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Abstract 

Abnormally phosphorylated tau is a protein commonly associated with Alzheimer disease 

(AD). Braak and Del Tredici (2011) have identified a noradrenergic nucleus, the locus 

coeruleus (LC), as the brain region to first express abnormal tau. Using a TH-Cre 

transgenic rat model of pretangle AD, we attempted to model the earliest prodromal 

stages seen in humans. We infused an adeno-associated virus (AAV) with a transgene 

coding a pseudophosphorylated human tau, htauE14, into the LC, and examined the 

behavioural consequences using four behavioural tests to assess memory, at 1-3 and 4-6 

months post-infusion. Selective htauE14-GFP expression in LC neurons was confirmed 

using double immunolabelling for tyrosine hydroxylase and green fluorescent protein 

(GFP). We showed that >93% of LC neurons expressed GFP at 1-3 and 4-6 months post-

infusion. Using an antibody against dopamine-b-hydroxylase, we showed higher relative 

optical density for LC-htauE14 infused rats at 1-3 months post-infusion in CA1 and the 

subgranular zone, suggesting htauE14-mediated changes in LC projections. Behavioural 

assays indicate subtle, sex-dependent impairment on hippocampal-dependent spatial 

memory. These results indicate that AAV-htauE14 is selectively expressed in LC neurons 

and can modify noradrenergic input to memory structures. Behavioural deficits may 

become more apparent if the LC-mediated projections are lost as animals age.  
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General Summary  

Abnormally phosphorylated tau is a protein commonly associated with Alzheimer 

disease (AD). Braak and Del Tredici (2011) have identified a brain structure known as the 

locus coeruleus (LC) as the first brain region to express this abnormal protein. Using a rat 

model of early-stage AD, we examined the consequences of human tau on the behaviour 

and anatomy of these rats. We used a 4-test battery to assess memory conducted at two 

time points; we found that male AD rats were impaired on a test of spatial memory early 

in training. Additionally, using a technique known as immunohistochemistry, differences 

were observed between AD and control animals in the hippocampus, a brain region 

important for multiple types of learning and memory. These findings suggest that 

abnormal tau in the LC can contribute to anatomical and behavioural differences in our 

animal model of AD.  
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The Longitudinal Effects of Pseudophosphorylated Human Tau on Locus Coeruleus Fibre 

Density in Temporal Lobe Structures and its Behavioural Consequences in Male and 

Female Rats 

1. Introduction 

1.1. Alzheimer Disease Overview 

Alzheimer disease (AD), a progressive neurodegenerative disorder, is 

characterized by widespread brain atrophy and the deterioration of global cognitive 

functioning (Perry, 1999). It is the leading cause of dementia and typically affects 

individuals over the age of 65 but can also affect individuals as early as in their 30s (Iqbal 

et al., 1987; McKeever et al., 2018). With a growing ageing population, the projected 

impact of this disease on the healthcare system and economy has gained the attention of 

both researchers and policymakers (Kingston et al., 2018; Wu et al., 2016). With AD 

being a medical and global challenge, extensive research has been conducted to develop 

treatments to slow or halt the progression of the disease; however, to date, there are no 

such treatments available (Cummings & Fox, 2017). This failure is primarily due to the 

lack of understanding of the disease and where it originates (Cummings et al., 2014; 

Scheltens et al., 2016).  

Alzheimer disease is caused by two hallmark neuropathological proteins: β-

amyloid (Ab) and abnormally phosphorylated tau (Bertram & Tanzi, 2005; Braak & Del 

Tredici, 2012; Sivanandam & Thakur, 2012). When amyloid precursor protein, a 

transmembrane protein found in neurons, is abnormally cleaved by enzymes in the cell, it 

forms Ab (Scheltens et al., 2016). As a result of a combination of overproduction of this 
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protein and reduced clearance, these monomers begin to aggregate to their oligomeric 

form and may eventually form insoluble fibrils that become the foundation of plaques 

(Sengupta et al., 2016). These aggregates, known as amyloid plaques, accumulate 

extracellularly and disrupt the connections between neurons (Chow et al., 2010; Reiman, 

2016).  

Tau protein is found intracellularly and aids in stabilizing microtubules, the 

scaffolding of the cell (Brunden et al., 2010; Duka et al., 2013). In the normal human 

brain, there are two to three moles of phosphate per mole of tau. However, in the AD 

brain, this phosphate to tau ratio increases approximately three-fold so that the tau 

becomes hyperphosphorylated (Hu et al., 2002). Due to this abnormal increase in the 

number of attached phosphates, tau undergoes a conformational change and dissociates 

from the microtubule (Alonso et al., 2018). This dissociation of tau from the microtubules 

results in a degradation of the cell’s scaffolding, affecting axonal transport (Kneynsberg 

et al., 2017). Furthermore, in its insoluble form, abnormal tau aggregates to form 

neurofibrillary tangles (NFT) intracellularly (Bancher et al., 1989). The presence of the 

tangles is cytotoxic as they interfere with various intracellular functions, resulting in the 

degeneration and eventual death of affected neurons (Busser et al., 1998). 

 Together, amyloid plaques and NFTs impair synaptic connectivity leading to the 

cognitive decline experienced by individuals with AD (Busser et al., 1998). While the 

neuropathology of AD can be characterized by the presence of amyloid plaques and 

NFTs, these two aggregates can also occur in individuals without dementia (Braak et al., 

2006; Hyman et al., 2012). Hence, the presence of these proteins is not sufficient to 

diagnose an individual as having AD. In 1997, the National Institute on Aging and 
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Reagan Institute developed criteria for the neuropathological diagnosis of AD. One of the 

scales used in these criteria is the Braak 6-stage system. 

1.2. Braak Staging of Tau and NFT in Alzheimer Disease 

Braak and Braak (1991) examined the brains of 83 individuals, either with or 

without dementia, to characterize the progression of AD. They outlined six stages that 

described the distribution pattern of insoluble NFTs throughout the brain. Stages I and II 

are marked by the presence of NFTs in the transentorhinal region (see Figure 1D). In 

stages III and IV, the entorhinal cortex and temporal lobe regions, such as the 

hippocampus and amygdala, are affected (see Figure 1E). Furthermore, NFTs can be 

found in the subiculum, which receives its input from CA1 of the hippocampus and the 

entorhinal cortex. Finally, stages V and VI are defined by the presence of these tangles in 

higher-order association areas and the neocortex (see Figure 1F) (Braak & Braak, 1991; 

Canto et al., 2008).  

In addition to these neurofibrillary stages, Braak and Del Tredici (2011) later 

outlined five pretangle stages in early AD-tauopathy in which abnormally phosphorylated 

tau is still in the soluble form, and symptoms of the disease are not present. These 

pretangle stages precede stages I to VI, which they described previously. In Stage a, 

pretangle material is first found in the processes of locus coeruleus (LC) cells (see Figure 

1A-B) (Braak et al., 2011). In Stage b, this pretangle material moves to the soma and 

dendrites of LC cells (see Figure 1A-B). By Stage c, abnormal tau begins to infect other 

brainstem nuclei while remaining subcortical (see Figure 1A-B). At Stage 1a, abnormal 

tau, in its soluble form, can be found at the end of LC axon terminals ending in the 

transentorhinal cortex (see Figure 1C). In Stage 1b, the soma and processes of pyramidal 
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cells in the transentorhinal cortex fill with the pretangle material (see Figure 1C). From 

here, the spread can then be characterized by the aggregation of insoluble NFT outlined 

by stages I to VI mentioned above.  

