4, respectively) were used for these experiments to monitor the impact of 

early stages of AD-like pathology (Billings et al., 2005; Davis et al., 2013b; Mastrangelo 

and Bowers, 2008). Mice were housed as 5 cage-mates by sex and genotype in a pathogen-

free environment on a 12 h light: dark cycle with food and water available ad libitum. 

 

4.3.2 Anaesthesia and surgery 

Anaesthesia was induced via intraperitoneal (i.p) injection of urethane (1.5-1.7 g/kg 

of 30% w/v solution prepared in 0.9% saline; ethyl carbamate Sigma, UK). An additional 

dose of urethane (50 μl of 10% w/v urethane solution prepared in 0.9 % saline) was 

administered if complete areflexia was not reached after 40 minutes from the first 

injection. Mice were mounted and fixed in a stereotaxic frame and mouse adapter (Kopf 

1430, USA) to immobilise the head prior to surgery. Body temperature was maintained 

around 37°C throughout the duration of the whole experiment with the use of a 

homoeothermic blanket (Harvard, UK) and a rectal thermistor probe placed underneath the 

abdomen. 

 

4.3.3 Surgery 

A midline scalp incision was made and the skin retracted to expose the skull. After 

identifying Bregma and Lambda, the distance between these two landmarks was measured 

and compared to the standard 4.2 mm reported in the mouse brain atlas (Paxinos and 
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Franklin, 2004). Differences between the two measurements allowed a proportional 

adjustment for craniotomy coordinates to improve the accuracy of electrode placement. 

Craniotomies were made above the left hemisphere using a 0.9 mm drill bit (Fine Science 

Tools, Germany) and a high-speed handheld drill (Foredom, USA). Care was taken to 

maintain the craniotomy sites moist during the whole surgery procedure. Coordinates for 

craniotomy and electrode placement were marked onto the skull, relative to Bregma and 

the midline for recording in BLA (Bregma: AP -2.5 mm, ML: 2 mm) and DG (Bregma: AP 

-3.5 mm, ML: 2.5 mm), as well as stimulation of ENTl (Bregma: AP - 

2.8 mm, ML: 4.2 mm). Recording electrodes consisted of 32-contact probes, each laid out 

as 2 shanks of 16 electrodes that were 500 μm apart with 100 μm between recording points 

(A2x16-10-500-100-413, NeuroNexus Technologies, MI).  

 These were first lowered to target locations (BLA target was 4 mm ventral from 

brain surface at a 15° angle from vertical in the coronal plane; the DG target was also 4 

mm ventral to brain surface but along a vertical plane) and then used to record brain 

activity during different stimulation protocols. The 2 recording electrode shanks were 

coated in Vibrant CM-DiI (Sigma, UK) cell-labelling solution to allow post-mortem 

localisation of their location with post hoc fluorescence microscopy.  

The stimulation electrode consisted of twisted, 125 μm diameter Teflon-insulated 

stainless-steel wires (Advent RM, UK) and was inserted an initial 3 mm from the brain 

surface in one step and then slowly lowered further during continuous application of 

stimulating pulses (50 ms paired-pulse stimulation (PPS), 300 μA) until the expected 

responses in DG and BLA were seen on an oscilloscope. The inter-regional connectivity 

across the ROIs targeted is shown in Figure 4.1, together with the final placements for 

recording electrodes. 
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4.3.4 Data acquisition 

All data were recorded on a Recorder64 system (Plexon Inc, USA), and saved for 

offline analysis. Electrodes were connected to a headstage (fixed gain of x20) and then to a 

preamplifier for a total gain of x500. LFP were recorded at a sampling rate of 5 or 10 kHz 

using a 12-bit A/D converter and then stored for offline analysis. A low pass filter (1 kHz) 

was applied to remove spiking activity. Responses on up to 4 electrodes could be 

visualised during the experiment on an oscilloscope (HAMEG Instruments GmbH, US). 

Electrical stimuli were delivered by a constant-current stimulator (DS3, Digitimer, 

UK), triggered by analogue 5 V square wave pulses from a National Instruments PCI card 

(PCI-6071E). Timings and types of stimuli to be delivered were controlled through 

custom-written programs in LabVIEW (v8, National Instruments). Stimulus duration was 

fixed at 200 μs throughout each protocol. Firstly, the stimulating electrode was lowered 

gradually into position whilst PPS was applied (interval 50ms, 3s between pairs) until the 

typical evoked field excitatory postsynaptic potential (fEPSP) responses for BLA and DG 

were established.  

Specifically, a fast negative fEPSP was detected in the BLA, peaking around 4-5 

ms after the stimulus, followed by a slower positive overshoot, consistent with previous 

literature (Maren and Fanselow, 1995). Within DG, a positive initial fEPSP response, 

typical of the molecular layer of DG, was recorded in each mouse (Figure 4.1b, left inset). 

The dotted line in left and right panels of Figure 4.1b represents examples of the initial 

fEPSP response slope in both DG and BLA, respectively, measured during these 

experiments. Once a typical fEPSP response profile was obtained in both BLA and DG, 

two different protocols of stimulation were performed: Input/Output (I/O) and PPS. In each 

mouse, the channel with the most distinctive response (as revealed through current source 

density analysis post hoc; see below) was selected for further analysis. 
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4.3.5 Stimulation protocols 

Input/output curve 

The IOC reflects the functional strength of synaptic connectivity: by applying 

different current intensities, it is possible to analyse how the response (Output) changes as 

a function of input strength (Input). The range of current intensities used here was 180, 

300, 450 and 600 μA. 

 

Paired-pulse stimulation 

To measure short-term synaptic plasticity, stimulus current was set to half-

maximum of the response obtained in the BLA I/O paradigm, i.e., c.300 μA, and paired-

pulses were delivered at this current with different paired-pulse intervals (PPI) for 20 

repetitions each. The range of intervals was 20, 50, 100, 200, 500 and 1000 ms. 

 

4.3.6 Data analysis 

Current source density 

Once all data were collected, current source density analysis (CSD) was carried out 

in each mouse to facilitate the selection of the optimal response channels in each ROI 

(Figure 4.1c). CSD analysis provides a spatio-temporal map of the various current sinks 

and sources recorded throughout tissue sampled by the electrodes (Freeman and Nicholson, 

1975). As such, sources are plotted in red colour representing negative CSD values 

(positive current), sinks are plotted in blue to indicate positive CSD values (negative 

current) and neutral regions are visualised in green. Through CSD analysis it was possible 

to isolate the shortest latency electrode responses corresponding to the strongest 

source/sink signal, therefore, allowing for further analysis as the contact most likely to lie 

next to excitatory synaptic active zones. Figure 4.1c reports an example of CSD for one 
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3xTgAD and one control mouse at 3 months of age: qualitative analysis highlights stronger 

CSD values in 3xTgAD in both BLA and DG (Figure 4.1c, right section of both left and 

right images) compared to age-matched controls. 

 

Figure 4.1: Neuronal circuitry in the medial temporal lobe, electrodes location and CSD 

 

a) Schematic view of the synaptic connections among the ENTl, within the hippocampal formation, and 

BLA. ENTl is connected mono-synaptically to the DG through the PP and from layers V and VI to the BLA. 

b) Representation of the stimulating and recording electrodes and raw data. The stimulating electrode was 

targeted to ENTl with recording electrodes in DG and BLA. Left and right insets show raw fEPSPs recorded 

in one control and one 3xTgAD mouse for DG and BLA, respectively, at 3 months. No major differences 

could be seen between the spatial distribution of sinks and sources in response profiles between transgenic 

and control mice. The fEPSP response in DG results showed a positive-going response, whereas, that for 

BLA showed a fast, negative-going event. c) CSD analysis for one control and one 3xTgAD at 3 months with 

current sources (red) and sinks (blue). Green indicates neutral regions. Left panels represent CSD values in 

DG while those on the right are from BLA. Both panels represent fEPSPs evoked by 50 ms paired-pulse 

stimulation. ENTl: lateral Entorhinal Cortex; DG: Dentate Gyrus; CA: Cornus Ammonis; SUB: Subiculum; 

BLA: Basolateral Amygdala; PP: perforant pathway; P1: Pulse 1; P2: Pulse 2; CSD: Current Source Density; 

fEPSP: field excitatory postsynaptic potential. 
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The different cyto-architecture of BLA and DG may result in their different CSD 

profiles, with BLA showing a more localised (closed-field) CSD signal than the DG, which 

has a more laminar structure (open-field). 

 

IOC and PPS statistics 

For the IOC protocol, stimulation at each current intensity was repeated 20 times 

(runs), the initial slope of the fEPSP response measured for each repetition and then these 

20 values were averaged. The mean response to each current step for each mouse was used 

to plot the I/O curve of response to current intensity by genotype, age and ROI. For the 

PPS protocol, the slope for the initial fEPSP response on a selected channel was measured 

for both stimuli (P1, P2) in each pair. For each pair, the fEPSP response to the second 

stimulus (P2) was normalised to that of the first (P1) and expressed as a ratio, such that 

positive values indicate synaptic paired-pulse facilitation (PPF) and negative values 

synaptic PP depression (PPD). 

 

𝑃𝑃𝐼   =  (𝑃2  − 𝑃1)/ 𝑃1                                              (3) 

 

In the case of synaptic facilitation PPI > 0, whereas, PPI < 0 for synaptic 

depression. 

For both the IOC and PPS results, statistical analysis was performed using the statistical 

software R 3.6.1 (The R Foundation for Statistical Computing). Responses to the I/O 

(initial slope for P1) and PPI (ratio between P2 and P1) paradigms in BLA and DG at the 

two age groups were analysed separately with a linear mixed model analysis, using ROI, 

age, genotype, amplitude/intervals (amplitude for IOC and interval for PPS), and their 

mutual interactions as fixed effects and animal intercepts and runs repeats as random 
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effects using R package lme4. Interaction effects were determined using a likelihood ratio 

test. A post hoc analysis was performed after a general linear hypothesis test using contrast 

to determine genotype effects at each stimulation amplitude or interval. Correction for 

multiple comparisons was implemented during the contrast analysis using the R package 

multcomp (Bates et al., 2015; Bretz et al., 2016). Data are plotted as mean ± standard error 

(SEM). 

 

4.3.7 Perfusion and histology 

At the end of the experiment, an additional dose of urethane (30%) was 

administered to the animals (i.e., terminal anaesthesia); the animals were then 

transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde (PFA). The 

brain was then extracted, placed in 4% PFA and refrigerated for 24 hours. After this, the 

brain was then transferred to 30% sucrose solution until it sank. After the fixation of the 

brain and sinking in sucrose, the left hemisphere was removed and coronal sections 50 µm 

thick were made using a freezing microtome (Leica, UK). Sections were mounted onto 

subbed slides and allowed to dry overnight in the dark. Finally, they were imaged using a 

3D Histech, Pannoramic 250 Flash III digital slide scanner system (3DHistech, Hungary). 

The images were viewed using CaseViewer software (3DHistech, Hungary) for 

visualization of DiI. 

 

  



 
136  

4.4 Results 

To investigate synaptic integrity in the early stages of AD-like pathology in the 

3xTgAD mouse model, we recorded evoked fEPSPs in the DG and BLA following 

electrical stimulation of ENTl inputs. In both ROIs it was possible to establish a typical 

response profile: BLA showed an initial negative fEPSP, whereas, DG was characterised 

by a steep positive fEPSP. In both ROIs, the general response profile was not altered by 

genotype: suggesting a relatively spatiotemporally preserved input from the ENTl to both 

DG and BLA at these age points.  

Once a typical response profile was established in each ROI, electrical stimulation 

with multiple stimulation paradigms (IOC and PPS) was performed to test for synaptic 

integrity between ENTl and post-synaptic targets. Specifically, stimulation of the ENTl 

was firstly performed with varying current intensities, ranging from 180 μA to 600 μA 

(IOC). Subsequently, pairs of stimuli at 50% of the maximum response size on the IOC 

were provided at different time intervals, ranging from 20 ms to 1000 ms, in order to assess 

short-term synaptic plasticity (PPS). 

 

4.4.1 Synaptic strength: current-response input/output 

In the IOC analysis for synaptic strength, a quadruple interaction effect was 

reported between ROIs, age, genotype, stimulation amplitude: F (35,32) = 108.31, p < 

0.001. Additionally, the field response to increasing current amplitudes was analysed in 

both BLA and DG (Figure 4.2a,b respectively) at 3 months (Ncontrols = 5, N3xTgAD = 4, 

Figure 4.2 left panels) and 6 months (controls Ncontrols = 4, N3xTgAD = 3, Figure 4.2 right 

panels). 
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BLA I/O curve 

No significant aging effect was found in control BLA between 3 and 6 months of 

age. There was, instead, a significant effect of ageing in 3xTgAD mice between 3 and 6 

months of age for currents > 180 μA (Figure 4.2a). Hence, 6-month-old 3xTgAD mice 

showed larger responses compared to 3 month-old 3xTgAD mice at 300 μA (z = -2.65, p < 

0.05), 450 μA (z = -3.25, p < 0.005) and 600 μA (z = -3.19, p < 0.005). At 3 months of age, 

there was no significant difference in response between controls and 3xTgAD (p > 0.5; 

Figure 4.2a, left panel). A strong difference in response was instead found at 6 months of 

age, where 3xTgAD mice had significantly larger responses than controls at 180 μA (z-

score -3.381, p < 0.005), 300 μA (z = -6.23, p < 0.001), 450 μA (z = -6.64, p < 0.001) and 

600 μA ( z = -7.1, p < 0.001; Figure 4.2a, right panel). 

 

DG I/O curve 

Interestingly, whilst there was no significant aging effect in 3xTgAD between 3 

and 6 months of age, there was a significant effect in controls: 3-month-old controls 

showed significantly weaker responses to 180 μA compared to 6 months (z = 2.32, p < 

0.05). Across genotypes, 3xTgAD mice showed larger responses than controls by 3 months 

of age (Figure 4.2b left panel; 300 μA z-score = 2.36, p < 0.05; 450 μA z-score = 2.6, p < 

0.05 and 600 μA z-score = 2.93, p < 0.005; 180 μA n.s.), whereas, at 6-months of age there 

was a significant difference between genotypes only for the strongest current stimulus (600 

μA, z-score = 2.12, p < 0.05), although there was a trend for increased facilitation in 

3xTgAD mice compared to controls (Figure 4.2b right panel). 
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Figure 4.2: Input/Output curves for BLA and DG response to ENTl stimulation at 3- and 6-months of 

age show strengthening of synaptic connectivity in 3xTgAD 

 

a,b) I/O curve for 3 (left) and 6 (right) month-old 3xTgAD mice and matched controls in BLA (top) and DG 

(bottom). Data are plotted as mean initial fEPSP slope values ± SEM. * p < 0.05, ** p < 0.005, ***p < 0.001. 

ENTl: lateral entorhinal cortex, BLA: basolateral amygdala; DG: dentate gyrus; I/O: input/output; SEM: 

standard error of the mean. 

 

 

4.4.2 Paired-pulse stimulation shows hyper-excitability in 3xTgAD 

Short-term plasticity was assessed with paired-pulse stimulation at varying intra-

pair intervals. The current intensity was set to 300 μA, corresponding to approximately 

half-maximum of the stimulus current intensity performed with IOC in the majority of the 

regions and ages. As for IOC results, a quadruple effect between ROI, age, genotype and 

intervals was found for the PPS paradigm: F (51,46) = 28.135, p = 3.425e-05. 
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Paired-pulse stimulation in BLA 

Interestingly, an ageing effect was found in the BLA responses of controls for 50 

ms PPS, where 3 month-old controls showed PPF and 6 month-old controls showed 

depression (z = 3.22, p < 0.01). By 3 months of age, control animals showed facilitation in 

BLA at intervals > 20 ms; for the shortest interval of 20 ms, there was, instead, evidence 

for paired-pulse depression (Figure 4.3a left panel), which suggests an initial inhibitory 

effect via GABAA receptors. For the longest intervals of 500 and 1000 ms, there was no 

difference between P1 and P2 in controls. 3xTgAD mice showed the greatest facilitation to 

shorter intervals with no facilitation for intervals of 500 and 1000 ms. A significant 

genotype effect was seen in the BLA by 3 months of age at the shorter intervals, where a 

significant increase in PPF was found in 3xTgAD compared to controls (20 ms, z-score = -

3.96, p < 0.001; 50 ms, z-score = -3.11, p < 0.05; Figure 4.3a left panel). 3 month- and 6 

month-old 3xTgAD mice showed increased facilitation compared to age-matched controls 

at the shorter intervals (20 ms, z-score = -3.33, p < 0.005; 50 ms, z-score = -4.34, p < 

0.001; Figure 4.3a right panel), therefore, bringing supporting evidence for a genotype 

effect affecting short-term plasticity. 

 

Paired-pulse stimulation in DG 

In control animals, there was a significant aging effect at 100 ms, where 3 months-

old mice showed facilitation and 6 months-old mice showed depression. However, the 

trend at both ages highlighted only weak facilitation or depression in controls. No aging 

effect was seen in the 3xTgAD responses, with animals showing increased facilitation at 

shorter intervals compared to controls at both 3 months of age (20 ms, z-score = -3.16, p < 

0.01; 50 ms, z-score = -4.54, p < 0.001; Figure 4.3b left panel) and 6 months of age (20 
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ms, z-score = -3.5, p < 0.001; 50 ms, z-score = -3.6, p < 0.001; 100 ms, z-score = -3.2, p < 

0.01; 200 ms, z-score = -2.3, p < 0.05; Figure 4.3b right panel). 

 

 

Figure 4.3: Paired-pulse stimulation in BLA and DG at 3 and 6 months of age shows increased 

facilitation in 3xTgAD 

 

a,b) Response to ENTl stimulus pairs (PPS) with intervals of 20, 50, 100, 200, 500 and 1000 ms. fEPSP 

response to PPS recorded in BLA (top) and DG (bottom) curve in 3 (left) and 6 (right) month-old 3xTgAD 

mice and matched controls showed a significant increase in facilitation at short intervals: 20 ms, 50 ms. DG 

shows a genotype effect in intervals of 100 and 200 ms at 6 months. Data are plotted as mean ± SEM. * p < 

0.05, ** p < 0.005, ***p < 0.001. PPS: paired-pulse stimulation. ENTl: lateral entorhinal cortex, BLA: 

basolateral amygdala; DG: dentate gyrus; PPS: paired-pulse stimulation; fEPSP: field excitatory postsynaptic 

potential; SEM: standard error of the mean. 