Braak et al. (2011) conducted a post-mortem analysis of over 2000 brains from 

individuals ages 1 to 100. They discovered that abnormal tau pathology is first detected in 

the LC, a noradrenergic nucleus found in the brainstem that supplies norepinephrine (NE) 

to the forebrain (Foote et al., 1983). Out of over 2000 individuals, only 10 were devoid of 

any detectable abnormal tau, with most of these individuals being younger than six years 

of age (Braak et al., 2011). Braak et al. (2011) identified the LC as the location where this 

abnormal pretangle material originates and that it spreads throughout the cortex from here 

in a systematic manner. Their analysis found that the severity of cognitive impairments 

experienced by patients correlated with their age and the stage of the disease, with those 

at higher stages being older and experiencing more severe impairments. 

The discovery that the asymptomatic staging of pretangle material occurs decades 

prior to the onset of cognitive decline is of interest. Further exploration of this finding 

could lead to opportunities to halt or slow the aggregation of soluble tau to its insoluble 

form, NFTs. As such, developing a model that can accurately mimic Braak’s pretangle 

stages would allow for the research of methods for early detection, intervention strategies, 

and biomedical treatment.  

1.3. The Locus Coeruleus 

 The LC is a small noradrenergic brainstem nucleus with widespread projections to 

multiple areas of the forebrain and spinal cord, including the hippocampus, amygdala, 

olfactory bulbs, and raphe nucleus (Amaral & Sinnamon, 1977). The LC contains the 
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majority of noradrenergic neurons and is the primary source of NE throughout the CNS. 

The synthesis of NE involves several precursor chemicals and enzymes. First, the amino 

acid tyrosine is converted to L-dihydroxyphenylalanine (L-DOPA) by the enzyme 

tyrosine hydroxylase (TH) (Kvetnansky et al., 2009). Then, L-DOPA is converted to 

dopamine (DA) by the enzyme L-amino acid decarboxylase. Finally, DA is converted to 

NE by the enzyme dopamine beta-hydroxylase (DbH). While the synthesis of L-DOPA 

and DA occurs in the cell’s cytosol, near the axon terminal, DA is transported into 

synaptic vesicles by a vesicular monoamine transporter. It is inside these synaptic vesicles 

where NE is synthesized. Finally, NE is released extracellularly primarily via synaptic 

varicosities (O’Donnell et al., 2012).  

The LC has a significant role in mediating learning, memory consolidation, and 

attention (Amaral & Sinnamon, 1977; Aston-Jones et al., 1999) and is the sole source of 

NE to the hippocampus, neocortex, cerebellum, and some regions of the thalamus 

(Lindvall & Bjorklund, 1974). Studies have also shown that regions important in spatial 

learning, such as the prefrontal cortex and parietal cortices, receive extensive LC-NE 

projections (Benarroch, 2009). Studies have shown the LC-NE system to be negatively 

affected in neurodegenerative disorders such as Parkinson disease and Alzheimer disease 

(Del Tredici & Braak, 2013; Weinshenker, 2008). With extensive projections throughout 

the brain, dysfunction of the LC early on in the progression of sporadic preclinical AD is 

of interest. 

 This relationship between LC dysfunction and Alzheimer disease is not a novel 

finding. Tomlinson et al. (1981) reported a significant decrease in the number of LC 
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neurons in AD patients compared to controls. Before LC cell loss, the dysfunction of 

these cells has been reported prior to any observable AD-related symptomology (Braak et 

al., 2011). As such, LC neuron loss due to the aggregation of pretangle tau occurs during 

the later stages of the disease when NFTs are already present (Kelly et al., 2017). Not 

only is the LC implicated early on in the disease process, but it also continues to be 

involved during more advanced stages of the disease. Andrés-Benito et al. (2017) studied 

the brains of over 100 asymptomatic patients bearing NFT pathology at stages I-IV; they 

found that the LC is involved early with increasing numbers of pretangle positive cells 

with increasing age and stage of progression. Additionally, they noted mitochondrial 

impairment in cells that were positive for pretangle tau.  

This accumulation of pretangle tau in LC neurons decades before the loss of these 

cells (Braak et al., 2011) suggests that a therapeutic window to slow or halt the 

progression of LC cell loss exists. To date, there is no treatment or disease-modifying 

intervention for AD (Cummings & Fox, 2017). Numerous clinical trials have failed to 

provide any therapeutic effects in mid- to late-stage AD due to the irreversible neuronal 

damage that has already occurred (Yiannopoulou et al., 2019). As such, research on 

methods for early detection and treatment is of interest.   

1.4. The Hippocampal Formation 

 The hippocampal formation comprises the entorhinal cortex, dentate gyrus 

(Lethbridge et al.), subicular complex, and the three cornu ammonis fields, CA1, CA2 

and CA3 (Blackstad & Flood, 1963). The hippocampal formation connectivity is largely 

unidirectional, with copious amounts of information entering via projections from the 

entorhinal cortex. The entorhinal cortex receives a vast amount of input from neocortical 
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association areas (Canto et al., 2008). The most widely described input into the 

hippocampus is the ‘trisynaptic pathway.’ The trisynaptic pathway originates in 

projections from the entorhinal cortex that form a bundle of fibres, known as the perforant 

path, which terminate at synapses with the granule cells of the DG (Hyman et al., 1986; 

Yeckel & Berger, 1990). From here, the axons of the granule cells project to CA3 via 

mossy fibres (Yeckel & Berger, 1990). In the CA3 subfield, the axons of CA3 pyramidal 

cells either project within this field reciprocally or project to CA1 via the Schaffer 

collaterals. Information is then projected back through the subicular complex to the deep 

layers of the EC. 

1.5. Locus Coeruleus Projections to the Hippocampal Formation 

 The LC is the sole source of NE to the hippocampus, and hence, is critical to the 

normal functioning of the hippocampal circuitry (Ross et al., 2019). Through retrograde 

tracing methods using horse-radish peroxidase, it has been shown that hippocampal NE-

containing afferents arise from cells of the dorsal LC (Mason & Fibiger, 1979). Large 

multipolar cells (Satoh et al., 1977) and fusiform cells (Mason & Fibiger, 1979) of the LC 

have been shown to project to the hippocampus. LC-NE efferents project to the dorsal 

and ventral hippocampus. Specifically, they have dense projections to the layers of the 

DG, with the density of innervation differing at each of the layers, with the majority 

innervating the hilus (Moore & Bloom, 1978; Swanson & Hartman, 1975). Regions CA3 

and CA1 of the hippocampus have also been shown to receive LC-NE projections 

(Loughlin et al., 1986). When these LC-NE projections begin to disappear in patients with 

AD, deficits in memory, attention, and arousal begin to appear (Betts et al., 2019). 
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1.6. The Locus Coeruleus and Noradrenergic Modulation of Plasticity and Memory 

in Rodent Models 

 Neuman and Harley (1983) were the first to demonstrate that NE, directly applied 

to the PP-DG synapse in the hippocampus of anesthetized rats, produced an enduring b-

adrenergic receptor-dependent potentiation of the evoked population response. This 

enduring facilitation of the PP-glutamatergic input on to DG granule cells was first coined 

‘norepinephrine-induced long-lasting potentiation’ (or NE-LLP), but today is more 

commonly known as ‘norepinephrine-induced potentiation’ (or NE-LTP). Subsequently, 

this phenomenon was reproduced and more closely examined in hippocampal slice 

preparations where bath applied NE, or the b-adrenergic receptor isoproterenol, revealed 

a similar enduring potentiation of evoked activity at the PP-DG synapse (Dahl & Sarvey, 

1989; Lacaille & Harley, 1985). In awake rats, Walling and Harley (2004) described an 

unusually delayed potentiation of the DG population spike and the synaptic field EPSP 

occurring 24-hours after glutamate-initiated NE release from LC neurons, an effect that 

was also blocked with the b-adrenergic receptor antagonist propranolol, and the protein 

synthesis blocker anisomycin. Interestingly, using electrical stimulation of LC neurons in 

awake rats to initiate endogenous NE release, Manahan-Vaughan and colleagues 

consistently report long-term depression (NE-LTD) at the PP-DG synapse, and 

modulation of PP frequency stimulation (Hansen & Manahan-Vaughan, 2015), and again 

at the CA3-Schaffer collateral input on CA1 pyramidal cell neurons (Lemon et al., 2009). 