 

Results from the PPS highlight strong synaptic facilitation in 3xTgAD at short PP 

intervals in both BLA and DG at 3 months of age, also supporting synaptic 

hyperexcitability in this mouse model at this pre-plaque stage. Indeed, the synaptic 
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depression evident in controls at 20 ms PPI in BLA is transformed into clear synaptic 

facilitation in 3xTgAD.  
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4.5 Discussion 

Alzheimer’s disease (AD), in its early stages, is characterized phenotypically by 

impaired episodic memory that progresses in later stages to include emotional memory, 

aggression, reduced executive function, poor spatial navigation and increased anxiety, 

accompanied by the pathological formation of Aβ plaques and tau tangles (Bäckman and 

Small, 2007; Ringman, 2005). The effect of this pathology on medial temporal lobe 

structures plays a key role in the appearance of the cognitive deficits in AD. Specifically, 

ENTl and DG are crucial for episodic memory, pattern separation and the amygdala 

represents a crucial locus for fear and emotional processes related to emotional memory 

encoding (España et al., 2010; Jagust, 2018; Khan et al., 2014). 

Synaptic circuitry changes are key for memory formation, suggesting that 

mechanisms for this are deficient in AD (Selkoe, 2008, 2002). Animal models for AD-like 

pathology can shed light onto the link between the memory deficits typical of AD and the 

underlying neuronal changes, as they allow us to study changes in neuronal activity and 

excitability in anatomically and functionally distinct brain regions in vivo. The 3xTg 

mouse model for AD shows clear deficits in episodic-like memory at a young age, in 

parallel with hippocampal excitability changes (Davis et al., 2014, 2013b) and well before 

the accumulation of Aβ plaques and NFTs (Mastrangelo and Bowers, 2008). To date, 

however, little is known about the preservation of synaptic circuits in 3xTgAD and other 

AD mouse models, as only a few studies have been carried out in vivo, i.e., whilst 

preserving distal and local neural connections (Davis et al., 2014). Growing evidence 

suggests the fundamental role of the ENTl as one of the earliest targets for AD. Therefore, 

further research exploiting the ENTl and its downstream projections, particularly towards 

the emotional hub (BLA) and pattern separation deficits (DG) is necessary.  
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Here, we aimed to test whether neuronal circuits involved in emotional and 

episodic-like memory present synaptic changes in young 3xTgAD mice. We investigated 

synaptic connectivity and short-term plasticity with recordings of electrically-evoked 

fEPSPs from male 3xTgAD mice, at 3 and 6 months of age in vivo. Neuronal connectivity 

between ENTl and BLA did not differ between 3xTgAD and controls during increasing 

stimulation of the ENTl in mice aged 3 months: the response profiles showed a parallel, 

moderate, increase in response with increased stimulus intensity, indicating no change of 

basal connectivity in 3xTgAD mice at this age. However, by 6 months of age, 3xTgAD 

mice revealed a strong, intensity-dependent increase in the BLA response to ENTl 

activation compared to controls, suggesting a strengthening of ENTl connectivity to the 

BLA with age and, presumably, pathological progression. Interestingly, the response to 

increased stimulation in DG was already larger by 3 months of age in 3xTgAD compared 

to age-matched controls, hinting towards an earlier manifestation of an enhanced neuronal 

connectivity strengthening between ENTl and DG compared to that for BLA.  

This phenomenon could be induced by a potentiation of remaining synaptic 

connections, through a decrease of feed-forward inhibition from the ENTl to its 

downstream targets (Palop and Mucke, 2010a, 2010b). In order to test changes in 

presynaptic release probability, short-term synaptic plasticity was analysed with a paired-

pulse paradigm, where electrical stimuli were provided in pairs with a variable interval 

within these stimulus pairs. Overall, 3xTgAD mice showed facilitation for shorter intra-

pulse intervals (e.g., 20 and 50 ms) in both BLA and DG, at both 3 and 6 months of age, in 

general agreement with previous evidence investigating more dorsal hippocampal 

formation pathways (Davis et al., 2014).  

Generally, synaptic facilitation seen at short intervals is thought to derive from a 

plethora of phenomena that result in increased glutamate release at the presynaptic terminal  
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(Berretta and Jones, 1996a, 1996b; Zucker, 1989). When stimuli are delivered at longer 

inter-pulse intervals (e.g., 500 or 1000ms), the residual Ca2+ responsible for facilitation at 

short intervals will have been already cleared through presynaptic buffering, thus, resulting 

in no difference between postsynaptic response slope or amplitude to the first and second 

pulses of each pair. However, for short intervals (e.g., 20 or 50 ms), the response to the 

second pulse occurs when residual presynaptic Ca2+ is still present from the depolarisation 

evoked by the first pulse, therefore, synaptic release to the second pulse is facilitated. Here, 

we demonstrated that 3xTgAD mice show short-term neuronal plasticity changes well 

before the appearance of plaques and tangles.  

The increased facilitation reported in the DG by 6 months, even for longer intervals, i.e., 

100 and 200 ms (Figure 4.3b right) seems to bring supporting evidence for synaptic 

plasticity changes in line with neuronal connectivity strengthening found with IOC. These 

results agree with previous work showing a similar increase in dorsal DG and CA1 of 

female 3xTgAD mice over a similar age range (Davis et al., 2014) and epileptiform 

behaviour and increased activity in the hippocampal formation in other mouse models for 

AD-like pathology (Palop et al., 2007). Moreover, evidence from APOEε4 mice suggests 

excitatory synaptic activity in the BLA (Klein et al., 2014). Increased epileptiform 

behaviour has been encountered in AD patients (Lozsadi and Larner, 2006; Mendez and 

Lim, 2003) and is often treated with antiepileptic drugs (AEDs) that predominantly act on 

glutamate release, to modulate neuronal hyperactivity (Vossel et al., 2017). Thus, the 

hyperactivity and enhanced neuronal connectivity reported here and in other literature, may 

result from a compensatory mechanism to progressive disruption of inter-regional 

connectivity, which then elicits a strengthening in the remaining connection: increased 

activity is needed in order to balance the progressive insult, in order to result in the same 

information transmission (Davis, 2006).  
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Our results highlight that the increased excitatory state appears prior to Aβ plaques 

and NFTs accumulation, in AD-sensitive brain regions. Yet, the exact temporal unravelling 

of the intricate cascade of events involving Aβ and tau accumulation, synaptic loss and 

hyperactivity, is not fully understood. It is well established that overt plaques and NFTs 

contribute to loss of synaptic connectivity and neuronal cell death (Palop and Mucke, 

2010b; Selkoe, 2008, 2002). However, the focus has shifted towards earlier manifestations 

of these molecular hallmarks: soluble forms of tau and oligomers of Aβ are thought to play 

a critical role in synaptic degeneration (Green et al., 2019; Ittner et al., 2010; Pooler et al., 

2014). Specifically, progressive accumulation of tau results in epileptiform activity in 

neurons, the latter is reduced in studies where tau accumulation is genetically modulated, 

thus confirming its crucial role in mechanisms underlying hyperactivity (DeVos et al., 

2013). There is also a strong case for aberrant Aβ in early stages of AD-like pathology 

increasing presynaptic transmitter release, thus, also promoting – here – ENTl excitability 

(Palop and Mucke, 2016, 2010b). At the same time, the accumulation of Aβ and tau highly 

dependent on neuronal activity (DeVos et al., 2013; Noebels, 2011; Palop and Mucke, 

2010b; Wu et al., 2016). Moreover, growing evidence highlights the interdependence of 

tau and Aβ production, e.g. dendritic tau modulates the toxicity of postsynaptic Aβ 

accumulations (Ittner et al., 2010; Roberson et al., 2007).  

Thus, the inter-dependency between increased activity and tau/Aβ accumulation 

leads to a spiralling circuit driven by positive feedback that eventually results in 

neurodegeneration and cognitive decline. Indeed, our results bring supporting evidence for 

the first appearance of neuronal plasticity changes during very early stages of AD-like 

pathology, when Aβ plaques and NFTs are not yet seen in 3xTgAD. Recently, new 

evidence highlights that increased excitability may also be caused by a loss of local 

inhibition, in order to maintain the excitatory-inhibitory (E/I) balance, as suggested by 
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other neuropsychiatric states such as schizophrenia and sclerosis (Bateup et al., 2013; Gao 

and Penzes, 2015). Evidence from APOEε4 mice showed increased activity in the ENTl as 

a major effect, and this may be derived by a loss of inhibition mediated by GABAergic 

circuitry (Nuriel et al., 2017). Work on the entorhinal cortex epileptiform activity in rats 

has also shown a decrease in inhibitory inputs to the layer II of the region in vitro, again 

suggesting a downstream deficit in inhibition in this area (Kumar, 2006). ENTl 

predominantly projects to the DG through layer II fibres, therefore, the increased response 

seen in DG in this work might result from a loss of inhibitory projections from the ENTl to 

the DG. 

Increased excitability in DG may contribute to a breakdown in pattern separation 

(Nakashiba et al., 2012; Yassa et al., 2010), which would, in turn, potentially cause the 

confusion seen in MCI and AD patients and impairment in memory for life events. Poor 

pattern separation has been correlated with an increase in DG/CA3 activity in MCI patients 

(Yassa et al., 2010). Moreover, the hippocampal-amygdala connection is highly involved 

in emotional memory formation; particularly, GABAergic activity to modulate the 

response within the BLA is beneficial for a healthy control of emotional memory 

processes; aberrant activity within the amygdala might, therefore, result in deficits related 

to increased emotional contagion, fear, aggression and anxiety reported already in MCI 

patients (Bienvenu et al., 2012; Nava-Mesa et al., 2014; Sturm et al., 2013; Trzepacz et al., 

2013).  

Taken together, these results bring supporting evidence for neuronal hyperactivity 

and synaptic plasticity changes in 3xTgAD mice, compared to healthy controls already by 

a very young age, in agreement with documented cognitive decline already by 3/4 months 

of age (Billings et al., 2005; Davis et al., 2017, 2013a, 2013b). We, therefore, suggest that 

a hyperactive behaviour due to network remodelling, e.g., synaptic plasticity changes, 
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and/or loss of inhibition from interneurons, may play a key role in the earliest stages of 

AD-like pathology, and may be present even before extracellular amyloid and tau 

accumulation. 
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~ Chapter 5 ~  

General Discussion 

5.1 Overview 

Alzheimer’s disease (AD) is a devastating neurodegenerative disease and the most 

common cause of dementia (McKhann et al., 1984; Stelzmann et al., 1995). AD pathology 

presents as a continuous decline with very typical features in late stages. However, 

research in the last decades has concentrated on early stages of the disease, where 

treatment development may reverse completely its occurrence and may prevent the 

devastating memory and personality loss reported in later stages (Jack et al., 2010). AD 

presents initially with a mild memory deficit, clinically diagnosed as mild cognitive 

impairment (MCI). This deficit is first seen for declarative memory, particularly the 

episodic component (Paola et al., 2007; Tulving and Markowitsch, 1998), which represents 

one of the earliest cognitive biomarkers for AD diagnosis. Specifically, studies in AD 

patients and animal models for AD-like pathology have highlighted the central role of 

medial temporal lobe (MTL) structures in the early stages of AD, which agrees well with 

the central role for this region as a vital hub for declarative memory formation (Gour et al., 

2014; Thal et al., 2000).  

The lateral entorhinal cortex (ENTl) within the MTL is thought to be highly 

relevant in the early stages of pathology, as an interface between the neocortex and the rest 

of the hippocampal formation, thus, fundamental for information processing and exchange 

(Braak and Braak, 1991; Eichenbaum, 2000). Atrophy and functional changes in AD and 

MCI patients have been reported in the ENTl, highlighting its potential relevance as an 

early biomarker for AD. Moreover, evidence arising from animal work highlights an 

intricate network of episodic memory modulation mediated by fear, emotional memory, 
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and/or the reward system of the brain (Carlezon and Thomas, 2009; Dere et al., 2010; 

España et al., 2010; Paz and Pare, 2013), thus, involving the hippocampal formation, 

amygdaloid area and striatal areas.  

To date, very little is known about the aetiology of AD: accumulation of beta-

amyloid (Aβ) plaques and neurofibrillary tangles (NFTs) of hyperphosphorylated protein 

tau represent the main hallmarks of the pathology; however, cognitive, functional and 

neuronal changes are reported prior to plaque and tangle formation (Green et al., 2019; 

Oddo et al., 2003; Selkoe, 2008).  

Despite the extensive body of literature on AD molecular mechanisms, the precise 

cascade of events is still not fully understood, as is their impact on brain physiology. 

Evidence coming from early-onset AD (EOAD) cohorts and frontotemporal dementia 

patients has identified genetic mutations and risk factors linked to the aberrant production 

of plaques and tangles (Selkoe, 1997). Although late-onset AD (LOAD) cohorts represent 

the majority of AD cases (> 90%) and their exact pathogenesis is still unknown (Small and 

Duff, 2008), it is widely accepted that beta-amyloid is the key culprit underlying the brain 

degeneration in EOAD (Goate et al., 1991). Moreover, the spatiotemporal progression of 

AD pathology in the brains of EOAD and LOAD patients is similar.  

Therefore, modelling AD in rodents, harbouring EOAD-relevant human genetic mutations, 

has provided useful insights into the progression of neuronal, functional and behavioural 

deficits in AD.  

The predictable stages of the pathology in AD model systems has greatly aided the 

investigation of brain changes in human AD. However, preclinical models for AD-like 

pathology fail to fully recapitulate the entire spectrum of AD features, as their genotypic 

manifestations are based mostly on engineered non-spontaneous overexpression of AD-like 

features. Models for AD-like pathology differ in pathological manifestations, e.g., mice 
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with APP mutations fail to develop NFTs and very few models show neuronal loss 

(Billings et al., 2005; Cohen et al., 2013; Oddo et al., 2003). Nevertheless, preclinical 

research has helped tremendously to both understand the causal cascade of events 

happening in each genotypic model and develop the major hypotheses for AD pathology. 

In this study, the triple transgenic mouse model (3xTg) for AD was adopted, as it offers a 

relatively broad interval where only precedent forms of NFTs and Aβ plaques are present, 

providing a long developmental window where these mice exhibit typical prodromal AD 

(pre-plaque and pre-NFT) symptoms only (Oddo et al., 2003).  

 

5.2 Highlights of the results 

In this work, 3xTgAD mice show aberrant phospho-tau protein in the BLA by 3 

months of age that extends to the hippocampal regions by 6 months; however, no NFTs 

could be detected at these ages. Unfortunately, no definitive conclusion could be drawn on 

whether these animals also presented intracellular forms of toxic Aβ42 or extracellular 

insoluble plaques. However, previous characterisation of the pathological profile of this 

mouse model shows the presence of plaques only after 9 months of age, thus, at the age 

points investigated here (< 7 months old) it is highly likely that mice had intracellular 

soluble forms of toxic Aβ without extracellular plaques (LaFerla et al., 2007; Mastrangelo 

and Bowers, 2008; Oddo et al., 2003). This thesis aimed to investigate early stages of AD-

like pathology in 3xTgAD mouse and specifically how neuronal and synaptic changes in 

young 3xTgAD are embedded in brain-wide network reorganisation and plasticity. 

The specific aims of the project were: 

1. To establish how the progression of AD-like pathology impacts brain-wide network 

organisation. This has been carried out with rsfMRI in a longitudinal study on 

anaesthetised 3xTgAD mice and age-matched controls. 
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2. To further explore brain-wide functional mapping under AD-like pathology by 

stimulation of excitatory neurons in the ENTl. This was done by means of optogenetics in 

an fMRI setting, to longitudinally assess (in 3 and 6-month old animals) how pathology 

affects the evoked haemodynamic response of the brain. 

3. To determine disease-relevant changes in synaptic strength and plasticity within (i) 

ENTl to BLA and (ii) ENTl to DG circuitry in 3xTgAD mice. This was achieved through 

in vivo assessment of synaptic connectivity (IOC) and short-term synaptic plasticity (PPS). 

This was carried out on cohorts of urethane-anaesthetised male mice at 3 and 6 months of 

age, to investigate for age-related pathological changes in neuronal activity and how these 

relate to fMRI changes in Aims 1 and 2 above. 

A summary of the findings from this thesis is outlined in Figure 5.1. 

 

Figure 5.1: Diagram summarising the findings within this work. 

 

a) 3xTgAD mice present whole-brain FC deficits at rest and loss of regional homogeneity in AD-vulnerable 

brain regions, which are also down-stream targets of the ENTl. Pair-wise analysis of FC relative to the ENTl 

confirms marked deficits in FC in 3xTgAD at rest. b) Decreased FC at rest co-exists with enhanced response 

during stimulation of the ENTl by means of optogenetics or electrophysiology in vivo. Hyper-excitability of 

the down-stream targets of the ENTl is also found with electrophysiology in vitro. 
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The longitudinal assessment of FC changes, during the resting-state of the brain, 

highlighted loss in regional homogeneity (ReHo) in regions highly involved in AD 

patients, namely ENTl, BLA, ACB and prefrontal cortices. There was, however, increased 

ReHo in somatosensory regions, suggesting that loss of local coherence might be network 

specific. This, together with the evidence of phospho-tau in BLA and hippocampal regions, 

suggests that local loss of coherence might be related to regions vulnerable for AD-

hallmark deposition (Figure 5.1a). Moreover, resting-state FC analysis in relation to the 

ENTl (with pair-wise connectivity analysis) and as hypothesis-free assessment (whole-

brain network analysis) revealed the marked involvement of hippocampal, striatal and 

amygdaloid areas showing decrease in FC at rest. Therefore, the analysis with whole-brain 

network connectivity and ReHo shows that local loss of coherence, within a confined 

region, may result in distal connectivity deficits. 

The neuroimaging experiments carried out with rsfMRI and ofMRI highlighted a 

dichotomic modulation within the brain of 3xTgAD mice, already by 3 months of age. As 

explained above, FC analyses restricted to ENTl have highlighted a decrease in 

connectivity in 3xTgAD (supported by whole-brain ReHo analyses). However, the 

photostimulation of excitatory neurons in the entorhinal cortex, shows that the response in 

3xTgAD is potentiated compared to controls at 3 months of age, thus suggesting an 

increased metabolic demand (possibly due to enhanced underlying neuronal connectivity) 

in pathology, compared to the healthy state.  

The in vivo assessment of synaptic strength and short-term plasticity conducted 

between ENTl and BLA/DG has highlighted evidence for increased functional synaptic 

response and synaptic facilitation in these monosynaptic connections (Figure 5.1). 

Therefore, a key finding from these experiments is the presence of neuronal plasticity 

changes in the absence of overt plaques and tangles. This could be due to increased fibre 
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recruitment, presynaptic facilitation of neurotransmitter release and/or loss of early 

inhibition.  

3xTgAD mice show a marked increase in facilitation compared to controls evident 

by 3 months of age in both loci of the recordings, possibly due to a presynaptic hyper-

active state in ENTl projections. The clear molecular mechanisms behind plasticity 

changes and aberrant neuronal activity in AD are not fully understood. However, a healthy 

brain can dynamically maintain an excitatory/inhibitory (E/I) balance that provides 

beneficial homeostasis. Thus, a disruption in E/I equilibrium, either by excitatory or 

inhibitory changes, may elicit a compensatory mechanism to temporarily restore correct 

function. As such, the electrophysiological evidence from this work shows that the hyper-

excitability reported may be due to either excessive presynaptic glutamate release and/or 

decreased feed-forward inhibition in the regions recorded.  

The synaptic and neuronal changes affecting 3xTgAD mice in the early stages of 

pathology have a brain-wide impact. In support of potentiation in the neuronal response, 

increased neuronal excitability was found with in vitro (in DG and ILA) 

electrophysiological recordings. This suggests that aberrant neuronal activity may 

represent the underpinning mechanisms resulting in localised loss of coherence and brain-

wide network-specific dysfunction, at rest. Thus, I speculate that the increased neuronal 

activity is affecting functional connectivity both locally and distally, producing defects in 

FC (ReHo, pair-wise, network analysis) but also inducing a potentiated response in the 

downstream targets of the ENTl, once this is stimulated (electrophysiology in vivo/ofMRI). 

These results highlight the complexity of the phenomena underpinning the early stages of 

AD-like pathology in 3xTgAD. 

 This  work shows that distal connectivity disturbances could be explained by local 

connectivity deficits. The evidence on the micro-scale, i.e. electrophysiology in vivo and ex 
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vivo,  taken together with the fMRI results, highlights that FC deficits are rooted in a 

deeper physiological context; this supports the trans-species relevance of our results. 

Moreover, staging the disease progression has been an important question in AD in order 

to understand mechanisms and to improve diagnostics (Selkoe et al., 2012). Here, 3xTgAD 

presented phospho-tau spreading from 3 to 10 months and this was associated with long-

range connectivity deficits in young model animals. This suggests tight coupling between 

functional connectivity and tau progression (Franzmeier et al., 2019), supported by 

molecular work by others (Clavaguera et al., 2013). The results highlighted in this work 

can be further connected to other models of axonal degeneration and inflammatory 

response (Krstic & Knuesel, 2013), thus, providing a coherent description of the 

pathophysiology process taking place in AD.  

The contribution of different Aβ species (soluble oligomers, fibrils, plaques) 

represents a crucial focus of AD-research. The present work highlights FC changes in the 

absence of amyloid plaques and detectable elevated Aβ levels, similar to previous results in 

other models (Bero et al., 2012; Shah et al., 2013). Importantly, these results are in line 

with evidence from studies on subjects at risk of developing AD (Sheline et al., 2010; 

Filippini et al., 2009); as such, young 3xTgAD mice at 3 months of age may represent the 

early stages of AD, as they recapitulate features of subjects at risk of AD; thus, they can 

bring insights into the pre-clinical stage of disease-relevant  pathology.  

The dichotomy of the direction of these changes in resting and evoked activity, 

specifically within the ENTl network, mirrors several findings in preclinical and early AD 

patients. Decreased functional connectivity is found in mild AD patients at rest, in areas 

related to the DMN, including the hippocampal formation (Greicius et al., 2004). However, 

task-based fMRI studies show increased activity in memory-related areas in subjects at risk 

of AD but cognitively still normal (e.g. APOEε4 carriers) suggesting a possible dichotomy 

http://paperpile.com/b/DdmBCJ/IQmtw
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in network organization of the brain at rest and in engaged status (Bookheimer et al., 

2000). Taken together, our findings, thus, provide a potential reconciliation for discordant 

results put forward in early-AD subjects.  

Importantly, the results reported here fit into modern hypotheses for the amyloid 

cascade. Buckner and colleagues demonstrated that network dysfunction overlapped and 

preceded amyloid deposition, as revealed with PET (Buckner et al., 2005). Bero and 

colleagues demonstrated in APP transgenic models that hyper-connectivity patterns at a 

young age correlated with amyloid plaque distribution later in life (Bero et al., 2012). As 

such, the present results support the notion that local and distal network dysfunction at rest 

impairs information transmission and processing. This leads to increased metabolic 

demand during evoked activity, which putatively leads to circuit exhaustion and further 

accumulation of Aβ species through increased neuronal activity (Bero et al., 2011). It will 

be important to confirm this model prediction in older 3xTgAD mice.  

Indeed, further experiments towards the validation of the specific profile of the 

ENTl response might help shed light onto the cascade of events reported here. For 

example, the marked increased neuronal response in the ventral dentate gyrus assessed 

with electrophysiology in vivo, is not fully recapitulated with ofMRI, where the effect of 

the stimulation is found more dorsally. This might be due to the discrepancy in the 

stimulation provided, where optogenetic labelling of ENTl neurons might result in a wider 

stimulated area, compared to the more localised stimulation elicited with electric pulses. 

Evidence on the mapping of the perforant pathway connectivity between ENTl and 

DG highlights differences in medial and lateral perforant pathway involvement, with 

facilitation seen in the former and depression in the latter (McNaughton, 1980). This may 

suggest a more specific stimulation of the medial perforant pathway with 

electrophysiology, and a simultaneous stimulation of both parts with optogenetics, 
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resulting in a weakened effect. The targeting of specific layers of the ENTl through 

optogenetics, e.g. with retrograde AAV injected in the DG, may also help in understanding 

the contribution of specific sections of the perforant pathway to ofMRI signal (Rowland et 

al., 2013).  

Moreover, performing electrophysiological recordings of the DG during 

optogenetic stimulation of the ENTl pyramidal neurons might also produce further insight 

into the underlying mechanisms found in this work. This would also allow to overcome the 

major limitation of the time resolution difference between the BOLD-evoked signal (in 

order of seconds) and the millisecond time-scale of events recorded with 

electrophysiology.  

Furthermore, the employment of simulation analysis to modulate connection 

strength and excitability in silico, thus modelling the networks investigated here, may help 

to reproduce the dichotomic trend of results seen in this work, and in AD patients with 

rsfMRI and task-based fMRI (Braskie et al., 2012; Filippini et al., 2009; Sheline et al., 

2010). 

Additionally, information theory has helped in neuroscience field to understand if, 

when analysing evoked neuronal activity resulting from repeated stimuli, there is a 

difference in the quantity and quality of information extracted when considering the timing 

of spikes relative to the oscillatory background activity, compared to information 

extraction by spikes alone (Kayser et al., 2009; Montemurro et al., 2008). The calculation 

of Shannon entropy values provides an approach to assess mutual information between two 

signals (Shannon, 1948) in that Shannon entropy measures the uncertainty in a system 

(when the probability of each outcome is equally distributed, entropy, hence uncertainty, is 

maximised). Hence, a future application of transfer entropy analyses might help to gain 

additional quantitative and causal information on synaptic transfer. 
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Taken together, the results from these diverse approaches demonstrate local 

dysfunction in neuronal circuits in confined brain regions, vulnerable to phospho-tau 

occurrence. Local loss of coherence results in increased synaptic activity, thus in increased 

metabolic demand in response to input, which is seen by the optogenetic results and 

electrophysiology. The identification of overlapping functional hubs that present loss of FC 

but enhanced response following ENTl stimulation may suggest the relevance of these 

projection areas in the early stages of AD-like pathology in 3xTgAD mouse. 

 

5.3 The relevance of this study within AD aetiology 

In past decades, continuous research has tried to identify the molecular mechanisms 

underpinning AD pathogenesis. Whilst the aetiology of EOAD is quite clear, the triggers 

for LOAD initial changes are still obscure. The controlled manipulation of genetically 

engineered animal models, although genotypically closer to the EOAD profile, might aid in 

the identification of LOAD pathogenesis. Different mouse models and AD cohorts have 

led to the identification of a diverse repertoire of hypotheses for AD pathogenesis. Here, I 

attempt to place my results within these major theories for AD development and how this 

work may provide a further contribution to their development and refinement. 

 

5.3.1 Beta-amyloid cascade 

The beta-amyloid cascade hypothesis places the development of toxic Aβ plaques 

as the trigger for a consequential cascade of events where gradual plaque deposition elicits 

a neuroinflammatory response, together with synaptic dysfunction and altered neuronal 

activity, eventually resulting in neuronal cell death and cognitive decline (Hardy and 

Higgins, 1992). However, the amyloid cascade hypothesis has been challenged in the past 

as, for example, level of plaque deposition correlates poorly with the spatiotemporal 
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pattern of cognitive decline, which instead is highly correlated with NFT deposition (Braak 

and Braak, 1995; Nelson et al., 2012). Therapeutic strategies have to date mostly focused 

on targeting Aβ; however, these have all been disappointingly unsuccessful (Cummings et 

al., 2014). Moreover, the presence of Aβ and absence of NFTs and neuronal degeneration 

in healthy individuals further challenges the Aβ cascade hypothesis and highlights the 

crucial role of axonal morphological changes in AD (Serrano-Pozo et al., 2011). There is, 

however, strong evidence for a bidirectional dependency of neuronal activity and beta-

amyloid deposition: the latter has been shown to be activity-dependent, but, on the other 

hand, increase of amyloid levels are thought to elicit epileptiform activity (Cirrito et al., 

2005; Kamenetz et al., 2003).  

Interestingly, mice overexpressing APP in the ENTl result in increased Aβ within 

the DG, and ablation of the perforant pathway results in a decrease in hippocampal 

accumulation of Aβ. This strongly supports a sequential spread of pathology through 

axonal transport and synaptic connections and for a crucial role of ENTl in early stages of 

AD-like pathology (Harris et al., 2010; Lazarov et al., 2002). Our results are in line with a 

strong involvement of the ENTl in the early stages of AD-like pathology in 3xTgAD, as it 

is a key region for APP synthesis (Lazarov et al., 2002). However, we could not conclude 

that 3xTgAD mice at 3 or 6 months of age presented Aβ nor NFTs, although we saw the 

presence of phosphorylated tau in AD-sensitive brain regions and the presence of non-toxic 

Aβ40. Evidence from previous characterisation of the pathological profile of 3xTgAD mode 

shows Aβ42 plaques accumulated extracellularly after 9 months of age; as such, the mice 

used in this work could present intracellular forms of toxic Aβ extracellular insoluble 

plaques (LaFerla et al., 2007; Mastrangelo and Bowers, 2008; Oddo et al., 2003).  

Phospho-tau in our data is present in amygdaloid and hippocampal areas, regions 

highly involved in the first cognitive deficits in AD patients, i.e., episodic and emotional 
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memory. Here, we see marked abnormal effects in the ENTl projection areas in both 

electrophysiological experiments and rsfMRI/ofMRI. Furthermore, we see changes in the 

electrophysiological properties of neurons before any overt accumulation of toxic plaques. 

Therefore, our work is supporting evidence for Aβ as a concomitant factor in AD-like 

pathology in 3xTgAD, but not as the initial trigger for the cascade of events seen, which, 

instead, might be a neuronal remodelling through synaptic plasticity, which results in loss 

of local FC and increased metabolic demand during stimulation. 

 

5.3.2 Cerebral-amyloid angiopathy 

In AD, the accumulation of plaques around or within the blood vessels is a 

common phenomenon, reported in more than 80% of advanced AD cases, resulting in 

cerebral amyloid angiopathy (CAA (Vinters, 1987). The high incidence of CAA in AD 

cases renders the separation between vasculopathy and AD pathology challenging, 

especially in human studies relying on the haemodynamic response of the brain. As such, 

the HR of the brain is influenced by a wide spectrum of components, such as vascular tone, 

reactivity, size, and blood oxygenation. Thus, brain disorders presenting a vascular 

component, such as Alzheimer’s disease, metabolic disorders and vascular dementia, may 

affect the HR in addition to neural metabolism (D’Esposito et al., 2003). Non-invasive 

animal imaging in mouse models for AD, e.g., the APP23 mouse (Beckmann et al., 2011), 

has proven useful to monitor changes in CAA characteristics over time.  

The specific distribution of deficits highlighted in this work does not support the 

presence of CAA, as the latter is thought to primarily affect cortical capillaries in occipital 

areas (Serrano-Pozo et al., 2011). However, the deficits in FC seen at rest in 3xTgAD 

could still have a vascular contribution. As such, the major unresolved limitation of the 

fMRI BOLD signal is the impossibility to fully extract the underlying neuronal signature. 



 
160  

By using fMRI in combination with direct neuronal recordings, i.e. electrophysiology or 

calcium photometry, it is possible to produce haemodynamic-independent readouts, which 

would allow for a more informative interpretation of haemodynamic changes in AD-like 

pathology. For example, calcium fibre-photometry measures changes in intracellular 

calcium concentration, an indicator of direct neuronal activity, in a specific group of 

neurons (e.g. glutamatergic), generally using a calcium reporter protein expressed via an 

AAV injection (Schulz et al., 2012). Thus, future work in the direction of identifying the 

neural underpinnings of CAA and AD-like pathology may rely on the combination of 

fMRI with calcium photometry. 

 

5.3.3 Dopaminergic hypothesis 

Interestingly, recent evidence has suggested a new contribution of the DAergic 

system in AD neuronal changes (Martorana et al., 2009; Martorana and Koch, 2014; 

Salamone et al., 2005). As well as for the toxic effects of Aβ in the acetylcholine pathway, 

new evidence suggests an interaction between Aβ and dopamine that may produce loss of 

DA neurons and DAergic signalling pathway dysfunction, associated with memory loss in 

AD patients (Koch et al., 2014; Martorana et al., 2009) and AD-like mouse models 

(Cordella et al., 2018). Moreover, loss of DA receptors, especially D2, has been shown in 

areas such as the hippocampal formation, prefrontal cortices and BLA (Joyce et al., 1993; 

Kemppainen et al., 2003) in AD patients. PET studies on Alzheimer’s patients also confirm 

a loss of striatal D2-like receptors (Tanaka et al., 2003). Additionally, recent studies have 

shown that DAergic signalling in the hippocampal formation plays a pivotal role in the 

distal connections with the ACB in mouse models for AD-like pathology, such as the 

Tg2576 mouse model (Cordella et al., 2018).  
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Our results are in line with a probable disruption of the DAergic system in early 

stages of AD-like pathology in 3xTgAD. DAergic neuronal degeneration may be the result 

of regional loss of coherence in ACB, prefrontal and amygdaloid regions. Therefore, the 

dysfunction of DAergic transmission in distal targets, prior to amyloid plaque 

accumulation, may represent one of the causes for AD aetiology (Krashia et al., 2019). The 

optogenetic targeting of DAergic neurons in 3xTgAD, such as within the ventral tegmental 

area, might help shed light on the contribution of the DAergic system degeneration onto 

the early network alterations. 

 

5.3.4 Axonal degeneration, tauopathy and synaptic deficiency 

Our work shows localized deficits in phospho-tau enriched brain regions. 

Moreover, the acute excitation of ENTl by means of electrical or optogenetic stimulation 

elicited an aberrant response in postsynaptic targets, suggesting a potentiation of the 

response in 3xTgAD. Neuronal degeneration and correlated synaptic dysfunction may be 

early prerequisites for AD development, as supported by the axonal degeneration 

hypothesis of AD (Salvadores et al., 2017; Serrano-Pozo et al., 2011). In recent years, a 

new hypothesis for the pathological cascade of events underlying AD development has 

placed axonal degeneration as one of the earliest events leading to AD (Kanaan et al., 

2013). Evidence from a backward directionality of neuronal degeneration, starting from the 

axon progressing to the soma, has recently arisen (Kneynsberg et al., 2017). The tau 

protein plays a crucial role in axonal structural stability and function through maintaining 

the microtubules that form the axonal cytoskeleton and transport mechanisms (Roberson et 

al., 2007; Vossel et al., 2010).  

Tau misfolding is one of the leading causes for axonal disruption and, ultimately, 

aberrant synaptic activity and neuronal degeneration that leads to cognitive deficits 
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(Adalbert and Coleman, 2013). The results shown in this work may suggest a potential role 

of axonal morphology in AD-like pathology in 3xTgAD. Indeed, long-distance transport is 

highly correlated to axonal integrity. Evidence from studies on 3xTgAD mice shows 

defective myelination prior to plaques and NFTs appearance, which supports our findings 

of a probable neuronal degeneration affecting the synaptic activity and long-distance 

axonal integrity (Desai et al., 2009). The application of diffusion-weighted MRI would 

represent a logical next step to undertake in a future investigation on this mouse model, in 

order to infer for white matter and axonal integrity. White matter changes have been 

reported in AD patients and a strong deficit in myelination has been reported in 3xTgAD 

mice already by 2 months of age in the hippocampus proper, thus further confirming a 

probable neuronal degeneration in this mouse model (Desai et al., 2009; Roher et al., 

2002). 

 

5.4 Limitations and considerations of this study 

The work described in Chapters 3 and 4 (Papers 1 and 2, respectively) has been the 

result of a collaboration between laboratories and across technical approaches and levels of 

analysis. Functional brain changes of one specific mouse model, 3xTgAD, were evaluated 

using different modalities, spanning from the micro- to the meso- and macro-scale of 

events. The work conducted in both laboratories has allowed insight into early brain 

changes in 3xTgAD mice at the whole-brain level, firstly at rest, with rsfMRI; the whole-

brain functional mapping of the ENTl projections subsequently highlighted differences in 

responses compared to wild-type, suggesting enhanced synaptic changes due to increased 

metabolic load. This has been further confirmed with electrophysiological recordings in 

vivo and ex vivo, where synaptic hyperexcitability at 3 and 6 months of age was revealed. It 
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is, however, necessary to take into consideration the limitations that this work might 

present.  

Firstly, the different anaesthesia protocols used for the neuroimaging experiments 

and the electrophysiological recordings in vivo: the former was conducted with isoflurane 

under ventilation and a mix of medetomidine and a muscle relaxant, with the latter 

conducted via systemic injection of urethane. As reported in section 1.10, anaesthetic 

agents may each affect the brain and the vascular system differently. Therefore, a 

straightforward interpretation of the results obtained in Chapters 3 and 4 cannot be drawn. 

Whilst it is possible to perform rsfMRI and ofMRI experiments with the adoption of an 

awake imaging protocol (Desai et al., 2011), this is not possible for the acute 

electrophysiology study, where an anaesthetised state of the animal is required. As such, 

the adoption of standardised protocols with the application of one singular anesthesia 

compound is recommended for future studies. 

Secondly, careful consideration regarding the limitations of the animal model used 

are needed. As reported in section 1.4.1, the 3xTgAD mouse model is the result of an 

overexpression of three mutations (with one of these not related to AD) leading to the 

formation of plaques and tau aggregates in a disease-relevant spatial and temporal manner. 

As per the majority of the AD-like models that overexpress mutations, they all represent 

mutations linked to FAD. Although the aetiology of FAD is well described, mechanisms 

that result in SAD still need investigation. As such, the relevance of data from a FAD-

related mouse model to the interpretation of SAD is not straightforward. A possible 

suggestion for future studies could include the adoption of a risk-model, such as the 

APOEƐ4 mouse, where the phenotype may be closer to SAD than 3xTgAD or APP/PS1 

models, for example.  
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One major limitation that arises from this work (and animal models in pre-clinical 

research more generally) is the relative translatability of the findings. As mentioned above, 

although the use of rodents allows the advantageous invasive study of neuronal changes 

(which is not possible on humans) it requires the animal to be anaesthetised. The 

anaesthetised brain may resemble the REM/non-REM condition of the human brain 

(Clement et al., 2008), but it cannot be readily compared to the resting-state of the human 

brain during rsfMRI, nor to the evoked-state of the human brain during task-based fMRI. 