Although these results seem contradictory, the bidirectional effects of NE-initiated release 
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events have contributed to the generation of the theory that glutamate amplifies NE 

effects (Mather et al., 2016). 

    NE-LTP is a phenomenon that occurs without tetanic (high frequency) 

stimulation to PP fibre input into the hippocampus and is dependent only on the 

stimulated release of NE from the LC (Brown et al., 2005; Quinlan et al., 2019; Walling 

& Harley, 2004; Walling et al., 2004), the activation of b-adrenergic receptors 

(Lethbridge et al., 2014), or natural behaviour that initiates release events from LC 

neurons, such as novelty detection (Kitchigina et al., 1997). Given that this naturalistic 

form of LTP can be produced in the hippocampus in animal models, it would be predicted 

that NE may modulate hippocampus-dependent memory in behaving animals. Indeed, 

LC-NE modulation of memory has been described in a variety of memory tasks in the 

normal rat. A non-exhaustive list of examples of LC-NE modulated memory includes: 

working memory (Kelly et al., 2019), spatial memory (Chalermpalanupap et al., 2018; 

Hou et al., 2019; Kelly et al., 2019), object recognition memory (Bharani et al., 2017).  

Using a noradrenergic immunotoxin, dopamine-b-hydroxylase IgG-saporin 

(DbH-sap), Kelly et al. (2019) lesioned LC projection neurons to the prefrontal cortex in 

male and female Tg344-19 rats. Tg344-19 models of AD overexpress human amyloid-b 

precursor protein as a result of them possessing the Swedish APP mutation, APP-swe, and 

human presenilin-1 with the exon 9 mutation. These mutations result in an age-dependent 

increase in an accumulation of both soluble and insoluble amyloid plaques in the 

hippocampus and cortex. Furthermore, by 16-months of age, these animals develop tau 

pathology as seen by the presence of endogenous hyperphosphorylated tau and 
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argyrophilic tangles found in the hippocampus and cortex. Using the Barnes maze, they 

found that DbH-sap-lesioned animals spent significantly less time in the target quadrant 

during the probe trial and took significantly more time to locate the target hole than IgG-

sap controls. Furthermore, DbH-sap-lesioned animals showed a greater number of 

revisits to previously explored holes in comparison to IgG-sap controls, suggesting 

impairments in working memory.  

To explore the effects of LC-NE depletion on object recognition memory, Bharani 

et al. (2017) used the selective NE neurotoxin, N-(2-chloroethyl)-N-ethyl-2-

bromobenzylamine (DSP4), to lesion the LC of Fischer 344 rats. In addition to this, 

animals also received injections of lipopolysaccharide (LPS) to produce cognitive 

changes secondary to neuroinflammation. Using the novel object recognition task, a 

discrimination index was used to calculate the amount of time spent exploring the novel 

object relative to the familiar object. These researchers found the DSP4-LPS rats 

performed worse on the NOR task compared to saline-injected and LPS-injected rats. 

These findings suggest that a reduction of NE to the hippocampus may have produced 

this cognitive deficit.  

Recently, LC-NE has been implicated in difficult pattern separation, a 

phenomenon that identifies different or salient stimuli from the background, in a difficult 

olfactory discrimination task. Blockade of a- and b-adrenergic receptors in anterior 

piriform cortex decreased learning of the difficult odour discrimination task and the 

stability of neural representations measured by immediate early gene mRNA (Shakhawat 

et al., 2015). Given the role of the LC-NE in these memory processes and the 
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identification of the susceptibility of LC neurons to soluble and insoluble accumulation of 

abnormal tau, it is hypothesized that pretangle stage tau in LC neurons may identify 

susceptible individuals at the earliest AD stages by disruption of the LC-NE mediated 

memory tasks. 

1.7. A Rat Model of Pretangle Stage Alzheimer Disease 

Researchers at Memorial University have developed a rat model that parallels 

Braak’s pretangle staging of AD. To our knowledge, there is no other comparable model 

of preclinical AD. To create our model, the LC of rats were infused bilaterally with an 

adeno-associated viral (AAV) vector carrying a transgene for pseudophosphorylated 

human tau (htauE14) protein (a gift from Karen Ashe, Addgene, MA, USA). Ghosh et al. 

(2019) found that the effects of this pseudophosphorylated htau modelled the progression 

of abnormal tau as described by Braak’s pretangle staging. The gene was 

pseudophosphorylated at 14 out of 17 proline-directed disease-associated serine (S) and 

threonine (T) amino acid residues (T111, T153, T175, T181, S199, S202, T205, T212, 

T217, T231, S235, S396, S404, S422) to create tau that is persistently phosphorylated 

(Hoover et al., 2010). These 14 phosphorylation sites were substituted with glutamate to 

create pseudophosphorylated tau. To allow for the selective expression of htauE14 in the 

LC, a double inverted open reading frame (Galeano et al.) was used for TH:Cre-

dependent expression.  

To explore the influence of pretangle tau in the LC on behaviour and anatomy, we 

employed a preclinical rat model of AD, as described above. Ghosh et al. (2019) have 

previously shown that this model has compelling parallels to many of Braak’s pretangle 

stages. Using simple and difficult versions of an odour discrimination task, Ghosh et al. 
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(2019) demonstrated that performance on both versions of this task was sensitive to the 

spread of pseudophosphorylated human tau protein that was infused bilaterally into the 

LC. In the simple version of the task, animals were required to discriminate between two 

distinct scents, such as orange extract and peppermint, to receive an appetitive reward. In 

the difficult version, animals were trained to discriminate between two similar odours, 

such as a 50:50 solution of 0.001% heptanol and 0.001% octanol and a 0.001% solution 

of heptanol.  

In their first experiment, animals received AAV-htauE14 or AAV-GFP LC 

infusions at 2-3 months of age and were tested at approximately 5 months of age. These 

rats did not display impairments on either version of the odour discrimination task when 

compared to controls. In a second experiment, animals that received infusions at 2-3 

months of age but then trained on the odour task at approximately 10 months of age were 

impaired on the difficult version of the task compared to rats in the control group but 

were not impaired on the simple version. Interestingly, in a third experiment, older 

animals that received infusions at 14-16 months of age were impaired on the difficult and 

the simple version of the task when tested at 20-22 months of age. Immunohistochemistry 

using DbH was used to analyze fibre density in piriform cortex, the primary olfactory 

cortex. Animals infused at 2-3 months, but tested at 10 months of age, and animals 

infused at 14-16 months of age had reduced LC fibre density in the piriform cortex in 

comparison to GFP- and non-infused controls. No differences were observed in animals 

that received infusions at 2-3 months of age but were tested at approximately 5 months of 

age. Furthermore, they found that this impairment in older animals (~20-22 months old) 
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correlated with a reduction in LC axonal density to the olfactory cortex, an overall 

reduction in the number of LC neurons, and a significant increase in the number of 

microglia in the piriform cortex.  