As mentioned previously, awake protocols would be the best suit for results to be more 

readily translatable, but this is not possible within an acute paradigm and the awake 

preparation sacrifices sophisticated experimental control compared to the anaesthetised 

condition.  

The analytical approach to investigate FC changes represents another aspect that 

needs careful consideration and may result in a limitation rather than an advantage, 

especially in the analysis of the neuroimaging work. By adopting similar analytical 

approaches to human fMRI research, the analyses performed on rodents can be interpreted 

more easily. In the rsfMRI work presented here a limited set of FC analyses was carried 

out, namely, ReHo, network analysis and pair-wise correlation. It is importan t to note that 

ReHo analysis, although well-established in the rodent brain and fairly easy to interpret, is 

not yet part of the common analytical protocols adopted in human brain imaging. It is, 

therefore, reasonable, perhaps in future studies, to further exploit these results with another 

data-driven approach more common in clinical research, such as Independent Component 

Analysis (ICA), (Deng et al., 2016). Data-driven analyses represent a fundamental 

approach to investigate broad, whole-brain changes in FC. However, hypothesis driven 

approaches with a more planned comparison basis may help shed light onto a specific 

biological question; for example, in human fMRI research a seed-based approach is often 
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used. Seed-based analysis (SBA) entails the identification of a user-drawn ROI and the 

voxel-wise correlation to that ROI, on a whole-brain level. Here, SBA was not performed; 

however, a comparable metric of analysis was conducted by means of pair-wise 

correlation: the ‘seed’ chosen was the anatomical ROI of the left ENTl and the ROI to ROI 

correlations of the whole-brain were computed and reported in Figure 3.1b. 

A crucial aspect that needs further discussion is the nature of the BOLD signal 

itself. The BOLD readout of fMRI is relatively easy to obtain and represents the most 

commonly adopted metric in rodent fMRI. However, it is highly sensitive to the 

vasculature and the physiological condition of the animal. Whilst the adoption of BOLD is 

still recommended for this project as a common readout, translatable to human fMRI, care 

must be taken in order to minimise confounding variables in the experimental setting. As 

such, careful monitoring of the physiological parameters of the animal is crucial: here, the 

breathing rhythm was controlled through a ventilation pump and the animal temperature 

was monitored continuously. Moreover, in order to exclude any fluctuations related to 

anaesthesia administration, a 20 minute pause was given between the injection of the 

anaesthetic and the first EPI recorded.  

Despite the above considerations the present work brings novel insights into the 

pre-clinical field of AD research; these results may help shed light onto the early stages of 

AD pathology. The work described in this thesis, however, is based on a broad variety of 

methods, each with specific limitations and advantages. As such, the present work is 

insightful, but it will require further validation and careful consideration of the limits of the 

techniques and the settings adopted, in order to provide the scientific community with 

valuable information. 
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~ Conclusion ~ 

This thesis shows evidence for early functional alterations in brain-wide neuronal 

circuits of the 3xTg mouse model for AD. These changes as measured by resting-state MRI 

(rsfMRI), are apparent by 3 months of age, that is, well before these mice present with 

overt Aβ plaques and neurofibrillary tangles. 

The decrease in functional coupling in the lateral entorhinal cortex (ENTl) at rest in 

rsfMRI co-exists with a potentiated response in ENTl and ENTl synaptic targets to direct 

optogenetic stimulation (ofMRI). This is further supported by in vivo direct neuronal 

recordings of the neuronal pathway between ENTl and key hubs in AD pathology, DG and 

BLA. The regions affected in the dichotomic response present phospho-tau enrichment, 

therefore, suggesting a functional-pattern of tau deposition. We suggest that the co-

existence of both increased and decreased functional connectivity in 3xTgad mice under 

different experimental conditions can be explained in the following way. The decrease in 

rsfMRI may be due to reduced synaptic connectivity whilst the synaptic hyperexcitability 

in response to direct stimulation can be explained by upregulation of synaptic excitability 

within the remaining intact connections. 

To conclude, this work brings supporting evidence for a brain-wide network 

reorganisation in 3xTgAD mice, prior to overt pathology development, highlighting that 

plasticity changes within and down-stream of the lateral entorhinal cortex may represent an 

early biomarker for AD-like pathology. Determining the earliest changes in the time course 

of AD-like pathology by means of invasive and non-invasive techniques will result 

fundamental for finally unravelling AD pathogenesis. 
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Abstract 

Hydrocephalus is a brain condition characterized by enlarged ventricles, due to an excess of 

cerebrospinal fluid. Although it is known to affect cognition, development, gait, and mood, the 

impact of hydrocephalus on large-scale functional brain organization is poorly documented. Here, 

we present results on a single spontaneous occurrence of severe hydrocephalus observed in a 

3xTgAD mouse, compared to a control cohort of 3xTgAD littermates. Resting-state functional 

magnetic resonance imaging analysis, carried out under light anesthesia, revealed the remarkable 

presence of functional connectivity (FC) resembling the common mouse resting-state networks 

(RSNs). Four main components were identified in the hydrocephalic mouse, attributable to the 

Default Mode network, Salience network, and sensorimotor networks. Characteristic features of the 

RSNs in the hydrocephalic mouse were found to be well preserved, both in spatial distribution and 

in FC magnitude, despite the severity of the pathology. 

This is the first documented case of resting-state fMRI conducted on a mouse affected by severe 

hydrocephalus. The surprising presence of resting-state networks was found to be comparable to 

littermate controls, highlighting a remarkable functional resilience in the hydrocephalic brain. 

Introduction 

Cerebrospinal fluid (CSF) plays an important role in the regulation of the interstitial fluid of the 

brain parenchyma and in brain development. Compromised CSF dynamics, due either to excess 

production, reduced resorption, or altered flow of CSF within the ventricles, affect brain 

development, leading to hydrocephalus. This condition is characterized by an excess of CSF in the 

ventricles, impaired cognitive and physical development or, when appearing later in life, cognitive 

decline, gait disturbance, and urinary incontinence[1]. Congenital hydrocephalus is one of the most 

common developmental disorders, affecting nearly 1 in 1000 newly born babies[2]. 

Magnetic resonance imaging (MRI) is a non-invasive technique for diagnosis of hydrocephalus, 

due to its excellent soft tissue contrast and ability to resolve multiple imaging parameters[3]. 

Beyond anatomical imaging to resolve the extent of CSF distribution and plan for surgeries, 

diffusion tensor imaging studies have reported lesions in the white matter in hydrocephalic 

patients[4][5][6]. While the latter provides an insight into the integrity of the structural tracts across 

the whole brain, the use of functional (f)MRI is an attractive method to assess the functional 

integrity of underlying neuronal networks. In particular, functional connectivity (FC), estimated in 

a paradigm-free setting, allows for the imaging of several resting-state networks (RSNs) in parallel 

across the brain. This provides a comprehensive representation of the functional parcellation of 

healthy and diseased tissue. 
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To date, the extent of FC across RSNs in hydrocephalic conditions has been marginally 

investigated. Patients with idiopathic normal pressure hydrocephalus were shown to have decreased 

DMN activity relative to healthy controls[7]. However, the same DMN activity was 

counterintuitively increased with symptom severity. A more recent clinical study on resting-state 

fMRI (rs-fMRI) found disrupted interhemispheric FC in hydrocephalic patients compared to 

healthy subjects[8]. Currently, there are no established biomarkers for the functional impact of 

hydrocephalus[8]. 

Preclinical imaging, using dedicated high-field MRI systems, offers a unique translational platform 

to image the rodent brain, using analogous protocols as in human. Recent interest in rodent imaging 

has focused on FC imaging, using rs-fMRI, with the motivation to understand the functional 

reorganization taking place in murine models of brain disorders ranging from Alzheimer’s 

disease[9][10][11][12] to autism and depression[13][14]. However, previous research on hydrocephalus has 

mainly focused on anatomical measures of white matter integrity and myelination[15][16]. To date, 

there is a lack of research investigating functional consequences in this condition. Preclinical 

studies on hydrocephalic rodents would contribute to the understanding of the RSNs arrangements 

in hydrocephalus, and they may help shed a light onto RSNs changes in clinical cases of 

hydrocephalus[7][8]. 

Objective 

The spontaneous occurrence of a hydrocephalic mouse, in a cohort of 3xTg Alzheimer’s disease 

model (3xTgAD[17]) mice, offers a unique opportunity to investigate the functional consequences of 

this rare condition in a preclinical setting, at the individual level. We report the observation of 

remarkably preserved FC in a single case study of a hydrocephalic mouse brain, despite the 

severity of this case. 

 

Results & Discussion 

The hydrocephalic mouse belonged to a cohort of transgenic mice used in a resting-state study on 

early stages of cerebral amyloidosis. No evident behavioural differences could be observed with 

respect to gait, feeding, grooming, or mood. Stable physiological parameters were observed for all 

the animals without a noticeable difference, ensuring optimal recording conditions (Fig. S1): heart 

rate 336.5±42.3 (Fig. S1A) and blood oxygenation mean 95±4.4 (Fig. S1B). Anatomical images 

acquired for the hydrocephalic brain showed a broad expansion of the CSF volume, extending to 

44% of the total brain volume (Fig. 1A). Cortical thickness was reduced to a range of 0.5 - 0.8 mm, 

compared to 0.9 - 1.5 mm in the control animals. The GE-EPI images acquired at high-field 

presented minimal geometric distortion, ensuring precise mapping of the functional networks (Fig. 

1B). 

We referred to rules defined in[18] to identify relevant mouse RSNs in the ICA. Four plausible 

anatomically relevant components for RSNs were found in the hydrocephalic mouse (Fig. 1C, D, E, 

F, bottom panels). In the control cohort, 4.14±1.01 plausible components could be identified. The 

representative components in one control animal are shown as reference (Fig. 1C, D, E, F, top 

panels). The incidence map for the four RSNs shows a 70–100% co-occurrence of the major 

anatomical regions within each RSN investigated, across all control subjects (Fig. S2). This 

indicates that individual-level RSNs were stable and spatially converged within the control cohort. 

One network was found to overlap with the cingulate and retrosplenial cortex, together with 

patterns of anti-correlations with the anterior parietal cortex (Fig. 1C, S2A), therefore, showing a 
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spatial distribution corresponding to the rodent DMN. The second network identified presented FC 

extent attributable to the Salience network (SN), specifically, overlapping with the insular and 

secondary somatosensory cortex (Fig. 1D, S2B). The full extent of the DMN (Fig. 1C, S2A) and 

SN (Fig. 1D, S2B) are shown together with the 3-dimensional extension of the CSF in both 

controls (top panels) and hydrocephalic (bottom panels) mice (Fig. S3A, B). The third and fourth 

networks corresponded, respectively, to the anterior and posterior sensorimotor networks (Fig. 1E, 

F; S2C, D), including overlaps with the anterior motor and somatosensory (barrel field) cortex (Fig. 

1E, S2C), and the posterior somatosensory (front and hindlimb, auditory, and visual) cortex (Fig. 

1F, S2D). Only marginal clusters were observed within sub-cortical networks in the hydrocephalic 

mouse, while a fifth component, presenting a strong sub-cortical basis, could be observed in 8 of 

the 17 mice comprising the control cohort. We concluded that the RSN found in the hydrocephalic 

mouse corresponded to the counterparts found in the control cohort. 

To validate these qualitative findings, reference components shown in figure 1 were regressed 

within the hydrocephalus scan or across all scans in the control animals. Z-statistics, denoting FC 

strength within a RSN, were extracted using two ROIs located within the DMN and two within the 

SN (Fig. 1G, H, I, J). Specifically, FC within the cingulate cortex and retrosplenial cortex, two key 

elements of the DMN (red and yellow arrow in Fig. 1C, respectively), ranged 6.16±2.39 and 

5.41±2.28 in the control cohort, while it reached 10.71 and 6.85 in the hydrocephalic mouse (Fig. 

1G, H). With respect to the SN, the magnitude of FC within the insula and somatosensory cortex 

(green and cyan arrow in Fig. 1D, respectively) ranged 8.99±3.10 and 8.36±2.13 in the control 

group and 12.65 and 7.53 in the hydrocephalic mouse (Fig. 1I, J). In summary, network strength in 

the hydrocephalic mouse was found to be within ±1 standard deviation of the estimate in the 

control group in three of the four ROIs, and ±2 standard deviations in the fourth. We conclude that 

RSN within the hydrocephalic mouse presented FC strength on par with those found in animals 

from the control cohort. 

This case report showed that, despite a major excess of CSF, the hydrocephalic mouse brain 

presented a surprising functional resilience. The intrinsic FC organization resembled the 

characteristics of four RSNs commonly present in the rodent brain, including DMN, SN, and 

sensorimotor networks. The spatial distribution and the magnitude of the RSNs have been found to 

be comparable to the littermate controls. Both the DMN and SN have been identified as major hubs 

underlying neuropathologies and neurodevelopment in human[19][20]. The strong functional 

resilience to structural insults exhibited, in this case, departs from observations in human reports, 

where both these networks have been shown to be affected[7][8]. 

This first observation, made in a spontaneous hydrocephalus case, offers a rare glimpse into the 

functional organization of the mouse brain following a severe insult. This was made possible with 

ultra-high field magnets and advanced cryoprobe receiver coils allowing for high sensitivity of the 

resting fMRI signal. Moreover, previously optimized anaesthesia[21] and preprocessing 

protocols[18] provide additional sensitivity for the robust and reliable detection of RSNs at the 

individual level in rodents. This is exemplified by the high reproducibility of the RSNs detected at 

the individual level in the control cohort. 

Conclusions 

We present here the first fMRI investigation into a spontaneous case of hydrocephalus in a mouse. 

Results highlight the preservation of cortical functional networks despite substantial ventricular 

enlargement. This report, beyond being a rare scientific curiosity, provides the first insight into 
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RSNs organization following a severe brain insult and could represent an innovative approach for 

future research aiming to investigate functional resilience in severe pathological conditions. 

 

Limitations 

The major limitation of this study is the reliance on a single observation, due to the spontaneous 

nature of the occurrence. Dedicated animal models presenting increased incidence of 

hydrocephalus would contribute to understanding the full extent of the functional resilience to brain 

insults, and the parameters associated with it, in rodents[22]. Preclinical functional imaging, in 

targeted mouse models, would offer a unique opportunity to investigate underlying mechanisms in 

functional resilience in hydrocephalus. 

 

Methods 

All applicable international, national, and/or institutional guidelines for the care and use of animals 

were followed. All procedures performed in studies involving animals were in accordance with the 

ethical standards of the Institutional Animal Care and Use Committee (A*STAR Biological 

Resource Centre, Singapore, IACUC #171203). The complete raw dataset for this study can be 

found on https://openneuro.org/datasets/ds001890; Project ID: Mouse_rest_3xTG. 

18 animals (3-month-old males; 1 hydrocephalic mouse and 17 controls, 26–30 g) were triple-

transgenic mice (3xTgAD, Jackson Laboratory, Bar Harbor, Maine, USA) bred in-house. Animals 

were prepared as in[11]. Briefly, anaesthesia was induced with 4% isoflurane (50%–50% medical air 

and Oxygen mixture) to allow the animals to be endotracheally intubated. They were then 

positioned on an MRI-compatible cradle and artificially ventilated at 90 breaths per minute (Kent 

Scientific Corporation, Torrington, Connecticut, USA). A medetomidine bolus (0.05 mg/kg such, 

Dormitory, Elanco, Greenfield, Indiana, USA) was administered, together with muscle relaxant 

(Pancuronium Bromide, Sigma-Aldrich Pte. Ltd., Singapore), followed by a maintenance infusion 

(0.1 mg/kg/h s.c.), while isoflurane was reduced to 0.5%. Functional scans were acquired 20 min 

following bolus to ensure physiological stability of the animals. 

The animal temperature was maintained at 37°C. Physiological parameters were recorded with a 

MRI-compatible oximeter (Kent Scientific Corporation, Torrington, Connecticut, USA): heart rate 

(HR) measured in beats per minute (bpm) and oxygen saturation (SpO2, measured in %). Data 

were acquired on an 11.75 T (Bruker BioSpin MRI, Ettlingen, Germany) equipped with a BGA-S 

gradient system, a linear volume resonator coil for transmission and a 2×2 phased-array cryogenic 

surface receiver coil. Images were acquired using Paravision 6.0.1 software. An anatomical 

reference scan was acquired using a spin-echo turboRARE sequence: field of view (FOV) = 17×11 

mm2 (adapted from 17×9 mm2 in control mice to account for enlarged brain), FOV saturation slice 

masking non-brain regions, number of slices = 28, slice thickness = 0.35, slice gap = 0.05 mm, 

matrix dimension (MD) = 200×100, repetition time (TR) = 2750 ms, echo time (TE) = 30 ms, 

RARE factor = 8, number of averages = 2. Rs-fMRI was acquired using a gradient-echo echo-

planar imaging (GE-EPI) sequence with the same geometry as the anatomical: MD = 90×60, TR = 

1000 ms, TE = 15 ms, flip angle = 50°, volumes = 600, bandwidth = 250 kHz. Field inhomogeneity 

was corrected using MAPSHIM protocol. 

Images were processed using a protocol optimized for the mouse[18]. Images underwent motion 

correction (mcflirt, FMRIB Software Library v5.0, fsl.fmrib.ox.ac.uk), automatic brain masking 
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(bet), smoothing with a 0.45 mm2 kernel (susan), and a 0.01 Hz high-pass filter (fslmaths). Control 

animals were registered to a representative anatomical scan drawn from within the control cohort 

(antsIntroduction, Advanced Normalization Tools, http://picsl.upenn.edu/software/ants/). Lesions 

in the hydrocephalus brain precluded normalization to the same reference space, instead, an 

analysis of the hydrocephalus data was carried out in its native space. Within-subject spatial 

independent component analysis (ICA, melodic) was estimated with automatic dimensionality 

estimation. Automated nuisance removal (FIX) was carried out using a classifier trained on an 

existing dataset acquired previously in-house. Reference components derived from a representative 

animal were regressed into individual scans using a dual regression framework in order to obtain 

individual-level representations of these components[23]. Z-statistic, a parameter indicative of RSN 

strength, was estimated in the dual regression analysis and was extracted using regions-of-interest 

(ROI). ROIs were selected to be representative of major anatomical regions within the respective 

RSN. Descriptive statistics are given as mean ±1 standard deviation. 
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Figure 1. Anatomical and GE-EPI images of the hydrocephalic brain; functional networks in a 

representative control (top panels) and hydrocephalic mouse (bottom panels) and related Z-statistics. 