These findings support the hypothesis that the presence of persistently 

phosphorylated tau in the LC serves as an initiation site for anatomical and cognitive 

changes in AD. Using this model and a battery of behavioural tests that assess for an AD 

phenotype would allow for the characterization of AD-associated cognitive decline and 

the spread of htauE14 from the LC to the EC and hippocampal complex. Impaired 

cognition and neuroanatomical changes in our model would support Braak’s hypothesis 

that pretangles in the LC are, in fact, ground zero for AD pathology. As such, the current 

study used a more comprehensive battery of behavioural tests and a longitudinal approach 

to further understand the behavioural and neuroanatomical effects of LC-htauE14.  

1.8. Study Overview 

The purpose of the present study was to examine the behavioural and anatomical 

consequences of LC-htauE14 in both age- and sex-related contexts and provide a 

phenotypic profile for our rat model of pretangle AD. Two different groups were 

compared: htauE14 animals received bilateral infusions, directed at the LC, of a virus 

containing a gene that coded for pseudophosphorylated htau, and control animals received 

infusions of the same virus without the gene, infusions of vehicle with blue fluorescent 

beads (BFB), or were left unoperated. The cognitive functioning of these animals was 

assessed using a battery of behavioural tests including spontaneous alternation (SA), 

novel object recognition, Morris water maze (MWM), and a difficult radial arm maze 

(RAM) task. Furthermore, animals were tested during two time points at 1-3- and 4-6-
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months post-LC-infusion (p.i.). After the completion of behavioural testing, brain tissue 

was collected for neuroanatomical analysis.   

It was hypothesized that animals that expressed htauE14 in the LC would display 

progressive behavioural impairments compared to control rats on all four tasks and that 

these deficits would correlate with our hypothesized reorganization of LC projections to 

the temporal lobe memory systems. 

2. Materials and Methods 

2.1. Animals 

Homozygous TH:Cre-KI Sprague-Dawley male rats (Sage Laboratories, MA, 

USA) were bred with wild-type Sprague-Dawley female rats (Charles Rivers 

Laboratories, QC, CA) to produce heterozygous TH:Cre-KI Sprague-Dawley offspring, to 

allow for the selective expression of htauE14 in the LC. The rats were singly housed in 

Green Line IVC Sealsafe Plus GR900 (Tecniplast, Buguggiate, Italy), and all cages 

contained corn cob bedding, Crink-l’Nest bedding, a PVC pipe tunnel, a wooden block, 

and a nylon dog bone. Their cages were kept in a temperature-controlled colony room 

(20°C), and they were maintained on a reverse 12:12 light/dark cycle (lights on at 1900). 

Animals were given ad libitum access to water and provided 75% of their adult ad libitum 

food consumption, described elsewhere (Hubert et al., 2000). Animals were maintained 

on this 25% restricted diet to increase survival rates and model healthy age-related weight 

changes. 

All procedures for this experiment and animal housing were followed pursuant to 

the guidelines of the Canadian Council on Animal Care and were approved by the 

Memorial University of Newfoundland Institutional Committee on Animal Care. 
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2.2. AAV LC Infusions 

 At 3-months of age, rats in the experimental group received two 0.5 µl infusions 

of AAV2/9-rEF1a-DIO-EGFP-htauE14-WPRE, 2.05E+13vg/mL (Virovek, CA, USA), per 

hemisphere, and 0.2 µl of 0.05% blue fluorescent beads (BFB) directed at the LC. Blue 

fluorescent beads where used to localize infusion sites. Control animals received 

infusions of a similar virus that lacked the htauE14 transgene (AAV2/9-EF1a-FLEX-

EGFP; 1.8E+13vg/mL; Laval Neurophotonics) and received two 0.5 µl infusions of the 

viral vector, per hemisphere, along with 0.2 µl of 0.05% BFB. Other control animals 

received just 0.2 µl of 0.05% BFB (0.1 µl per hemisphere), a sham operation but no 

infusion, or were left unoperated. All operated animals were anesthetized with isoflurane 

(induction at 3-5%, maintenance at 2-4%) and mounted on a standard stereotaxic 

apparatus (Model 900, Kopf, Tujunga, CA) in the skull-flat position. A scalp incision was 

made, and a single hole was drilled on either side of the sagittal suture using bregma as a 

reference (AP coordinates: -12.0-12.2 mm posterior to bregma; ML coordinates: ±1.3-1.4 

mm lateral from the mid-line). Cannula placements were mapped according to the 

coordinates found in the Paxinos and Watson (2007) brain atlas. A 28-gauge stainless-

steel internal cannula and a 22-gauge guide cannula (Plastics One Incorporated, VA, 

USA) were lowered at a 20° angle posterior to the vertical axis to avoid the transverse 

sinus, at a depth of 6.4-6.7 mm below brain surface. Infusions occurred at a rate of ~1.0 

µl/min. Following surgery, animals were allowed one month to recover before the 

commencement of the behavioural battery.  
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2.3. Histology 

2.3.1. Tissue Preparation 

All rats were anesthetized with 15% urethane (1.5g/kg, i.p.) at a dose of 

1mL/100g and perfused transcardially with 0.9% saline, immediately followed by 4% 

paraformaldehyde (PFA) in a phosphate buffer solution (PBS), pH 7.4. The brains were 

then extracted and stored overnight in 4% PFA in a refrigerator maintained at 4°C. The 

following morning, the brains were transferred to a 20% sucrose solution. Before 

sectioning, the brains were flash-frozen in 2-methylbutane stored at -40°C. The brainstem 

and cerebellum were then detached from the forebrain to be sectioned in different planes 

using a cryostat. The brainstem and cerebellum were sectioned in the coronal plane (30 

µm), and the forebrain was sectioned in the horizontal plane. The fixed tissue was then 

stored in the cryoprotectant polyvinylpyrrolidone made in 0.1M PBS.  

2.3.2. Immunohistochemistry 

Brightfield. Sections were washed three times, 5 minutes per wash, in 0.1 M tris 

hydroxymethyl-amino methane (Tris buffer; pH 7.6). Next, sections were treated with 1% 

hydrogen peroxide in Tris buffer for 30 minutes. Sections were then rewashed in Tris 

buffer (three washes; 5 minutes per wash), followed by a 10-minute wash in Tris A (0.1% 

Triton X-100 in Tris buffer), and a 10-minute wash in Tris B (0.1% Triton X-100 and 

0.005% bovine serum albumin (BSA) in Tris buffer). After this, the sections were then 

incubated in 10% normal horse serum (Vector Labs), made in Tris B, for 60 minutes. 

Following this incubation period, the sections were then washed for 10 minutes in Tris A, 

and then Tris B. Subsequently, the sections were incubated in a solution made in Tris B, 
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containing the primary antibody anti-DbH (mouse, Millipore) at a concentration of 

1:10,000. The sections were left in the primary antibody for 48 hours on a rotator 

surrounded by ice packs (4°C). After two days, the sections were then washed for 10 

minutes in Tris A and then Tris B. Following this, the sections were incubated in the 

secondary antibody biotinylated horse anti-mouse IgG (Vector Labs), made in Tris B, at a 

concentration of 1:400 for 60 minutes. Sections were then washed for 10 minutes in Tris 

A and then Tris D (0.1% Triton X-100 and 0.005% BSA in 0.5M Tris buffer). After these 

washes, the sections were incubated in avidin-biotin-horseradish peroxidase complex 

(ABC Elite Kit; Vector Labs) made in Tris D, at a concentration of 1:1000, for 2 hours. 