(A) TurboRARE anatomical images acquired with a T2 contrast denote the extent of CSF (bright) with 
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respect to grey (light grey) and white (dark grey) matter. (B) Single-shot single-echo gradient-echo echo-

planar images acquired at 11.75 T present minimal distortions and recapitulate the features of the anatomical 

images. (C) The mouse Default Mode network (DMN) presents characteristic correlation in the cingulate (red 

arrows) and retrosplenial cortices (yellow arrows), whilst anti-correlation is found in the insular cortex (white 

arrows). (D) The Salience network (SN) displays correlation within the insula (green arrow) and secondary 

somatosensory cortex (cyan arrows). In addition, two sensorimotor networks were observed: (E) the anterior 

portion encompassing the barrel field somatosensory cortex and anterior motor cortex; and (F) the posterior 

portion encompassing the front and hindlimb, auditory, and visual cortices. Reference-independent 

components are shown as color-coded Z-scores overlaid on the respective turboRARE anatomical images. 

The distance from Bregma of each coronal slice is indicated in mm. (G) Z-statistics for the ROI located in the 

cingulate cortex, within the DMN: controls 6.16±2.39 and hydrocephalus 10.71. (H) Z-statistics for the ROI 

located in the retrosplenial cortex, within the DMN: controls 5.41±2.28 and hydrocephalus 6.85. (I) Z-

statistics for the ROI located in the insular cortex, within the SN: controls 8.99±3.10 and hydrocephalus 

12.65. (J) Z-statistics for the ROI located in the somatosensory cortex, within the SN: controls 8.36±2.13 and 

hydrocephalus 7.53. n = 17 controls, n = 1 hydrocephalus. 
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Supplementary material 

Figures 

 

 

Figure S1. Physiological parameters for fifteen animals belonging to the control group of the animals studied. 

Parameters were recorded throughout the entire duration of the functional scan. (a) Heart rate (HR), measured 

in beats per minute (bpm) was reported 336.5±42.3. (b) The blood oxygenation (SpO2) was reported 95±4.4 

was measured in % change. Overall, the physiological parameters showed little variations across animals. 

Data from two control animals were not recorded due to a faulty in the device. Both measurements were 

reported in mean ± 1 standard deviation over time 
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Figure S2. Incidence maps representing the percentage of dataset surviving the significance threshold (z = 1.9 

corresponding to p < .05) in the control group (n = 17). Incidence reached 100 % within the main component 

clusters in all cases, denoting that significant FC could be established across the entire dataset. (a) The mouse 

DMN presents high incidence within the retrosplenial cortices (yellow arrows in Figure 1c). (b) The Salience 

network displays highest values within the insula (green arrows in Figure 1d). (c) The anterior sensorimotor 

areas show high incidence across the subjects, within the barrel field somatosensory cortex and anterior 

motor cortex; and (d) the posterior somatosensory areas show high overlapping across all subjects, within the 

front and hindlimb, auditory, and visual cortices, as well as the posterior motor cortex. 
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Figure S3. Three-dimensional representations of the DMN and SN. (a) DMN Mode and (b) SN in a 

representative control (top) and hydrocephalic mouse (bottom) showing the spatial extent of these networks. 

Individual-level independent components are shown as maximal intensity projections (red-yellow) and CSF 

volumes are indicated in light blue 
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Abstract 

 

Animal whole-brain functional magnetic resonance imaging (fMRI) provides a non-invasive 

window into brain activity. A collection of associated methods aims to replicate observations 

made in humans and to identify the mechanisms underlying the distributed neuronal activity in 

the healthy and disordered brain. Animal fMRI studies have developed rapidly over the past 

years, fueled by the development of resting-state fMRI connectivity and genetically-encoded 

neuromodulatory tools. Yet, comparisons between sites remain hampered by lack of 

standardization. Recently, we highlighted that mouse resting-state functional connectivity 

converges across centres, although large discrepancies in sensitivity and specificity remained. 

Here, we explore past and present trends within the animal fMRI community and highlight 

critical aspects in study design, data acquisition, and post-processing operations, that may affect 

the results and influence the comparability between studies. We also suggest practices aimed to 

promote the adoption of standards within the community and improve between-lab 

reproducibility. The implementation of standardized animal neuroimaging protocols will facilitate 

animal population imaging efforts as well as meta-analysis and replication studies, the gold 

standards in evidence-based science. 

 

1. Introduction 

 

A detailed understanding of the mammalian brain structure and function is one of the greatest 

challenges of modern neuroscience. Approaching the complexity of the organ and the levels of 

organization of neuronal circuits across several orders of magnitudes, both spatially and 

temporally, requires the collective scientific efforts from multiple teams across several 

disciplines. Neuroimaging, especially by means of magnetic resonance imaging (MRI), is playing 

a preponderant role in mapping the human and animal brain, due to its non-invasiveness, 

excellent soft-tissue contrast, and multiple readouts. The human neuroimaging research has 

accelerated over the past decade, fueled by numerous discoveries about brain structure and 

function and its relation to disorders. In turn, this has led to population imaging efforts aimed to 

describe variations in brain structure and function, and their relation to behavioural traits, genetic 

polymorphisms, and pathology. For instance, since its original description in 1995 (Biswal et al., 

1995), resting-state functional connectivity 

(RS-FC) has been at the centre of numerous population imaging initiatives, such as the 1,000 

Functional Connectomes Project (Biswal et al., 2010), the WU-Minn Human Connectome Project 

(Van Essen et al., 2013; Van Essen and Ugurbil, 2012), and the UK Biobank (Miller et al., 2016). 

In addition to providing an important baseline of healthy cohorts, these initiatives are 

complemented with population imaging dedicated to specific psychiatric and neurological 

disorders, such as the Alzheimer's Disease Neuroimaging Initiative (Petersen et al., 2010; Weiner 

et al., 2012), the Autism Brain Imaging Data Exchange (Di Martino et al., 2014), or Attention-

Deficit Hyperactivity Disorder (HD-200 Consortium, 2012). Collectively, these resources have 

significantly advanced our understanding of neuro- and psychopathologies, as well as providing 

an understanding of disorder spectrums at a population level. 

 

In contrast to the above, functional neuroimaging studies in animals have remained mostly 

confined to single centres, often relying on lab-specific acquisition and processing protocols. 

There has been little pressure toward standardization within the community, and results from 

different centres have remained inherently difficult to compare, due to discrepancies related to 

animal housing and preparation, recording hardware, and analysis methodologies. It is now 
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emerging that these preparation divergences are at the stem of a number of dissensions within the 

animal functional neuroimaging community, such as the nature of unilateral vs. bilateral resting-

state networks (RSN) in mice (Grandjean et al., 2014; Jonckers et al., 2011; Mechling et al., 

2014; Sforazzini et al., 2014), the bilateral BOLD response to non-noxious paw electrical 

stimulation in mice (Bosshard et al., 2010; Schroeter et al., 2014; Shim et al., 2018), the indirect 

artefacts emerging in optogenetics fMRI (ofMRI) through either heating or vascular 

photoactivation (Christie et al., 2013; Rungta et al., 2017; Schmid et al., 2017), or the spatial 

extent of distributed networks of translational relevance, such as the rodent “default mode 

network” (DMN) reviewed in (Gozzi and Schwarz, 2016). Only recently did efforts emerge to 

combine and compare structural and/or functional MRI from multiple centres in monkeys 

(Milham et al., 2018) and in mice (Figure 1) (Grandjean et al., 2019a). These initial studies 

provide solid grounds for the development of replication studies, meta-analyses, and multi-centre 

consortia, the gold standards in evidence-based science. 

 

Presently, we aim to describe the current trends in the field and to examine how these impact the 

results and their comparability with the rest of the literature. We systematically assessed the 

animal fMRI literature for data acquisition and analysis procedures to provide an overview of the 

collective directions taken within the animal imaging community. We then reviewed the major 

considerations taking place in the study design, and how these impact results and their 

interpretability. Finally, we use this information to provide a road map toward the adoption of 

standards that will enable animal population studies to inform on the functional mammalian brain. 

 

 

 

 
 

Figure 1 | a) A seed-based analysis of the anterior cingulate area in 98 resting-state fMRI scans reveals the 

topological distribution of the mouse default-mode network. The regions co-activating with the seed 

include the dorsal striatum, dorsal thalamus, retrosplenial and posterior parietal areas. b) The 

reproducibility of the default-mode network was assessed in 17 independent datasets consisting of 15 scans 

each. Overlapping one- sample t-test maps are summarized in a colour-coded overlay. 12/17 datasets 

present converging topological features, the remaining 5 failed to present evidence of distal connectivity 

relative to the seed. Adapted with permission from Grandjean et al (2019a). 

 

 

 

2. Methods 

 

We searched the Pubmed database (https://www.ncbi.nlm.nih.gov/pubmed/) on 11/02/2019 for 

the terms “functional magnetic resonance imaging”, “functional MRI”, or “fMRI” within the 

abstract or title, excluding studies in human and reviews, from 1990 onward, using the following 

command. “Search ( (fMRI[Title/Abstract]) OR functional MRI[Title/Abstract]) OR functional 

magnetic resonance imaging[Title/Abstract] Sort by: Best Match Filters: Abstract; Publication 

http://www.ncbi.nlm.nih.gov/pubmed/)
http://www.ncbi.nlm.nih.gov/pubmed/)
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date from 1990/01/01 to 2019/12/31; Other Animals”. The query returned 2279 entries. The title 

and abstract from these were manually screened to exclude studies that did not contain primary 

research using MRI to assess brain function in animals. In total, 868 research article were 

considered relevant and could be readily obtained. We recorded the type of study: resting-state or 

paradigm free RS-FC recordings, pharmacological-evoked, opto- 

/chemogenetic neuromodulation, deep-brain stimulation (DBS), or stimulus-evoked (including 

blocks- or events-related designs with sensory stimulation, gas challenge, etc..). We recorded 

animals species, including strain, gender (male, female, both, N/A), number of animals used, 

animal preparation (awake, anesthetized free-breathing, anesthetized ventilated), anesthetic used 

for maintenance during fMRI, field strength, fMRI sequence and contrast, pre-processing 

software, and noted if the datasets were made available by the authors or in online repositories. 

The resulting table is made available in the supplementary materials. 

 

 

3. Results and discussion 

 

3.1 Experimental Design 

Animal fMRI presents the opportunity for new and creative directions in study design, but care 

must be taken to ensure that experimental changes in the fMRI signal are sufficiently robust for 

detection and that results are not contaminated by procedural artefacts. Here we highlight 

evidence supporting standards and reporting strategies to optimize data quality, interpretation, and 

reproducibility for several common animal fMRI paradigms. 

 

Figure 2 | Study design in animal fMRI 

over time. Stimulus-evoked fMRI (events or 

blocks related) remain the major component 

within animal literature. From 2006 and 2010, 

resting-state fMRI and opto- / chemogenetics 

fMRI, respectively, have represented an 

increasing proportion of the animal fMRI 

studies. 

 

 

 

 

 

 

 

3.1.1 Stimulus-evoked fMRI 

In animal studies, stimulus-evoked fMRI usually refers to externally-applied stimuli during fMRI 

(e.g. electrical forepaw stimulation), but many principles of study design can be applied to 

internally delivered stimuli as well, such as with deep-brain stimulation (DBS) and optogenetics. 

Stimuli can be applied in a block or event-related design. The former alternates between regular 

stimulation and no-stimulation conditions, while the latter uses brief stimuli presented at varying 

intervals (Amaro and Barker, 2006). Block designs are best suited to test frequency-related 

responses and enhance detection power, while event-related designs are best for determining 

accurate response-time courses and/or frequency-independent functional connectivity (Allen et 

al., 2015; Amaro and Barker, 2006; Maus and van Breukelen, 2013; Schlegel et al., 2015; Soares 

et al., 2016; Van der Linden et al., 2007). 
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Stimulus frequency has a large influence on stimulus-evoked fMRI results. In general, higher 

frequencies will increase the stimulus input per unit time, thus potentially boosting signal and 

ability to detect evoked responses (Amaro and Barker, 2006; Kim et al., 2010; Maus and van 

Breukelen, 2013), but excessive electrical or optical stimulation can cause tissue damage (Acker 

et al., 2016; Cogan et al., 2016; Kiyatkin, 2007; Lai et al., 2015), heating and related artefacts 

(Acker et al., 2016; Cardin et al., 2010; Christie et al., 2013; Kiyatkin, 2007; Lai et al., 2015; 

Stujenske et al., 2015; Zeuthen, 1978), and nonspecific effects (Christie et al., 2013; Rungta et al., 

2017; Schlegel et al., 2015; Schroeter et al., 2014; Shih et al., 2014; Tuor et al., 2002). Stimuli 

may also change basic physiology and therefore alter the fMRI response (Li et al., 2013; Ray et 

al., 2011; Reimann et al., 2018a; Schroeter et al., 2014; Shih et al., 2014; Tsubota et al., 2012; 

Tuor et al., 2002), thereby occluding signal from the stimulus itself. These findings highlight the 

importance of carefully monitoring physiology (see below) and establishing frequency-response 

curves for the stimuli of choice. 

 

3.1.2 Functional connectivity MRI 

Animal fMRI data acquired in the absence of stimulation or modulation, RS-FC, is commonly 

used to probe synchronization of spontaneously fluctuating signals between combinations of 

anatomically, functionally, or procedurally defined brain regions (Grandjean et al., 2019a; 

Guadagno et al., 2018; Lowe et al., 2000; Lu et al., 2007; Lu and Stein, 2014; Pan et al., 2015; 

van Meer et al., 2010, 2012; Zhao et al., 2008). The use of RS-FC in animal models has rapidly 

increased over the past decade (Figure 2). To collect the most robust and interpretable RS-FC 

data, a few principles have been proposed. Recent evidence suggests that brain network 

components may undergo constant dynamic reorganization over several seconds, (Gutierrez- 

Barragan et al.; Hutchison et al., 2013a; Keilholz et al., 2013; Liang et al., 2015a; Liu and Duyn, 

2013; Pan et al., 2015), therefore repetition time should be sufficiently short (e.g. 1 second) to 

detect these changes, and scan length should produce enough frames (a minimum of about 300) to 

account for a large number of temporal clusters (Hutchison et al., 2013b; Jonckers et al., 2015; 

Majeed et al., 2011). Furthermore, if brain modulation/stimulation is included, additional time 

should be added during the transition periods to and from resting-state to allow for stable 

connectivity, and subsequent resting periods following each manipulation should be grouped 

separately to account for potential neuroadaptations (Albaugh et al., 2016; Chan et al., 2017; 

Chen et al., 2018; Decot et al., 2017; Jonckers et al., 2015; Pawela et al., 2008; Zhao et al., 2008). 

Importantly, due to the nature of the signal fluctuations on which RS-FC relies, special care must 

be ensured with regard to physiology and anaesthesia to ensure maximal detection. The effects of 

animal preparations are further discussed below. 

 

3.1.3 Optogenetics. 

Many recent stimulus-evoked animal fMRI studies take advantage of the readily MR-compatible 

optogenetics toolkit (Figure 2) (Abe et al., 2012; Albaugh et al., 2016; Albers et al., 2018; 

Brocka et al., 2018; Chai et al., 2016; Choe et al., 2018; Desai et al., 2011; Grandjean et al., 

2019b; Hinz et al., 2017; Iordanova et al., 2015; Kahn et al., 2013; Lemieux et al., 2015; Leong et 

al., 2018; Liang et al., 2015b; Lohani et al., 2017; Ryali et al., 2016; Scott and Murphy, 2012; 

Takata et al., 2015; Weitz et al., 2015; Yu et al., 2016). Optogenetics allows for robust 

stimulation of specific cellular and/or anatomical populations (Boyden, 2015; Deisseroth, 2015; 

Fenno et al., 2011; Griessner et al., 2018; Zhang et al., 2010), but despite these advantages this 

relatively new technique adds layers of complexity over DBS, thereby requiring more rigorous 

methodology and additional controls. 
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The light-activated channels/pumps expressed in optogenetics, also known as ‘opsins’, provide a 

great deal of experimental flexibility (Deisseroth, 2015; Fenno et al., 2011; Guru et al., 2015). 

There are several opsins to choose from for optical excitation of cells, including the commonly 

used ChR2 (Atasoy et al., 2008; Boyden et al., 2005; Cardin et al., 2010; Nagel et al., 2003; 

Zhang et al., 2006) variants activated by penetrating red- shifted light (Klapoetke et al., 2014; Lin 

et al., 2013; Zhang et al., 2008) and ultra-fast variants capable of frequencies up to 200 Hz 

(Gunaydin et al., 2010; Hight et al., 2015; Lin et al., 2009). If stable excitation over even longer 

periods is required in fMRI, issues with a continuous light application can be avoided by using 

step-function opsins which are temporarily activated by a single pulse of light (Berndt et al., 

2009; Ferenczi et al., 2016). Notably, there are also several opsins for cellular inhibition (Berndt 

et al., 2014; Chuong et al., 2014; Zhang et al., 2007), but their application for fMRI is limited as 

they require longer periods of illumination prone to heat-related artefacts, and anaesthetized or 

sedated animals have low baseline levels of activity (Brevard et al., 2003; Lahti et al., 1999; 

Sicard et al., 2003). 

 

Injection of viral constructs or expression of foreign genes can potentially change brain function 

(Klein et al., 2006; Lin, 2011; Liu et al., 1999; Miyashita et al., 2013; Zimmermann et al., 2008), 

and light can induce heating and related MRI artefacts, tissue damage, and nonspecific effects 

(Christie et al., 2013; Elias et al., 1987; Rungta et al., 2017; Schmid et al., 2016; Stujenske et al., 

2015) thus it is critical to characterize opsin expression and activation of the light source with 

light delivery to empty-vector (e.g. EYFP) controls. It follows that histological confirmation of 

fibre placement and construct co-localization with targeted promoters is required (Allen et al., 

2015; Bernstein and Boyden, 2011; Decot et al., 2017; Gompf et al., 2015; Lin et al., 2016; 

Madisen et al., 2012; Witten et al., 2011; Zeng and Madisen, 2012). In addition, given the spatial 

nature of fMRI, the reporting of single-point measurements of light power should be avoided in 

favour of irradiance (mW/mm2; (Aravanis et al., 2007; Huber et al., 2008; Kahn et al., 2011; 

Schmid et al., 2017; Yizhar et al., 2011)). Finally, light stimulation at frequencies at or below 20 

Hz can produce a visual response by activating the visual-related network, requiring light 

masking or careful control comparison to view experimental effects (Decot et al., 2017; Ferenczi 

et al., 2016; Lin et al., 2016; Schmid et al., 2017). 

 

3.1.4 Chemogenetics 

Chemogenetics, initially termed “pharmacogenetics”, utilizes pharmacologically-inert ligands to 

stimulate genetically-encoded designer receptors, with the aim to produce drug-like sustained 

activation or inhibition of specific neuronal populations. Initial attempts to combine this approach 

with fMRI have involved the regional re-expression of pharmacologically targetable endogenous 

G-coupled protein receptors (e.g. Htr1a, (Gozzi et al., 2012)). The recent development of a 

modular set of evolved G protein-coupled receptors, termed Designer Receptors Exclusively 

Activated by Designer Drugs (DREADDs) has greatly expanded the capabilities of this approach 

(Aldrin-Kirk et al., 2018; Alexander et al., 2009; Armbruster et al., 2007; English and Roth, 2015; 

Lee et al., 2014; Roth, 2016; Sciolino et al., 2016; Smith et al., 2016; Zhu et al., 2016). Like 

optogenetics, chemogenetics is readily MRI compatible (Chen et al., 2018; Giorgi et al., 2017; 

Griessner et al., 2018; Markicevic et al.; Roelofs et al., 2017). Despite its potential, there is 

however an ongoing debate about the specificity of chemogenetics ligands both in 

neurobehavioural studies, (Gomez et al., 2017; MacLaren et al., 2016; Mahler and Aston-Jones, 

2018; Manvich et al., 2018) and in chemo-fMRI applications (Giorgi et al., 2017), thereby 

requiring rigorous methodology to control for potential off-target effects. 
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Both hM3Dq and hM4Di DREADDs are classically activated with infusion of the effector 

clozapine-N-oxide (CNO; (Alexander et al., 2009; Armbruster et al., 2007; Giorgi et al., 2017; 

Markicevic et al.2018; Roth, 2016; Smith et al., 2016), but new evidence suggests that CNO does 

not cross the blood-brain barrier and instead is back-metabolized in-vivo into its precursor, 

clozapine (Gomez et al., 2017; Mahler and Aston- Jones, 2018; Manvich et al., 2018). 

Importantly, unlike CNO, clozapine is a psychoactive drug, that possesses an affinity for many 

endogenous receptors. As a result, the use of high CNO doses may result in a plethora of 

undesirable off-target effects (Ashby and Wang, 1996; MacLaren et al., 2016; Roth, 2016; Selent 

et al., 2008), including unspecific fMRI response (Giorgi et al., 2017). Overall, it is apparent that 

chemogenetics effects cannot be interpreted without proper non-DREADD expressing controls. 

Specifically, the effect of effector administration should be compared between DREADD 

expressing, and non-DREADD expressing animals and/or hemispheres. Finally, as with 

optogenetics, validation of DREADD expression and co-localization with target promoters is 

essential for data interpretation (Aldrin-Kirk et al., 2018; Chen et al., 2018; Farrell et al., 2013; 

Giorgi et al., 2017; Gomez et al., 2017; Markicevic et al.2018; Roelofs et al., 2017; Smith et al., 

2016). 

 

3.1.5 Pharmacological fMRI 

Modulating the brain with pharmacological agents during animal fMRI has a wide variety of 

traditional applications such as studying the global effects of compounds and their target 

neurotransmitter systems (Ferrari et al., 2012; Jonckers et al., 2015; Mueggler et al., 2001; 

Razoux et al., 2013; Shah et al., 2004; van der Marel et al., 2013). This approach does not require 

surgical methods, and is apt for identifying global or regional changes in function associated with 

new or existing drug therapies for neurotransmitter-related brain disorders (Bifone and Gozzi, 

2012; Canese et al., 2011; Klomp et al., 2012; Leslie and James, 2000; Martin and Sibson, 2008; 

Medhi et al., 2014; Minzenberg, 2012), or to map the effect of exogenously administered 

neuromodulators. In addition, pharmacological challenges can be used to probe how targets and 

neurotransmitter systems modulate BOLD responses evoked by other stimuli or pharmacological 

agents (Bruinsma et al., 2018; Decot et al., 2017; Griessner et al., 2018; Hess et al., 2007; Knabl 

et al., 2008; Marota et al., 2000; Rauch et al., 2008; Schwarz et al., 2007; Shah et al., 2016; Shih 

et al., 2012a; Squillace et al., 2014). However, functional imaging with pharmacological agents 

may not be ideal for dynamic or repetitive studies as effects are dependent on diffusion and 

receptor kinetics (Bruinsma et al., 2018; Ferris et al., 2006; Mandeville et al., 2013; Steward et 

al., 2005), and subject to receptor desensitization and downregulation (Arey, 2014; Berg and 

Clarke, 2018; Chen et al., 1999); which in some instances may be species-specific (Knabl et al., 

2008). 

 

It is important to consider dose-response effects and the pharmacokinetics of each drug used in 

the experimental design. Ideally several doses of drug, and sufficiently long time series should be 

included in order to interpret the results according to dose-response and absorption/elimination 

functions (Bruinsma et al., 2018; Ferris et al., 2006; Jenkins, 2012; Jonckers et al., 2015; Leslie 

and James, 2000; Marota et al., 2000; Minzenberg, 2012; Mueggler et al., 2001; Rauch et al., 

2008; Shah et al., 2015; Steward et al., 2005). Indeed, many pharmacological agents have known 

systemic effects which can influence animal physiology and the BOLD signal (Ferrari et al., 

2012; Klomp et al., 2012; Martin and Sibson, 2008; Shah et al., 2004; Wang et al., 2006), and 

some drugs have direct effects on the vascular endothelium in the brain, which could alter 

properties of the hemodynamic response (Gozzi et al., 2007; Luo et al., 2003; Shih et al., 2012b). 
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It is imperative to closely control and monitor animal physiology, and use appropriate doses in 

order to control for unwanted side effects. Importantly, vehicle controls are necessary for any 

pharmacological fMRI study, as increased blood flow/volume and increased blood pressure from 

systemic infusions can alter the MRI signal (Gozzi et al., 2007; Kalisch et al., 2001; Reimann et 

al., 2018b; Tuor et al., 2002). 

 

 

Figure 3 | Species distribution and sample size. A) Animal representation in the documented studies. B) 

Animal species occurrence in the literature over time. Rats and non-human primate (NHP) represent the 

major species used, however, since 2008, mice have been used in a growing proportion of animal fMRI 

studies. C) Number of animals used per fMRI study irrespective of the number of groups or classes. NHP 

studies are carried out with fewer animals (Percentiles 25, 50, 75 = [2, 3, 5]), whereas studies involving 

mice involved larger number of animals (Percentiles 25, 50, 75 = [17, 24, 34]). 

 

3.2 Species, sample size, and gender distribution 

We assessed studies performed using animals, i.e. all species except homo sapiens. The rat and 

specifically the Sprague-Dawley strain was the most common species and strain used in fMRI 

studies, representing 55% of the total studies considered presently (Figure 3ab). Non-human 

primate (NHP) studies were second and mostly relied on the macaques (23%). Studies involving 

medium-sized domestic mammals (cats, dogs, sheeps, pigs, and rabbits) presented 9% of the total 

literature considered. Studies on males (54%) had a higher incidence than studies in females 

(14%). A sizable number of studies (22%) omitted to specify the gender. This gender bias reflects 

a greater trend found throughout neuroscience and other biomedical disciplines (Beery and 

Zucker, 2011) and should require a greater consideration within the animal neuroimaging 

community. Finally, the total number of animals was assessed within the studies considered. It 

should be noted that this was done irrespective of the number of groups. There, we found that 

nearly half the studies were carried out on ten or fewer subjects (Figure 3c). This was particularly 

marked in studies with NHP (Percentiles 25, 50, 75 = [2, 3, 5]). While sample size depends on the 

goals of each study and appropriate power calculation, it remains unclear how group sizes were 

determined in most of these studies. The small group sizes reported here are consistent with 

general trends in neuroscience toward underpowered studies. 

Button et al. estimated that the median power level in neuroscience was at 21% (Button et al., 

2013). Hence these trends need to be carefully taken into consideration in the initial stages of 

study design so that the required animals are used to their full potential. 

 

The wide range of experimental animals available for research offers unique opportunities to 

study evolutionary trends on distributed neuronal networks. To date, however, interspecies 

comparisons have remained a difficult task. fMRI has provided numerous descriptions of the 

network organization in mammals. Specifically, RSNs have been mainly studied in mammals to 

develop translational models of human diseases and to understand the mechanisms underlying 

their functional alterations. RSNs’ organization has been described in numerous mammalian 



 
218  

species (usually under anesthesia) including rodents (Grandjean et al., 2017b; Hutchison et al., 

2010; Jonckers et al., 2011; Sforazzini et al., 2014), ferrets (Zhou et al., 2016), rabbits (Schroeder 

et al., 2016), dogs (Kyathanahally et al., 2015), prairie vole (Ortiz et al., 2018), and NHP (Belcher 

et al., 2013; Hutchison et al., 2010; Mantini et al., 2011; Vincent et al., 2007). Particularly active 

at rest, one of the most widely investigated networks is the DMN (Hampson et al., 2006; Tambini 

et al., 2010). This network comprises distributed polymodal cortices that are thought to be 

involved in memory consolidation and higher cognitive functions. Homologues of the human 

DMN (Raichle et al., 2001) have been identified in a variety of species including NHP (Mantini 

et al., 2011; Vincent et al., 2007), rats (Lu et al., 2012), mice (Sforazzini et al., 2014; Stafford et 

al., 2014) and rabbits (Schroeder et al., 2016). The hypothesis of two separated DMNs (anterior 

and a posterior) has been evoked in dogs (Kyathanahally et al., 2015) and ferrets (Zhou et al., 

2016). 

 

The description of each species’ functional architectures has been based on a variety of 

acquisitions, analyses, and anaesthesia or awake protocols. This lack of interspecies 

standardization is often justified by the variety of brain sizes, different response to anaesthesia, 

and anatomical organizations observed within mammals. Throughout evolution, brain regions 

could have duplicated, fused, reorganized or expanded (Hutchison and Everling, 2012). A few 

studies have compared the connectivity between different species and with similar approaches. 

Using ICA, Jonckers et al. found that the extracted components, i.e. functional network regions, 

were more unilateral in mice compared to rats (Jonckers et al., 2011), however this effect failed to 

be replicated in numerous follow-up studies in mice, e.g. (Grandjean et al., 2014; Sforazzini et al., 

2014). In mouse lemur primates and humans, the cortical large-scale networks repertoire presents 

important similarities but the regional organization into networks highlighted compositional and 

structural divergences (Garin et al., 2019). Strong interhemispheric functional connectivity (FC) 

between homotopic regions has been consistently observed in humans and primates suggesting a 

phylogenetically preserved mammalian characteristic (Hutchison and Everling, 2012). However, 

lateralized networks (i.e. fronto-parietal resting- state network) remain a phenomenon which has 

only been demonstrated in humans. According to the few comparative studies on mammals 

functional organization, humans seem to display the strongest variety of functional networks. The 

complexity and diversity of the animal behaviours are probably related to this large repertoire of 

networks. This complexity is also reflected by the white matter fibre tracts network  (Nadkarni et 

al., 2018). Moreover, direct evidence is in favour of a close relationship between the structural 

and functional organization in humans (Damoiseaux and Greicius, 2009), in primates  (Miranda-

Dominguez et al., 2014) and in mice (Grandjean et al., 2017b; Stafford et al., 2014). However, a 

recent systematic review showed that structure-function correlations in mammalian brains depend 

on the connectivity measures, which differ across methods and scales (Straathof et al., 2019). The 

structure-function correspondence observed in multiple species is an important step in favour of 

the neural origin underlying the BOLD signal and provides a key to understanding neural network 

development through the evolution of complex brain structure. 

 

Other universal properties of the brain topology have also emerged recently with graph analysis. 

One of them is the small-world feature which maximizes the efficiency of information transferred 

within a network. This network property has been found in multiple species including humans 

(Bullmore and Sporns, 2009), NHP (Barttfeld et al., 2015; Garin et al., 2019), rodents (Mechling 

et al., 2014) and ferrets (Zhou et al., 2016). 

Moreover, graph-based approaches have clearly revealed a modular nature of human (Sporns and 

Betzel, 2016), and rodent (Liska et al., 2015) rsfMRI networks, along with evidence of strongly 
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functionally interconnected polymodal areas, exhibiting hub-like properties (Buckner et al., 2009; 

Liska et al., 2015). Concerning highly connected regions in human, macaque and mouse lemur, 

the posterior cingulate cortex was found to be critical in these three species with its major 

functional hubs located in the DMN  (Garin et al., 2019). Interestingly, these areas seem to be 

instead shifted anteriorly in rodents, in which the anterior cingulate and prefrontal areas exhibit 

robust hub-like properties (Garin et al., 2019; Gozzi and Schwarz, 2016; Liska et al., 2015). This 

finding is consistent with rodent species lacking an evolutionary homologue of the primate 

posterior cingulate cortex (Vogt and Paxinos, 2014). Determining the fine-grained topology and 

contribution of regions critical for network organization and stability across species and evolution 

could highlight functional patterns that are especially relevant for network stability. Despite the 

lack of consensus concerning a standardized methodology in mammals fMRI, cross-species 

studies could provide essential clues towards a better understanding of brain physiology and 

evolution. 

 

 

 

3.3 Animal preparation and anaesthesia 

3.3.1 Animal preparation impact on motion and stress 

 

Functional MRI traditionally relies on temporal changes in haemodynamic parameters, e.g. blood 

oxygenation level-dependent contrast (BOLD), cerebral blood volume (CBV), or cerebral blood 

flow (CBF). Functional MRI signals inform on neuronal activity through the evaluation of 

hemodynamic response i.e. the adaptability of local capillaries to deliver oxygen to active neurons 

at a greater rate than to inactive neurons. BOLD signal, the most commonly used fMRI 

parameter, is dependent on the relative levels of oxyhemoglobin and deoxyhemoglobin 

(oxygenated or deoxygenated blood), which is modulated by local blood volumes and flow. In 

addition, fMRI acquisitions are highly sensitive to subject movement, specifically at tissue 

boundaries. In humans, several studies showed that small head motions can produce spurious but 

spatially structured patterns which drastically impacts RS-FC (Power et al., 2014). 

 

In animals, as well, it is critical to control for head motion. As animals are non-compliant species, 

the most widely used method to control for head stability is to anaesthetize the animals and to 

stabilize the head with bite bar and ear bars (78%, Figure 4a). However, training for awake 

restraint techniques has been developed in rodents and primates (22%, Figure 4a). These 

procedures may include acclimation in a scanner environment with an increase of the exposure 

periods of time. Atraumatic devices such as cylindrical head- holder or flat ear bars can be used to 

fix the head (Liang et al., 2011). Moreover, head fixes attached to the skull with dental cement 

provide alternatives that do not require lengthy animal training (Yoshida et al., 2016). In 

primates, individualized plastic helmets have been constructed based on 3D anatomical images 

for better stabilization of the head (Belcher et al., 2013). The quality of the mechanical set-up to 

fix the head is critical: according to Kalthoff et al. (Kalthoff et al., 2011), even with carefully 

fixed heads, motion remains the main source of noise in rat fMRI at 11.75T and it contributes to 

30% of the non-neuronal signal variance (60% being attributed to residual noise). This residual 

motion is related to respiration that represents 5% of the total variance of RS-FC signal (Kalthoff 

et al., 2011). It can be minimized by artificially-ventilating and paralyzing the animal, a process 

that results in excellent control of the motion artefacts (Ferrari et al., 2012). Beyond motion, 

either spontaneous or related to ventilation, cardiac motion induces low-frequency BOLD 

fluctuations and is another source of noise for fMRI signal interpretation (Murphy et al., 2013). In 
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some instances, cardiac responses can eclipse the neuronal response, especially in response to 

potentially stressful stimuli (Schroeter et al., 2014). Hence decisions to mitigate these strong 

confounding sources and variations between laboratories remain a major obstacle toward the 

standardization in animal imaging protocols, decisively more so than in human corresponding 

experiments. 

 

 
 Figure 4 | Animal preparation and anaesthesia 

trends. A) Animal fMRI relies mainly on anaesthesia 

to help restrain animals. NHP remain the major 

species acclimated to awake fMRI. B) Isoflurane is 

the principal anaesthetic used for maintenance during 

fMRI recordings. However, the distribution of other 

agents change with species c) Medetomidine is 

growing to become the second most used agent 

behind isoflurane. 

 

 

 

 

 

 

 

3.3.2 Impact of anaesthesia on animal physiology 

The global BOLD signal is modulated by heart rate, arterial CO2 concentration, and temperature. 

Different anaesthetics modulate various targets in the brain and have different impact on 

peripheral receptors acting on respiratory or cardiac regulation. Thus, they have different impact 

on BOLD signal and other haemodynamic readouts. For example, mechanically ventilated rats, 

for which arterial blood gases (PaCO2, PaO2) and pH were maintained constant, showed 

decreased T2* contrast between veins and parenchyma when anaesthetized with isoflurane 2% as 

compared to medetomidine or ketamine/xylazine. This was explained by increased CBF and 

vasodilatation in animals under isoflurane (Ciobanu et al., 2012). The use of mechanical 

ventilation has the advantage of avoiding hypercapnia (increased paCO2) which has an impact on 

fMRI reproducibility (Biswal et al., 1997; Ramos-Cabrer et al., 2005). Hypercapnia also leads to 

vasodilation and increased CBF (Xu et al., 2011). The modulation of CBF could explain the 

decrease of the BOLD response specificity to neuronal activity induced by stimuli (Uhrig et al., 

2018). Interestingly, Uhrig et al. showed different impacts of various anaesthetics on blood 

oxygenation in different brain regions. For example, ketamine leads to higher oxygenation in the 

cortex as compared to the thalamus while the opposite occurs for propofol (Uhrig et al., 2014). 

This variability may affect the ability to detect networks connecting these regions. The impact of 

anaesthesia on other physiological parameters, such as body temperature and peripheral 

cardiovascular activity can modulate the quality of the measured functional connectivity. Both 

these parameters represent strong benefits to be registered and kept stable to assure normal 

physiological conditions during the acquisition. The body temperature is usually controlled with a 

heating cradle, pad or any additional heating system, leading to stable reported temperatures. In 

light of the above, controlling for the temperature, the paCO2 and the movement parameters 

remains essential in assuring the animal stability and the quality of the data. Finally, anaesthesia 
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can tightly impact CBF autoregulation in response to peripheral blood pressure changes (Gozzi et 

al., 2007). Peripheral blood pressure recordings, and the presence of autoregulation, are 

parameters of critical importance for studies of neuromodulation using drugs, optogenetics and/or 

chemogenetics-fMRI e.g. (Giorgi et al., 2017), as well as in the case of somatosensory stimulation 

(Schroeter et al., 2014). This is because transmitter-induced peripherally evoked blood pressure 

changes, in the absence of physiological CBF autoregulation, can give rise to seemingly 

regionalized fMRI responses (Gozzi et al., 2007; Reimann et al., 2018b). Future research is 

required to understand to which extent commonly used anaesthetic regimens in rodents do 

preserve CBF autoregulation. While technically challenging, and invasive, blood pressure 

recordings can be carried out via femoral arterial cannulation (Ferrari et al, 2015), hence making 

it possible to understand whether peripheral cardiovascular response and central fMRI activity are 

temporally correlated. 

 

Several anaesthetics are used for animal studies (Figure 4b). They have been classified into 

several classes according to their targets: GABAA receptors, NMDA receptors, two-pore-domain 

K+ channels, and other modes of actions. GABAA receptors are the most widely used targets for 

anaesthetics. They are chloride channels that hyperpolarize neurons, making them less excitable 

and thus inhibiting the possibility of an action potential. Widely used anaesthetics as isoflurane, 

propofol and barbiturates are GABAA receptors agonists (Franks, 2008; Garcia et al., 2010). 