Again, sections were washed three times, 5 minutes per wash, in Tris buffer. Next, 

sections were transferred into diaminobenzidine and metal kit (ThermoFisher), were 

allowed to form for approximately 7 minutes to allow for visualization. Finally, the 

sections were washed three times, 5 minutes per wash, in Tris buffer before being 

mounted on gelatin-dipped microscope slides. The slides were allowed to air dry before 

they were dehydrated. The dehydration procedure consisted of seven steps, each lasting 

for 5 minutes. First, slides were immersed in 70% ethyl alcohol, then followed by 95% 

ethyl alcohol. Next, the slides were immersed in 100% ethyl alcohol twice and then twice 

in xylene. Immediately after the last step, the slides were coverslipped with Microkitt 

(Serum International, Montreal, QC). Sections were targeted for DbH to visualize NE-

containing fibres.  

Immunohistofluorescence. Free-floating sections for fluorescent antibody 

staining underwent a similar procedure as the sections used for brightfield microscopy. 
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The exceptions were that the sections were not treated using 1% hydrogen peroxide, Tris 

D, and different antibody pairs were used. To visualize TH, an enzyme found in NE-

synthesizing neurons, the sections were treated with the primary antibody anti-TH 

(mouse, Millipore), at a concentration of 1:5000, and then the secondary antibody 

Alexa555 (donkey anti-mouse, ThermoFisher; 1:400). To visualize GFP, the sections 

were treated with the primary antibody anti-GFP (rabbit, ThermoFisher; 1:5000), and 

then the secondary antibody Alexa 488 (goat anti-rabbit, ThermoFisher; 1:400). Since 

aged animals were used in this study, TrueBlack Lipofuscin Autofluorescence Quencher 

(Biotium) was also used to reduce autofluorescence caused by lipofuscin, which can be 

found in the brains of ageing rats. Finally, sections were mounted onto gelatin-dipped 

slides and coverslipped using Vectashield with DAPI (Vector Labs).  

2.3.3. Imaging 

 Brightfield images of DbH immunoreactivity in the hippocampus were collected 

using an Olympus BX51 confocal microscope (Richmond Hill, ON) and DP72 digital 

camera. Images were captured at a magnification of 4´, converted to grayscale, and later 

used for densitometry in various regions of the hippocampus. Fluorescence-labelled 

images were captured at a magnification of 20´.  

2.3.4. Colocalization 

We used colocalization to observe the spatial overlap of GFP and TH expression 

in the locus coeruleus. This is important for identifying LC-NE neurons and identifying 

which of those neurons successfully took up the virus and expressed GFP. 
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Fluorescent images revealing GFP and TH expression were overlaid using FIJI to 

examine the colocalization of GFP in TH-labelled LC cells. Numbers of total TH+ and 

GFP+ neurons were first counted in the LC of both hemispheres individually, followed by 

counts of TH+/GFP+ double labelled LC neurons, and summarized as the averaged 

measures per animal. Counts were conducted by three individuals blinded to the 

condition.    

Data Analysis. For evaluation of TH+ and GFP+ co-expression in LC cells at 1-3 

months p.i., analyses consisted of a one-way ANOVA with a between-subjects factor of 

group (htauE14, AAV-GFP, and control). Except where noted, Tukey’s HSD post hoc 

test was used to analyze pairwise comparisons. At 4-6 months p.i., a two-tailed 

independent samples t-test was used to compare animals with htauE14 infusions and 

control conditions. Here and throughout, a value of p < .05 was considered to be 

significant. 

2.3.5. Densitometry  

 All images were converted to 8-bit grayscale images using GNU Image 

Manipulation Program (GIMP; CA, USA). Densitometry was conducted using version 

7.0 MCID Analysis software (MCID; UK) to calculate the relative optical density for a 

fixed number of samples per region of interest (see Table 1 for the pixel diameter for the 

cursor and the number of samples taken per region).  

Data Analysis. For the evaluation of adjusted ROD values, sections were 

separated into a dorsal or ventral category. Anything above -5.6mm was considered 

dorsal, and anything at or below this coordinate was considered ventral. At each time 



20 
 

 
 

point, a two-tailed independent samples t-test was conducted for each region comparing 

the ROD values of htauE14 animals to controls.  

2.4. Behavioural Tests 

A 4-task battery of tests assessing working memory, recognition memory, spatial 

memory and pattern separation included the following: (1) spontaneous alteration; (2) a 

novel object recognition task; (3) the Morris water maze; and (4) a learned adjacent 

spatial arm separation task. This suite of tests was conducted twice within subjects, at 1-

3- and 4-6 months post-infusion (p.i). Sex was a variable in the analyses of the 

spontaneous alteration task, novel object recognition task, and the Morris water maze 

task. 

2.4.1. Spontaneous Alternation  

To assess spatial working memory, animals were tested using the spontaneous 

alternation task described by Galeano et al. (2014). This task assesses spatial working 

memory as it is based on the idea that rats tend to explore the least recently visited arm. 

Therefore, for successful alternation, rats must know what arms they have visited most 

recently for efficient alternation. 

Apparatus. The SA task was conducted using a black Plexiglas Y-maze with 

arms separated by 120° and measuring 16.5 cm wide ´ 48.8 cm long ´ 33.5 high. It 

contained blue CrayolaÔ Play sand, which was used for contrast during analysis using 

Ethovision XT (Noldus, VA, USA). 

Procedure. Animals were placed in the center of the maze and were allowed 10 

minutes to explore. At the end of each trial, the sand was mixed to control for scent 

tracking. The same procedure was used at 4-6 months p.i. 
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Data Analysis. The patterns of arm entries were recorded, and the series of triads 

for the first 8 minutes of the trial were counted, consistent with Galeano et al. (2014), 

using Ethovision XT. A triad was a sequence of visits into each of the three arms (1 à 2 

à 3; 1à 3 à 2; etc.). The arena was divided into four regions: start arm, novel arm, 

familiar arm and centre. The rat was considered to have entered an arm if its center point 

passed over an arm boundary that was set at 15 cm within the arm. The percentage of 

alternation was calculated as a ratio of the actual number of alternations to the total 

possible alternations that could have been made. The maximum number of alternations 

was calculated by subtracting two from the total number of arm entries. A two-way 

between-subjects ANOVA, with Sex (male, female) and Group (htauE14, control) as the 

between-subjects factors, was conducted. For all behavioural testing, Tukey’s HSD post 

hoc test was used to analyze pairwise comparisons unless otherwise noted, and a value of 

p < .05 was considered significant. 

2.4.2. Novel Object Recognition 

Apparatus. To assess long-term recognition memory, animals were tested using 

the novel object recognition task. This task was conducted using the same black Plexiglas 

Y-maze described above for the SA task, and the SA test essentially served as the context 

habituation session 24-hours prior to NOR.  