Each drug within this category displays a subtly unique pharmacological characteristic. For 

example, isoflurane and sevoflurane have opposite metabolic activities on cerebral blood flow 

and glucose consumption in various brain regions (Lenz et al., 1998). ɑ-chloralose is widely used 

in the context of BOLD fMRI because it provides robust metabolic and hemodynamic responses 

to functional stimulation and is also expected to act on GABAA receptors (Garrett and Gan, 

1998). NMDA receptors are other widely used targets. The use of antagonists for these receptors, 

such as ketamine, is supposed to block excitatory synaptic activity probably leading to 

anaesthesia. This latter may be related to the fact that ketamine binds preferentially to the NMDA 

receptors on GABAergic interneurons. Ketamine, however, leads to a "dissociative anaesthesia" 

during which the perception of pain is dissociated from the perception of noxious stimuli. 

Besides, it has psychotomimetic effects at low concentrations, leading to auditory and visual 

hallucinations (Franks, 2008). Ketamine and other NMDAr antagonists increase regional brain 

activity and cerebral blood volume, mainly in the anterior cingulate, the thalamus, the putamen, 

and the frontal cortex (Bonhomme et al., 2012; Gozzi et al., 2008; Långsjö et al., 2003). Two-

pore-domain K+ channels are targeted by volatile anaesthetics (isoflurane, halothane, nitrous 

oxide) which have different affinities for subfamilies (TREK-1 or TASK) of these receptors 

(Patel et al., 1999). These channels modulate the potassium conductance that contributes to the 

resting membrane potential in neurons. Their opening, therefore, facilitates a hyperpolarizing 

current, which reduces neuronal excitability and anaesthetizes. Among other targets, ɑ2-

adrenergic receptor agonists are targeted by xylazine, medetomidine, dexmedetomidine (Sinclair, 

2003). The activity of these drugs is related to their action on receptors located in the locus 

coeruleus and its projections. At this level, they reduce the release of norepinephrine, a 

neurotransmitter that is necessary for arousal. The anaesthesia induced by these compounds 

resembles the state of non-REM sleep, 

i.e. the first four of the five stages of the sleep cycle (Franks, 2008). 

 

3.3.2 Impact of anaesthetics on neuronal network organization in rodents 

In rodents, isoflurane and medetomidine are currently the most commonly used anaesthetics 
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(Figure 4bc). Importantly, isoflurane is almost systematically used for anaesthesia induction, 

specifically in rodents. 

Variations in the induction time may lead to a lasting effect on brain function, even though 

anaesthesia is switched to another agent (Magnuson et al., 2014). In addition to their different 

mechanisms of action (GABAA receptors agonist for isoflurane and alpha2 adrenergic receptor 

agonists for medetomidine), they have opposite vaso-properties (vasodilatation for isoflurane and 

vasoconstriction for medetomidine) which could impact neurovascular coupling differently. In 

rodents, isoflurane seems to preserve the interhemispheric and cortico-cortical FC but only at low 

doses (~1%) (Bukhari et al., 2017; Grandjean et al., 2014; Uhrig et al., 2014; Wang et al., 2011). 

Medium to high doses induce burst-suppression effects which are reflected in an increase in the 

global signal (Grandjean et al., 2014; Liu et al., 2011, 2013). 

Medetomidine seems to present opposite effects such as a cortico-cortical disruption and a 

pronounced striatal FC (Bukhari et al., 2017; Grandjean et al., 2014; Paasonen et al., 2018). The 

effect of isoflurane and medetomidine and other anaesthetics on the thalamo-cortical FC is still 

debated. Several studies suggested that a combination of isoflurane and medetomidine (med/iso) 

at low doses is the best compromise (Table 1, med/iso) to preserve FC and to recapitulate 

network properties of the awake state (Grandjean et al., 2014). However, this combination 

appears to inhibit thalamo-frontal cortical connectivity, when compared to connectomic estimates 

of the mouse connectome (Grandjean et al., 2017b). A number of studies in control and 

transgenic mouse models have been carried out with low doses of halothane (Bertero et al., 2018; 

Gutierrez-Barragan et al.; Liska et al., 2015, 2018; Pagani et al., 2019; Sforazzini et al., 2014). 

This inhalational anaesthetic produces stable and long-lasting RS-FC correlation recapitulating 

patterns of connectivity observed with med/iso combination (Grandjean et al., 2017b), with the 

advantage of robustly preserving thalamo-frontal connectivity, an effect that makes it especially 

apt for the investigation of prefrontal circuitry and the rodent default mode network (Bertero et 

al., 2018). However, the hepatotoxic properties of this compound have led its banning in most 

countries, preventing widespread use of this anaesthetic regimen. Other anaesthetics used in 

rodents (propofol, urethane, ɑ-chloralose) are presented in Table 1. They are not further 

discussed here as they showed ambiguous effects on RS-FC and are no longer recommended. 

Notably, RSNs in mice were shown to converge in a multi-centre comparison (Figure 1) 

(Grandjean et al., 2019a), irrespective of anaesthesia regimen, indicating to some extent that 

network properties are retained between different conditions. 

 

 



 
223  

 
 

Table 1 | Anesthetics effects on functional connectivity in rodents. Review of five studies between 2014 

and 2018. 

 

 

3.3.3 Impact of anaesthetics on neuronal network organization in primates 

In primates, isoflurane is the most used anaesthetic (Grayson et al., 2016; Hutchison et al., 2013b; 

Miranda- Dominguez et al., 2014; Vincent et al., 2007). As in rodents, lower dose and shorter 

anaesthesia duration are associated with an increased ability to detect RS-FC (Table 2; (Barttfeld 

et al., 2015; Uhrig et al., 2018). 

Also, one should keep in mind that a direct comparison of the impact of anaesthetics on cerebral 

networks is difficult because anaesthesia depth also modulates networks and can lead to 

misinterpretation of the results. 

 

 

 
Table 2 | Anesthetics effects on functional connectivity in primates. Review of five studies between 2014 

and 2018. 
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3.4 Data acquisition 

Contrary to human fMRI, which is carried mostly at 1.5T, 3T, and in rarer cases at 7T, animal 

fMRI is carried at a variety of field strengths, with 7T and 9.4T being the most frequently 

encountered field strength (26% and 25% respectively, Figure 5a). The availability of ultra-high 

field strength small-bore systems in rodents further increase this range, with fMRI being recorded 

as high as 15.2T (Jung et al., 2019). While fewer animal MRI system vendors exist compared to 

human systems, this apparent similarity is compounded with a greater range of coil designs, 

including home-made coils or cryogenic coils (Baltes et al., 2011), which provide an additional 

source of variation among the animal studies. Whilst these factors are determined by the centre 

where the acquisitions are performed, even greater variability comes in in the form of sequence 

parameters and the resulting contrasts across the different studies. This is exemplified in a report 

by Grandjean et al. which indicated cortical signal-to-noise ratios ranging from 20 to 400 in mice 

fMRI acquired at different centres (Grandjean et al., 2019a).  

 

Figure 5 | Data acquisition. a) There is a 

general trend toward higher strength of the 

main magnetic field in animal fMRI over time. 

In the past decade, the majority of studies were 

performed on 7T and 9.4T systems. b) The 

acquisitions relied mainly on gradient echo EPI 

for the acquisition, while older studies either 

used FLASH or RARE sequences. c) BOLD is 

the most commonly used contrast in animal 

studies. The availability of iron nanoparticles 

in animal studies explains the relatively high 

incidence of CBV contrasts. 

 

 

 

 

 

 

 

 

 

 

 

Neuronal activity induces vasodilation in surrounding capillaries and arterioles, which may 

propagate further up- and downstream towards arteries and draining veins. The resulting increase 

in CBF and CBV and blood oxygenation forms the basis of imaging strategies for fMRI. The 

most commonly used fMRI method is based on the BOLD contrast (Ogawa et al., 1990). BOLD 

contrast results from the paramagnetic properties of deoxyhemoglobin, which causes magnetic 

susceptibility effects inside blood vessels as well as in their surrounding tissue that can be 

detected with T2- or T2*-weighted sequences (Kim and Ogawa, 2012; Norris, 2006). 

Deoxyhemoglobin concentration increases dramatically from the arterial (<5%) to the venous side 

(~40%) of the vascular tree due to the extraction of oxygen in the capillaries (Vovenko and 

Sokolova, 1998), which makes BOLD imaging particularly sensitive to capillaries, venules and 

veins. In healthy brain tissue, the neuronal activity typically induces an increase in CBF with 

resultant increased oxygen delivery that exceeds the decrease in oxygen due to capillary oxygen 

extraction. As a result, deoxyhemoglobin concentration in the capillaries and veins decreases, 
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giving rise to a positive BOLD response in T2- or T2*- weighted images. 

 

The most frequently used BOLD-weighted fMRI sequence in rodents is T2*-weighted gradient 

echo (GE) echo planar imaging (EPI) (Figure 5b). GE-EPI provides a relatively high contrast-to-

noise ratio (CNR), which increases with field strength. At field strengths ≥ 7T, the intravascular 

contribution to the GE BOLD signal is negligible and signal changes scale almost linearly with 

echo time (TE) (Han et al., 2019; Yacoub et al., 2003). For optimal BOLD CNR, TE is typically 

set equal to the average grey matter tissue T2* value (for an overview of brain tissue T2 and T2* 

values we refer to (Han et al., 2019; Uludağ et al., 2009). The disadvantage of using GE-EPI for 

rodent fMRI, however, is its sensitivity to susceptibility artefacts, which are most prominent near 

air cavities such as the ear canals and around the olfactory bulb, particularly at long TE and high 

field strength. Furthermore, GE-EPI is highly sensitive to large veins (Uludağ et al., 2009), which 

makes this sequence spatially non-specific as neurovascular coupling occurs at the level of the 

capillaries. This has been clearly demonstrated by fMRI studies in rats subjected to electrical 

stimulation of the forepaws, where the highest GE-EPI BOLD response is observed in the outer 

layer of the somatosensory cortex where pial vessels are located (Han et al., 2019; Mandeville 

and Marota, 1999), while neuronal activation mostly occurs in deeper cortical layers. The relative 

contribution of capillaries to the BOLD signal increases with field strength but remains 

dominated by the macrovasculature even at 15.2T (Han et al., 2019). 

 

Spatial specificity for neuronal activity can be increased by using spin-echo (SE) EPI for BOLD 

fMRI (Han et al., 2019; Norris, 2012). SE BOLD is particularly sensitive to small vessels, as 

signal around large vessels is largely refocused by the 180° pulse. The relative contribution of the 

microvasculature increases with field strength and TE, and may be further increased by 

introducing diffusion gradients that reduce the remaining intravascular contribution from large 

vessels (Kim and Ogawa, 2012). To maintain spatial specificity, EPI train length should be 

reduced to a minimum to avoid introducing T2* effects (Goense and Logothetis, 2006). In the 

absence of intravascular contributions to the SE BOLD signal, CNR increases almost linearly 

with TE, achieving the best contrast when TE equals grey matter tissue T2. SE-EPI images show 

reduced sensitivity to susceptibility artefacts compared to GE-EPI. However, SE-EPI also comes 

with lower BOLD CNR, and longer acquisition times. 

 

Since BOLD contrast depends on the TE of the sequence, multi-echo GE sequences have been 

proposed for BOLD fMRI data acquisition. In multi-echo EPI (ME-EPI), one excitation pulse is 

followed by acquisition at multiple TEs (Speck and Hennig, 1998). Short TE results in high signal 

intensity, minimal signal dropout but low CNR, whereas longer TE results in lower signal 

intensities, more signal dropout but higher CNR. The multi-echo approach has two main 

applications. First, images acquired at different TE can be combined to optimize the BOLD 

contrast per region (Poser et al., 2006; Posse et al., 1999), since T2* varies across the brain 

(Hagberg et al., 2002; Peters et al., 2007). Second, identifying TE-dependent and TE-independent 

signals can help to separate BOLD T2* signal fluctuations and noise  (Kundu et al., 2012). The 

shortened T2* at high field strength, often used for preclinical imaging, provides less time for 

image acquisition at additional TEs and limits the time between adjacent TEs. Still, ME-EPI at 

three different TEs without acceleration is feasible for fMRI in rodents at 9.4T and 11.7T, with a 

TR of 1.5 to 3 seconds and acceptable spatial resolution (Grandjean et al., 2017a, 2017b; Kundu 

et al., 2014). 

 

Beside EPI, the balanced steady-state free precession (bSSFP) sequence enables acquiring 
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BOLD-like contrast images at short TE (= TR/2), making these images relatively insensitive to 

signal dropouts and artefacts often seen in GE-EPI. The origin of the bSSFP contrast is however 

complex since it does not only depend on T1 and T2 but also on the flip angle, repetition time and 

off-resonance values (Miller, 2012). 

Functional MRI using bSSFP sequences can be performed in the so-called transition-band or the 

pass-band (Miller 2012). Functional transition-band bSSFP is sensitive to alterations in voxel off-

resonances induced by changes in deoxyhemoglobin concentration. At short TE it provides T2-

weighted contrast (Scheffler et al., 2001), whereas at long TE the image contrast is mainly T2*-

weighted (Miller et al., 2007). Larger signal increases in response to neuronal activation have 

been measured compared to GE-EPI (Miller et al., 2006; Scheffler et al., 2001). However, 

transition-band SSFP is also sensitive to field inhomogeneities due to its sensitivity to off-

resonances, making whole-brain coverage from anterior to posterior difficult to achieve (Miller, 

2012). Furthermore, it is sensitive to physiological and time-varying noise (Miller, 2012). Pass-

band bSSFP has been more widely used for fMRI (Miller and Jezzard, 2008; Scheffler and Ehses, 

2016). Similar to transition-band bSSFP, its contrast origin shifts from BOLD T2 effects at short 

TE to BOLD T2* effects at long TE. However, the pass-band SSFP sequence is less sensitive to 

field inhomogeneities, and sensitivity to physiological noise can be lower than with GE-EPI 

(Miller et al., 2007). At short TE, an additional advantage is the suppression of BOLD sensitivity 

in large draining veins, making the sequence more selective to microvasculature contribution 

compared to GE-EPI (Báez-Yánez et al., 2017). However, bSSFP sequences have lower BOLD 

CNR than conventional GE-EPI at short TE (Miller et al., 2007; Zhong et al., 2007), and at long 

TE, banding-artefacts appear due to field inhomogeneities and macrovascular contributions 

increase. Consequently, the use of this sequence has so far remained marginal (Figure 5b). 

 

Although BOLD contrast is mostly used for fMRI, alternative methods that directly measure 

CBV or CBF, are available (Figure 5c). CBV can be measured with the use of exogenous iron 

oxide-based contrast agents (Chen et al., 2001; Mandeville et al., 1998). Iron oxide nanoparticles 

used for CBV contrast exhibit strong r2 and r2* relaxivity, do not cross the intact blood-brain 

barrier, and have a long blood circulation half-life in the order of hours (Chen et al., 2001). 

Intravenous administration of nanoparticulate iron oxide introduces magnetic susceptibility 

effects within the vasculature and its surrounding tissue, which, at sufficiently high dose, are 

much larger than the effects of deoxyhemoglobin. As a result, intravascular T2*-weighted signal 

becomes negligible, while the extravascular T2*-weighted signal becomes highly sensitive to 

changes in CBV (Mandeville, 2012). An increase in CBV, as induced by neuronal activation, 

increases magnetic susceptibility within the imaging voxel, giving rise to negative CBV-

dependent contrast in T2*-weighted images. CBV-dependent contrast is independent of field 

strength and most optimal when iron oxide injection causes a drop of 40-60% in signal intensity 

with respect to baseline  (Mandeville, 2012). Since baseline signal intensity is strongly dependent 

on TE, contrast dose should be adjusted to the TE as well. A relatively high dose of contrast agent 

allows the use of short TE with the advantage of a reduction in susceptibility artefacts 

(Mandeville et al., 2004). The most commonly used imaging sequence for CBV contrast is GE-

EPI, which, in contrast to BOLD GE-EPI, is particularly sensitive to changes in small vessels 

(arterioles, capillaries and venules). This, which is due to the strong magnetic susceptibility 

effects of the iron oxide, causes the extravascular signal from tissue surrounding large vessels to 

be largely eliminated. CBV-weighted fMRI is therefore considered more spatially specific to 

neuronal activity than GE BOLD fMRI. This has been clearly demonstrated in rats subjected to 

electrical forepaw, in which a spatial shift in the maximum contrast- to-noise ratio was observed 
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from the cortical surface with GE BOLD fMRI to deeper layers of the somatosensory cortex with 

GE CBV-weighted fMRI (Keilholz et al., 2006; Mandeville and Marota, 1999). SE-EPI is 

typically not used for CBV-weighted fMRI as CNR is lower than with GE-EPI, and CBV changes 

in small vessels are underestimated (Mandeville et al., 2007). 

 

CBF can be measured non-invasively with Arterial Spin Labelling (ASL), which uses 

radiofrequency pulse (s) to magnetically label the blood water in major arteries by inverting the 

longitudinal magnetization (Williams et al., 1992). After a waiting period, the labelled blood 

water exchanges with brain tissue water, leading to T1 shortening in the imaging plane. 

Subtracting a second scan without labelling results in an image with only the signal from the 

labelled inflowing spins. There are two main types of ASL: continuous ASL (cASL) and pulsed 

ASL (pASL) (Borogovac and Asllani, 2012). cASL sequences include a long labelling pulse and 

provide high signal-to-noise ratio but low labelling efficiency. In comparison, pASL involves 

short inversion pulses with high labelling efficiency but low signal-to-noise ratio. A practical 

advantage of pASL is that short inversion pulses are more easily implemented in ASL protocols. 

To combine the higher labelling efficiency of pASL and higher sensitivity of cASL, pseudo-

continuous ASL (pCASL) was developed (Borogovac and Asllani, 2012; Dai et al., 2008; Silva 

and Kim, 1999; Wu et al., 2007), and further optimized with multi-phase image acquisitions to 

tackle rodent-related difficulties with variations in labeling efficiency across different vessels to 

prevent erroneous calculation of CBF (Larkin et al., 2018) . Since EPI is the main read-out for 

ASL, the presence of a BOLD effect should be taken into account in ASL-based fMRI studies (Lu 

et al., 2006). Compared to BOLD fMRI, ASL-based fMRI provides about one-third of the 

contrast-to- noise ratio (Lu et al., 2003), has low temporal resolution and is more challenging to 

implement (Detre and Wang, 2002). On the other hand, ASL provides stable noise levels -

enabling measurement of slow variations in brain function  (Aguirre et al., 2002; Wang et al., 

2003) - shows less intersubject variability  (Tjandra et al., 2005), and is more sensitive to 

arterioles and microvasculature than to large draining veins (Silva et al., 1999; Tjandra et al., 

2005). By far the majority of rodent fMRI studies are executed with one of the abovementioned 

fMRI approaches that are based on the hemodynamic response to neuronal activation. Alternative 

fMRI methods aimed at more specific detection of neuronal responses have been developed, such 

as manganese-enhanced fMRI (Lin and Koretsky, 1997) and diffusion-weighted fMRI 

(Tsurugizawa et al., 2013) but these approaches have been hampered by non-uniform or limited 

sensitivity, low temporal resolution and uncertainties about the underlying mechanisms 

(Rudrapatna et al., 2012; Silva, 2012). Correspondingly, the application of these methods has so 

far remained marginal (Figure 5c). Recent developments in diffusion-weighted fMRI in rodents 

are likely to give rise to a renewed interest in the method (Abe et al., 2017; Nunes et al., 2019). 