Procedure. Hippocampal-independent recognition memory was assessed using a 

two-trial recognition test, as described by Walling et al. (2016). All animals were 

habituated to the maze 24 hours prior to the exposure trial and were allowed to explore 

the maze for 10 min (SA test described above). During the exposure trial, two copies of 

an object were used, and one was placed in the same location in two arms, and the 
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remaining arm was the animal’s start arm. The rat was placed in the start arm facing the 

wall to not bias it towards a particular arm and was allowed 15 minutes to explore the 

objects. Objects were cleaned with 70% ethanol, and the sand was mixed at the end of 

each trial to control for scent tracking. Three copies of the same object were used, but 

each was restricted to placement in one arm to avoid confounds that could occur if a 

previously explored object was in a new location during the test phase. Objects were 

made of non-absorbent materials, such as glass or plastic, so that they could easily be 

cleaned to control for scents. Objects included animal figures or decorative objects in the 

shape of pumpkins or fruits. Object sets were counterbalanced as Novel or Familiar 

within tests to control for possible preference effects for an object. 

The test trial took place 24 hours after the exposure trial. During this trial, an 

object from the exposure trial was placed in one of the arms that were not the start arm 

(familiar object), and an object that the animal had not seen before was placed in the other 

arm (novel object). Again, the animal was placed in the same start arm used during the 

exposure trial, facing the wall, and was allowed 5 minutes to explore all three arms. The 

same procedure was used at 4-6 months p.i., but new objects were used at this time point. 

Data Analysis. All three trials (habituation, exposure and test) were video-

recorded and analyzed using Ethovision XT. The arena was divided into four regions: 

start arm, novel arm, familiar arm and centre. The test trial was analyzed, and the total 

time the rat spent in each arm was converted to a percentage of the total time in all three 

arms. The rat was considered to have entered an arm if its center point passed over an arm 

boundary that was set at 15 cm within the arm. An animal’s first arm choice was also 

recorded. These data were analyzed using a three-way mixed ANOVA with Arm (Start, 
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Familiar, Novel) are the within-subjects factor, and Sex (male, female) and Group 

(htauE14, control) as the between-subjects factors.  

2.4.3. Morris Water Maze 

The Morris water maze (MWM) task is a test of spatial memory. In this version of 

the MWM, animals underwent three phases: cued, spatial, and probe (as described by 

Galeano et al., 2014). The same procedure was used at 4-6 months p.i.; however, the 

hidden platform was located in a different quadrant. 

Apparatus. This task took place in a circular pool with a diameter of 176 cm and 

a depth of 91 cm. The pool was filled to a depth of 85 cm with approximately 2 cm of 

water covering the top of the platform. The escape platform was made of white plastic 

and was 10 cm in diameter and 83 cm high. The entire apparatus rested on a stainless-

steel platform with wheels. The water was maintained at a temperature of 22 ± 1°C and 

made opaque using approximately 700 mL of non-toxic white tempera paint (Craftsmart, 

TX, USA). Four removable metal poles were attached to the side of the pool equidistant 

from each other, and curtain wire was used to drape black curtains for the cued phase of 

the test. During the hidden and probe phases, the poles remained attached to the pool; 

however, the curtain wire was removed.  

Behavioural testing took place in a room (676 ´ 503 ´ 259 cm), which had 

windows lined in tin foil covering the north wall and doors located at the south and west 

walls. A black counter with cupboards below and a sink in the northeast corner lined the 

east wall. Additionally, along the east wall was a filing cabinet with a laptop where an 

experimenter stood and recorded data. Along the south wall was a table and wall 



24 
 

 
 

shelving, and on the west wall was a black and white striped poster. Finally, directly 

overhead was a piece of wood with a camera mounted on it, which rested where a ceiling 

tile belonged.  

Procedure. During all three phases of the MWM task, animals were tested in dim 

lighting using four 60-Watt lamps. The pool was divided into four imaginary quadrants: 

northwest (NW), northeast (NE), southwest (SW), and southeast (SE). Each of the poles 

represented one of the four cardinal directions and served as the release points. 

Cued. The cued phase occurred over two days, and animals were given four trials 

per day, with animals being released once from each cardinal point, with the order of 

release being randomized. Additionally, the platform was moved between trials, 

pseudorandomly, with each quadrant location used once per day. As previously 

mentioned, the pool was surrounded by black curtains to prevent access to external cues. 

Rats were trained to locate a hidden platform that was flagged using four orange and 

white fishing floats. Animals were put in the pool facing the pool wall to prevent biasing 

them in a particular direction and were given 60 seconds to find the platform before they 

were guided to the platform by the experimenter. Animals were given an intertrial interval 

of 10-15 minutes. After rats had located or were guided to the platform, they were left on 

the platform for 15 seconds before they were removed from the maze and returned to 

their holding cage. 

Hidden. During this phase, the curtains were removed to allow access to extra-

maze cues. Furthermore, the fishing floats were also removed from the platform. During 

this phase of testing, animals were given four trials per day for five consecutive days and 

were trained to swim to the platform, which remained static during this phase. The 
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platform was located in a quadrant 60 cm from the two closest poles, 38 cm from the pool 

wall, and 2 cm below the water surface. Again, release points were pseudorandomized 

between days, with each point being used once per day. A trial was complete once the 

animal had successfully located and climbed onto the platform, or if they were guided and 

placed on the platform by the experimenter after 60 seconds had passed. Again, animals 

were left on the platform for 15 seconds before they were returned to their holding cage, 

and they were given an intertrial interval of 5-10 minutes. 

Probe. Twenty-four hours after the last Hidden trial, the platform was removed 

from the pool and rats were released from the quadrant directly opposite the quadrant that 

contained the platform during the Hidden phase. Rats were given 60 seconds to swim, and 

their behaviour was video recorded for later analysis.  

Data Analysis. All three phases of this test were video recorded. The probe trial 

specifically was analyzed using Ethovision XT. The arena was divided into four equal 

quadrants, and time spent in the target quadrant was analyzed. 

 For the Cued phase, the data for each sex were analyzed using a three-way mixed 

ANOVA with Day and Trial as the within-subjects factors, and Group (htauE14, control) 

as the between-subjects factor. 

 For the Hidden phase, a four-way mixed ANOVA with Trial and Day as the 

within-subjects factors, and Sex (male, female) and Group as the between-subjects factors 

were used. When the assumption of sphericity was violated, the degrees of freedom were 

adjusted using the appropriate correction. Post hoc analyses were conducted using 

independent-samples t-tests.  



26 
 

 
 

Finally, for the Probe trial, a two-way ANOVA with Sex and Group as the 

between-subjects factors were used.  

2.4.4. Radial Arm Maze 

The radial arm maze task is a test of hippocampal-dependent memory (McDonald 

& White, 1995). One month prior to an animal’s surgery date, animals were trained on the 

Separate version of the RAM task. In this variant, animals were trained to discriminate 

between two arm locations separated by 135°. This variant of the task is easier than the 

Adjacent version and was used to acquaint the rats with the task prior to behavioural 

testing one-month post-infusion. At 1-3- and 4-6 months post-infusion, animals were 

trained on the more difficult Adjacent version of the RAM task, which required them to 

discriminate between two arm locations separated by 45°. 

Apparatus. Behavioural testing took place on an 8-arm maze constructed from 

black Plexiglas. The base of the maze was elevated 56 cm from the ground and rested on 

a stainless-steel base with wheels so that the maze could be easily manipulated. The 

center of the maze had a diameter of 28 cm, and the arms had a height of 28.5 cm and a 

width of 10 cm. The arms' walls were highest near the center of the maze and sloped 

downwards towards the end of the arm containing the food cup. Each arm contained a 

sliding door that was 10 cm wide, and 9 cm high used to restrict access to specific arms.

 Pretraining and training for pre-operative and post-operative RAM took place in a 

room with dimensions 676 ´ 502 ´ 264 cm. This room contained a window covering the 

end of the west wall that was furthest from the sink, and a door located in the center of the 

east wall and another located at the end of the west wall, closest to the sink. A black 
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counter with shelves beneath and a sink in the southwest corner lined the south wall, and 

there was a table along both the east and west walls. The southwest corner of the room 

also contained a garbage can. The northwest corner had a filing cabinet and a small desk 

with a computer. Along the east wall directly in front of the maze was a table where the 

male rats’ cages were kept. The cages of the female rats were kept on the black counter 

lining the south wall. 

Procedure. During pretraining and training sessions, both pre- and post-infusion, 

animals were tested in dim lighting using two 60-watt lamps. Animals were food 

restricted the day prior to the start of pretraining to ensure that they were motivated to 

complete the task. Finally, novel reinforcers were used each time this procedure was 

conducted to prevent the animals from losing interest in a familiar food. Reinforcers that 

were used included Froot Loops, miniature chocolate chips, and chocolate Cheerios. The 

same post-infusion procedure was used at 4-6 months p.i.; however, the task was 

completed using different food and no-food arm locations. 

Pretraining. Pretraining occurred over two consecutive days preceding the start of 

training. On each day, animals had access to two arms, the food arm and one no-food 

arm, while the remaining six arms were blocked. Both arms were baited along the entire 

length of each. On the second day of pretraining, the animal had access to the no-food 

arm blocked the previous day, while the second no-food arm was now blocked. During 

pretraining, animals were placed singly in the center of the maze facing a closed arm, as 

not to bias them towards a particular open arm and were given five minutes to explore the 

maze. After each pretraining session, two pieces of the reinforcer were placed in each 

animal’s home cage to limit the effects of food neophobia on training.  
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Training. Twenty-four hours after the last pretraining session, the training phase 

began. During this phase, rats were trained to locate a piece of food from a food cup at the 

end of a reinforced arm that was not visible from the maze’s surface. On each trial, access 

to six arms was blocked while only two remained open, a reinforced arm location and a 

non-reinforced arm location. Each animal was assigned a reinforced arm location and its 

two corresponding non-reinforced arm locations, one to the left and the other to the right 

of the reinforced arm. On any given trial, animals always had access to the reinforced 

arm; however, access to only one of the two non-reinforced arms was allowed. Access to 

the non-reinforced arms was pseudorandomized, with a particular arm not being open for 

more than two consecutive trials.  

At the start of a trial, a rat was removed from its cage and carried towards the 

maze. It was then placed in the center of the maze facing one of the six closed arms; this 

was pseudorandom. Once on the maze, the rat was allowed 60 seconds to choose an arm. 

A choice was defined as the animal’s nose passing a line located 33 cm inside the arm. If 

a rat chose the non-reinforced arm, it was removed from the maze and returned to its 

home cage. If the rat chose the reinforced arm, it was allowed to eat the food before it was 

removed from the maze and returned to its home cage. Animals were returned to their 

cage following the same path used to walk towards the maze to avoid path characteristics 

from serving as cues. Upon completion of a trial, rats were given 60 seconds in their 

home cage before the start of the next trial. During this time, the maze was rotated by at 

least 90° so that different arms were used to prevent the use of olfactory cues. Animals 

received ten trials per day for a maximum of 15 days. Animals were considered to have 
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learned the task if they reached a criterion of 8/10 trials correct. Once this criterion was 

achieved, the animal received no more trials.  

Data Analysis. All data were recorded by hand and were analyzed using a two-

way ANOVA with Sex and Group as the between-subjects factors.  

3. Results 

3.1. Colocalization of GFP+ and TH+ Neurons in Locus Coeruleus 

 Locus coeruleus neurons that were positively labelled for TH (TH+) were assessed 

for the coexpression of GFP. The expression of GFP was used to confirm transgene 

expression, specifically in the LC and not adjacent structures. At 1-3 mo p.i., a one-way 

ANOVA with a between-subjects factor of Group (htauE14, AAV-GFP, and control) 

revealed a significant effect of Group, F(2, 12) = 257.29, p < 0.001. Tukey’s HSD test 

indicated that the mean score for htauE14 animals (M = 93.72 %, SD = 5.70%) was 

significantly higher than AAV-GFP (M = 48.56%, SD = 10.55%), and control animals (M 

= 0.08%, SD = 0.16%). Furthermore, AAV-GFP animals had a significantly higher 

percentage of coexpression compared to vehicle-control animals (see Figure 2A). 

At 4-6 mo p.i., an independent samples t-test revealed that htauE14 rats (M = 

96.35%, SD = 1.10%) had a significantly higher coexpression percentage compared to 

control rats (M = 0.21%, SD = 0.30%), t(3) = 115.35, p < 0.001, Cohen’s d = 105.30 (see 

Figure 2B). 

3.2. Hippocampus DbH Densitometry 

To chronicle the changes in the LC-temporal lobe projections, 

immunohistochemistry was performed using an antibody against the synthesizing enzyme 
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for norepinephrine, DbH, in htauE14 and control animals. Sections were divided into 

dorsal and ventral hippocampus, with any section below -5.6 mm being classified as 

ventral and anything at or above -5.6 mm being classified as dorsal. Furthermore, animals 

were put into one of two categories based on survival times post-LC-infusion. Animals 

were grouped into either the 1-3- or 4-6 months p.i. group. Independent samples t-tests 

were conducted on the mean of the adjusted relative optical densities for each group for 

each region of the hippocampus. The adjusted relative optical density for each section 

was calculated by subtracting the corresponding ROD measurement from a no antibody 

control from each corresponding measurement.  

1-3 months post-infusion. Independent samples t-tests on the adjusted dorsal 

hippocampus ROD measurements revealed that at 1-3 months post-infusion, htauE14 

animals had higher ROD values than control animals for CA1 oriens, t(1) = 35.29, p = 

0.02, CA3 lucidum, t(1) = 111.36, p = 0.006, hilus, t(1) = 14.70, p = 0.04, and the outer 

molecular layer, t(1) = 24.96, p = 0.03.  

Independent samples t-tests on the adjusted ventral hippocampus ROD 

measurements revealed that at 1-3 months post-infusion, htauE14 animals had higher 

ROD values than control animals for CA1 lacunosum moleculare, t(1) = 3.54, p = 0.01, 

CA1 oriens, t(1) = 6.51, p < 0.001, CA1 pyramidal, t(1) = 6.24, p < 0.001, CA1 radiatum, 

t(1) = 5.13, p < 0.001, medial molecular layer, t(1) = 2.63, p = 0.03, and subgranular 

zone, t(1) = 2.31, p = 0.05 (see Figure 3C-E). 

4-6 months post-infusion. Independent samples t-tests on the adjusted dorsal and 

ventral hippocampus ROD measurements revealed that at 4-6 months post-infusion, 
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htauE14 animals did not have significantly different adjusted ROD values than controls 

(see Figure 4C-E). 

3.3. Entorhinal Cortex, Presubiculum, and Parasubiculum DbH Densitometry 

1-3 months post-infusion. Independent samples t-tests on the adjusted dorsal EC 

and dorsal subiculum ROD measurements revealed that at 1-3 months post-infusion, 

htauE14 animals had higher ROD values than control animals for LEC-I, t(1) = 32.28, p = 

0.02, LEC-II, t(1) = 14.98, p = 0.04, MEC-I, t(1) = 30.41, p = 0.02, MEC-V/VI, t(1) = 

291.61, p = 0.002, parasubiculum, t(1) = 75.12, p = 0.008, and presubiculum, t(1) = 

45.49, p = 0.014. 