 

 

3.5 Data analysis 

3.5.1 Pre-processing 

Image pre- and post-processing are an integral part of every fMRI study. Pre-processing refers to a 

number of steps to correct for artefacts and normalize data, e.g. motion correction, temporal 

filtering and co-registration to a reference template. A number of dedicated software packages are 

designed, usually for human studies, to carry out these functions. With differences in the precision 

and performance of the various tools available, 

e.g. motion correction (Morgan et al., 2007) or registration (Klein et al., 2009), the user selection 

of tools within data analysis is a non-negligible source of bias and variability between studies. 

Interestingly, an analysis in human fMRI revealed that 223 unique analysis pipelines were used to 

process data in 241 studies, implying that nearly every study is carried out with an individualized 

pipeline (Carp, 2012). Efforts to develop unified open-source pre-processing pipelines for human 

fMRI, e.g. fMRIPrep (Esteban et al., 2019), have yet to reach widespread adoption. In animals, 

we observed that a large number of studies relied on custom made pre-processing functions (26%, 
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Figure 6a). SPM was the most common software package used for the analysis (27%). The 

preponderance of custom made software, as well as the combination of functions from several 

software suits in animal fMRI research, may be explained by the fact that specific functions were 

designed for the human brain. The pervasive use of ad-hoc pipelines, encouraged by the lack of 

dedicated animal pipelines, is a major obstacle to results comparisons between centres. 

 

 
Figure 6 | Software used for data analysis of 

animal fMRI and functional connectivity analysis. 

a) Custom made software or combination of existing 

software pipelines remained the most common 

approach to animal fMRI data processing, while 

SPM was the most used software package used. b) 

Resting-state fMRI in animals is mainly analysed 

with seed-based analysis. 

 

 

 

 

 

 

 

3.5.2 Templates and atlas selection. 

Registration of fMRI results to a common reference space is an integral part of the pre-processing 

and enables unbiased group-level statistical analysis at a voxel-wise level. In human 

neuroimaging, standard space and coordinate systems are routinely used to report results in both 

figures and tables. In animals, we found that the vast majority of the studies did not register fMRI 

data to standard space (64%) while 24% relied on ad-hoc templates. While this step ensures 

optimal registration due to similar image contrast, resolution, and orientation, this adds extra 

challenges in comparing across studies. Contrary to the ubiquitous Montreal Neurological 

Institute reference space in human (Mazziotta et al., 2001), animal templates have failed to reach 

a consensus yet, despite efforts to implement standards such as the Waxholm space (Johnson et 

al., 2010). This is exemplified by the various templates used in animal studies. In rats, five studies 

relied on (Schweinhardt et al., 2003), nine used (Schwarz et al., 2006), five used (Valdés-

Hernández et al., 2011), and two used (Nie et al., 2013). In NHP, ten studies were normalized to 

(Van Essen et al., 2012), ten used (Saleem and Logothetis, 2012), six used (McLaren et al., 2009), 

and six normalized to (Rohlfing et al., 2012). In mice, seven studies were normalized to (Janke 

and Ullmann, 2015), four studies used (Lein et al., 2007), and two used (Dorr et al., 2008). More 

importantly, none of the studies reported three-dimensional coordinates for clusters or slice 

positions, rendering the precise comparison between studies impractical. 

Registration between rodent or NHP brains is, however, a computationally much easier challenge 

than between human brains due to the simpler and less idiosyncratic cortical folding (NHP) or 

lissencephalic cortex (rodents). The choice of atlases and the level of parcellations also have large 

implications for network analysis and graph theory metrics (see below). 

 

3.5.3 Regional and Network Level Analysis of resting-state fMRI. 

Stimulus-evoked, pharmacological, DBS, and opto-/chemogenetics fMRI studies are almost 

systematically analysed with voxel-wise statistics where the time series at every voxel is assessed 

with an independent model, usually a model of the haemodynamic response to the 

stimulus/injection paradigms. This is often complemented with ROI analysis of the evoked 



 
229  

response. In comparison, RS-FC is paradigm free, hence often relies on intrinsic models to infer 

connectivity or associated metrics. Consequently, there are several analysis methods that have 

been developed primarily in the human literature but which can easily be applied to animals as 

well (Figure 6b). Approaches range from hypothesis-driven (e.g. seed-based analysis) to data- 

driven (e.g. Independent Component Analysis, ICA) and can be applied at the level of networks 

or of particular ROI. Some metrics describe the relationship between areas; others are based on 

features of the low- frequency BOLD fluctuations from a single region. Here we provide a brief 

overview of some prominent methods. 

 

3.5.4 Seed-based correlation. 

Seed-based correlation is the most intuitive of the analytical methods and the most commonly 

used in animals (Figure 6b). A seed region can be defined based on function or anatomy and 

range in size from a few voxels to a parcel from a brain atlas. The time courses from each voxel 

in the seed are averaged together, and then the correlation is calculated between the averaged seed 

time course and the time course from every other voxel in the brain. The resulting correlation 

values can be displayed at the location of each voxel, producing a correlation map (Kalthoff et al., 

2011; Liang et al., 2013; Paasonen et al., 2018; Pawela et al., 2008; Sforazzini et al., 2014; 

Williams et al., 2010; Zerbi et al., 2015). Average values can then be measured for ROIs. 

Alternatively, the signal from the desired target area can be measured and correlated with the seed 

time course to directly examine the connection from a particular pair of areas. Seed-based 

correlation is a low-level metric and thus relatively easy to interpret. As with any measurement, it 

can be affected by the relative levels of signal and noise. While correlation is robust to differences 

in amplitude in the two signals, a reduction in BOLD amplitude can go hand in hand with an 

increase in non-neural noise, which does affect correlation values (Keilholz et al., 2016). 

 

3.5.5 Independent Component Analysis. 

ICA is a data-driven way to identify networks within the brain. It is widely used in the human 

neuroimaging community and does not rely on the definition of a seed. Instead, it identifies a 

number of statistically- independent networks that can be mapped spatially to the brain 

(Hutchison et al., 2010; Jonckers et al., 2014; Lu et al., 2012; Sforazzini et al., 2014). One of the 

challenges of the technique is that it is not immediately apparent how many components should 

be used. As more components are included, the resulting networks fragment into separate areas, 

and it may sometimes be necessary to combine components to recompose the full network 

structure. Accordingly, distributed networks of the rodent brain that are robustly identified using 

seed-based mapping, such as the DMN (Sforazzini et al., 2014), are only detectable with low-

dimensional ICA, and are typically segregated into functional sub-portions when a more 

canonical number of components is selected. As such, the choice of component number is one of 

the sources of variability across experiments, but it is at least somewhat mitigated by the 

observation that the same networks can typically be detected in most studies, despite the 

occasional fragmentation. Other choices that contribute to variability across studies include 

whether ICA is performed on the entire group of animals at once, or on subgroups (e.g., mutant vs 

wild type mice). If performed on the whole group, a single set of components is obtained and its 

strength can be examined in each group. One risk of this approach is that the component structure 

might be driven by one of the subgroups. If ICA is performed on subgroups, multiple sets of 

components are obtained with different spatial extents and strengths, making comparisons more 

difficult. ICA provides spatial maps of components and can be considered a mid-level parameter. 

Additional analysis is needed to examine the strength of the connectivity within or between 

networks obtained from ICA and is often calculated using correlation. Strict criterion for the 
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identification should be encouraged, such as those proposed in (Zerbi et al., 2015), to promote 

comparable classifications between studies. 

 

3.5.6 Amplitude of low-frequency fluctuations. 

The amplitude of low-frequency fluctuations (ALFF; (Zang et al., 2007) and fractional ALFF 

(Zou et al., 2008) represent the amplitude of the BOLD fluctuations within specific frequency 

bands, e.g. the 0.01-0.08 Hz range. For fALFF, the amplitude of the fluctuations in the range of 

interest is normalized by the amplitude of the full frequency range. Both of these measures give 

an estimate of the strength of the BOLD fluctuations used to map RS-FC, and may include both 

neural contributions and vascular effects like cerebrovascular reactivity (Golestani et al., 2016). 

ALFF and fALFF are low-level parameters. In rodents, they are most commonly used to compare 

across experimental groups (Chang et al., 2018; Wen et al., 2018; Yao et al., 2012). 

 

3.5.7 Regional Homogeneity 

Regional Homogeneity (ReHo) is a measure of the local correlation between adjacent voxels 

(Zang et al., 2004). Similarly to ALFF, and contrary to the majority of the other methods 

described here, ReHo is a measure that informs on the local signal coherence strength, but not of 

distal connectivity. The method has been effectively applied in rodents (Li et al., 2018; Wu et al., 

2017) and NHP (Rao et al., 2017), such as to describe anaesthesia effects on the mouse brain (Wu 

et al., 2017). ReHo is also a low-level parameter and is relatively simple to interpret. 

 

3.5.8 Whole-Brain Analysis. 

When pursuing a whole brain analysis of RS-FC data, the first question to be answered is that of 

parcellation. In theory, an analysis could also be performed using each voxel as an independent 

region, but the signal is noisy and spatially redundant. It is generally agreed upon to group voxels 

in some way to reduce the dimensionality of the ensuing analysis. The choice of the atlas is often 

dictated by the level of detail achieved. Parcellation by atlas is an anatomical approach, even 

though the atlas may be derived from functional information. Another possibility is to perform a 

functional parcellation, either by clustering or by using a dimensionality reduction algorithm like 

ICA (Jonckers et al., 2014; Medda et al., 2016). These approaches incorporate information carried 

by the resting BOLD signal instead of relying on spatial alignment. Following parcellation, other 

analysis methods are typically applied. One common approach is to calculate the correlation 

between the average time courses of every possible pairs of ROI. This is similar to seed-based 

correlation except that the regions of the atlas are used as seeds and targets. Partial volume effects 

can, therefore, distort the results. The correlation values for the whole brain are often displayed as 

matrices, where each line shows the correlation for a given ROI with all other possible ROIs. It is 

then possible to test correlation matrices for differences across groups (although correction for 

multiple comparisons is essential) or to calculate additional summary metrics using graph theory 

approaches, described in the next section. 

 

3.5.9 Graph Theory. 

The brain can be viewed as a network, with ROI serving as nodes that are connected by edges 

whose weight is determined by a measure of RS-FC, usually correlation. From this perspective, 

an entire arsenal of graph- theoretical metrics can be used to describe the network of the brain. 

These range from mid-level metrics such as degree (the number of edges that connect to a node) 

to high-level metrics such as modularity that describe the community structure of the brain. For 

an overview, see (Bullmore and Sporns, 2009). High-level metrics provide a convenient summary 

of the large-scale functional architecture of the rodent functional connectome, amenable to cross-
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species translation (Bertero et al., 2018; Liska et al., 2015; Stafford et al., 2014). They, however, 

can be influenced by low-level parameters, such as global correlations, and arbitrary parameters 

such as matrix sparsity whose effects cascade through the analysis and complicate interpretation. 

 

3.5.10 Dynamic Analysis. 

In recent years, interest has grown in examining not only average correlation values across groups 

but dynamic measures of how they vary over time. The simplest approach is to use a windowed 

version of the image time series to calculate the metrics described above (e.g., correlation) 

(Keilholz et al., 2013). The window is moved along the time series and the calculation is repeated 

at different time points. A number of studies have examined the effects of window size, shape, 

and step size, but the ideal parameters remain difficult to pin down (Grandjean et al., 2017a; 

Hindriks et al., 2015; Leonardi and Van De Ville, 2015; Shakil et al., 2016, 2018). Windows can 

be applied to the time courses from a particular ROI or from the whole brain, where they are often 

summarized as a series of matrices (Allen et al., 2014). Other methods can be used to look at the 

co-occurrence of the individual events that drive RS-FC (Liu et al., 2018; Petridou et al., 2013) or 

at large-scale repeated patterns of activity (Belloy et al., 2018; Grandjean et al., 2017a; Majeed et 

al., 2011), offering the possibility of mapping RS-FC non correlative terms. These represent 

promising emerging methods to investigate the RS-FC signal beyond the stationary hypothesis 

which characterizes the methods discussed above. 

 

 

 

 

3.5.11 Functional connectivity metrics and interpretation 

Choices of anaesthesia and pre-processing pipeline have the greatest effect on the ability to 

compare results from different studies  (Pan et al., 2015). However, the wide variety of analysis 

methods available also plays a role in our interpretation of the results. While the choice of 

analysis is ultimately dictated by the question of interest, there are steps that can be taken to 

promote standardization across studies. For example, reporting baseline metrics like correlation 

along with higher-level metrics like modularity would assist with interpretation and comparison 

to other studies. In human neuroimaging, a test-retest examination of varying RS-FC methods has 

highlighted reliable methods (Zuo and Xing, 2014), including dual-regression (Filippini et al., 

2009). There are a few explicit examinations of test-retest reproducibility in rodents that undergo 

the same experimental protocols, providing insight into the level of reproducibility that might be 

expected. Zerbi et al. found an R2 value of ~ 0.7 for optimally processed data from mice under 

medetomidine/isoflurane combination (Zerbi et al., 2015). Kalthoff et al. showed that the spatial 

localization of ICA components shares a common core, particularly under medetomidine sedation 

(Kalthoff et al., 2013). Nevertheless, substantial variability in the correlation coefficients from 

different studies is present, depending on pre- processing steps, ROI definition, and other factors. 

 

3.6 Statistics and resource sharing 

The statistical analysis carried out by the neuroimaging community has been under increasing 

scrutiny following reports of inflated false-positive rates in the parametric statistical models 

traditionally used (Eklund et al., 2016). To assess the emergence of non-parametric voxel-wise 

statistics, we recorded the occurrence of non-parametric statistics. We found only 12 mentions of 

such tests out of 868 studies. This low incidence is indicative of comparable trends in the 

corresponding human neuroimaging field. Differences between studies are accentuated as voxel-

wise statistics in animal studies have been corrected with varying degrees of stringency, such as 
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correcting by arbitrary ad-hoc cluster size or p-value threshold. These render the comparison 

between studies opaque. To overcome these limitations and to permit meta-analysis, NeuroVault 

(Gorgolewski et al., 2015) offers a resource to publish statistical maps prior to statistical 

thresholds, leaving the users to explore, reinterpret, and repurpose these results. Unfortunately, 

such resources are not yet available to animal neuroimaging studies. The advent of RS-FC and 

network analysis is another source of dissension in the statistical analysis. With fine-grain ROI 

sets, the number of edges increases dramatically, hence the number of univariate tests and the 

need to correct for multiple comparisons. There, no consensus currently exists to effectively 

account for multiple comparisons and the heightened level of false positives ensuing. 

 

The growth of the human neuroimaging community has been fueled by large datasets made 

publicly available in online repositories (Nichols et al., 2017). Making raw data available is 

becoming a requirement by the funding bodies, academic centre, and the journals. In spite of 

these requirements, we only found 15 mentions of data availability, among 868 studies, seven of 

which upon reasonable request to the senior author. 

Publication of datasets on established repositories ensures lasting availability of the dataset and 

unbiased distribution. Databases such as XNAT (https://central.xnat.org/; (Herrick et al., 2016) 

and Openneuro (https://openneuro.org/; (Poldrack et al., 2013)) are becoming increasingly user-

friendly, including standardized formats that allow for the easy organization and retrieval of 

functional and anatomical data (Gorgolewski et al., 2016). Importantly, potential reticence in 

human neuroimaging to share material to protect subject privacy do not apply in animal research. 

Importantly, shared material allows for in-depth scrutiny of published results and hence 

strengthen the trust in the published results and facilitate meta- analysis. 

 

4 Conclusion and outlooks 

With this study, we describe the general trends in animal functional neuroimaging and reflect on 

emerging collective efforts driving toward larger multi-centre studies and a desire for the 

adoption of standards and good practices in the field. A general consensus on several acquisition 

procedures within the community is unlikely to be reached, especially on contentious topics such 

as anaesthesia and animal preparation. 

Nonetheless, we report general trends which indicate some degrees of consensus. For instance, 

isoflurane and medetomidine and/or their combination represent an increasing proportion of the 

studies performed in anaesthetized animals, supported with increasing evidence from the 

literature. Sequences and contrasts are also reaching consensus, as the overwhelming majority of 

the studies were acquired using GE-EPI and BOLD contrast, predominantly at high fields such as 

7T and 9.4T. Importantly, a number of aspects emerge which are currently lacking within our 

community and which could easily be implemented to greatly ameliorate how results are 

interpreted. While modest, these first steps will be necessary for the adoption of standards, 

replication studies, and meta-analysis. 

 

Firstly, the systematic sharing of raw datasets upon publication is the easiest milestone to be 

achieved within our community. It is often requested by both funding agencies and publishers 

alike. Yet, less than 1% of the studies were published with its raw data. This represents a severe 

loss to our community as it prevents the repurposing of material and the critical re-assessment of 

past results. Arguably, a number of debates regarding methodological aspects of fMRI 

acquisitions would find a rapid resolution if the material were accessible by the community for in-

depth scrutiny. Moreover, a number of variations in data processing highlighted above would be 

rendered moot as the material could be re-analysed with other pipelines to confirm or compare 
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results. 

 

The second aspect within acceptable reach in the animal neuroimaging community is the adoption 

of common references spaces and the reporting of accurate coordinates in both figures and tables, 

as is common practice in human studies. Despite several templates being available for mice, rats, 

and NHP (Bakker et al., 2015), no consensus has yet emerged. The reliance on ad-hoc templates 

further hinders the adoption of standard templates. While Paxinos and Franklin mice (Paxinos and 

Franklin, 2012) and Paxinos and Watson rats atlases (The Rat Brain in Stereotaxic Coordinates, 

1982) are systematically referred to, activation clusters have not been reported with respect to 

their three-dimensional coordinates reported in these atlases. Hence, the adoption of exact three-

dimensional coordinate systems, together with tools to convert from one system to another would 

greatly ameliorate how results in animal neuroimaging studies are reported, and would also 

among other enable meta-analyses. 

 

Finally, contentious areas, specifically anaesthesia and animal preparations, should be approached 

jointly by multiple laboratories to ensure that the manipulations lead to reproducible results 

between centres, and to generate a nucleus around which a consensus can emerge. Such efforts 

will be necessary for the emergence of animal population imaging studies centred on brain 

function. Such efforts, likewise to human neuroimaging is expected to dramatically accelerate our 

understanding of the mammalian brain, its evolution, and the pathological mechanisms which 

affects its function. 
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