Independent samples t-tests on the adjusted ventral EC and ventral subiculum 

ROD measurements revealed that at 1-3 months post-infusion, htauE14 animals had 

higher ROD values than control animals for MEC-I, t(1) = 2.34, p = 0.047 (see Figure 

5A-C). 

4-6 months post-infusion. Independent samples t-tests on the adjusted dorsal and 

ventral EC and subiculum ROD measurements revealed that at 4-6 months post-infusion, 

htauE14 animals did not have significantly different adjusted ROD values than controls 

(see Figure 5D-F). 

3.4. Evaluation of Behavioural Test Battery 

3.4.1. Spontaneous Alternation  

We assessed spatial working memory using the spontaneous alternation task 

described by Galeano et al. (2014). The percentage of alternation data from the 

Spontaneous Alternation task were analyzed using a two-way between-subjects ANOVA, 
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with the between-subjects factors being Sex (male, female) and Group (htauE14, control). 

As described by Galeano et al. (2014), the percentage of alternation was calculated by 

dividing the actual number of alternations by the maximum number of alternations and 

multiplying by 100. The maximum number of alternations was calculated by subtracting 

two from the total number of arm entries. An animal with a low percentage of alternation 

was considered impaired in terms of spatial working memory due to an inability to 

remember which arm was previously visited. While data from the first 3, 5, and 8 minutes 

were analyzed, only data from the first three minutes are presented for a more sensitive 

analysis and to control for the effects of habituation and fatigue.  

 At 1-3 mo. p.i., the main effect of Sex, F(1, 44) = 14.68, p < 0.001, ηp2 = 0.25, and 

the Sex ´ Group interaction, F(1, 44) = 6.48, p = 0.014, ηp2 = 0.13, were found to be 

statistically significant. The main effect of Group was not found to be statistically 

significant (see Figure 6A). 

Post hoc comparisons using Tukey’s HSD test on the Sex ´ Group interaction 

found that control females (M = 70.01%, SD = 14.67%) had a significantly higher 

percentage of alternation than control males (M = 34.13%, SD = 18.93%) and htauE14 

males (M = 43.73%, SD = 22.96%).  

At 4-6 mo. p.i., both main effects and the interaction were not statistically 

significant when analyzing the percentage of alternation for the first 3 minutes of the task 

(see Figure 6B). 
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3.4.2. Novel Object Recognition  

Hippocampal-independent recognition memory was assessed using a two-trial 

novel object recognition test. For the novel object recognition task, the data of interest 

was the percentage of time spent in each arm of the Y-maze during the test phase. The 

percentage was calculated by dividing the amount of time spent in one of the three arms 

by the total amount of time spent in all three arms and was multiplied by 100. These data 

were analyzed using a three-way mixed-design ANOVA, with a within-subjects factor of 

Arm (Start, Familiar, Novel), and two between-subjects factors of Sex (male, female) and 

Group (htauE14, control). At 1-3 months, the main effect of Arm, F(2, 88) = 4.99, p = 

0.009, ηp2 = 0.10, was found to be statistically significant. All other main effects and 

interactions were not found to be statistically significant (see Figure 7A). 

Post hoc comparisons using Tukey’s HSD test on the main effect of Arm revealed 

that animals spent a significantly greater percentage of time in the Novel arm (M = 

39.29%, SD = 12.40%) than the Familiar Arm (M = 28.59%, SD = 12.91%). 

At 4-6 months, the data were analyzed using a three-way mixed-design ANOVA 

as described above for 1-3 months. Similar to animals tested at 1-3 months, the main 

effect of Arm, F(2, 88) = 11.85, p < 0.001, ηp2 = 0.21, was found to be statistically 

significant. All other main effects and interactions were not found to be statistically 

significant (see Figure 7B). 

 Post hoc comparisons using Tukey’s HSD test on the main effect of Arm revealed 

that animals, again, spent a significantly greater percentage of time in the Novel arm (M = 

41.29%, SD = 12.58%) than the Familiar Arm (M = 32.80%, SD = 12.96%), and the Start 

arm (M = 25.91%, SD = 12.19%). 
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3.4.3. Morris Water Maze 

The Morris water maze task was used to assess spatial long-term memory in our 

animals and consisted of three phases.  

Cued learning. The cued phase of the task was used to rule out perceptual, 

motivational and motoric differences between groups. The latency data were analyzed 

using a three-way mixed-design ANOVA, one for each sex, with two within-subjects 

factors of Trial and Day (4 trials/day) and a between-subjects factor of Group (htauE14, 

control).  

For females at 1-3 mo. p.i., the main effect of Trial, F(3, 78) = 18.26, p < 0.001, 

ηp2 = 0.41, and the main effect of Day, F(1, 26) = 78.23 , p < 0.001, ηp2 = 0.75, were 

found to be statistically significant, with animals taking less time to find the platform 

across trials and days. There was also a significant Trial ´ Day interaction F(3, 78) = 

5.78, p = 0.001, ηp2 = 0.18, reflecting acquisition of the task (see Figure 8A). All other 

main effects and interactions were not found to be significant. 

For males at 1-3 mo. p.i., the main effect of Trial, F(3, 63) = 5.76, p = 0.002, ηp2 = 

0.22, and the main effect of Day, F(1, 21) = 30.76 , p < 0.001, ηp2 = 0.59, were found to 

be statistically significant, with animals taking less time to find the platform across trials 

and days. The Trial ´ Day interaction F(3, 63) = 15.50 , p < 0.001, ηp2 = 0.42, was also 

found to be significant, reflecting acquisition of the task (see Figure 8D). All other main 

effects and interactions were not found to be significant.  

For females at 4-6 mo. p.i., the main effect of Trial, F(3, 54) = 7.93, p < 0.001, ηp2 

= 0.31, and the main effect of Day, F(1, 18) = 31.04, p < 0.001, ηp2 = 0.63, were found to 
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be statistically significant, with animals taking less time to find the platform across trials 

and days. All other main effects and interactions were not found to be significant (see 

Figure 9A).  

For males at 4-6 mo. p.i., the main effect of Trial, F(3, 54) = 11.62, p < 0.001, ηp2 

= 0.39, and the main effect of Day, F(1, 18) = 25.11, p < 0.001, ηp2 = 0.58, were found to 

be statistically significant, with animals taking less time to find the platform across trials 

and days. The Trial ´ Day interaction F(3, 54) = 3.96, p = 0.013, ηp2 = 0.18, was also 

found to be significant, reflecting acquisition of the task (see Figure 9D). All other main 

effects and interactions were not found to be significant.  

Hidden learning. The hidden phase of the task was used to test hippocampal-

dependent spatial memory. At 1-3 months, the latency data were analyzed using a four-

way mixed-design ANOVA, with two within-subjects factors of Trial and Day (4 

trials/day) and two between-subjects factors of Sex (male, female) and Group (htauE14, 

control). Mauchly’s test of sphericity was violated for the main effect of Day, Mauchly’s 

W = 0.34, p < 0.001; therefore, degrees of freedom were corrected using Greenhouse-

Geisser estimates of sphericity, ε = 0.72. The main effects of Trial, F(3, 138) = 14.22,  p 

< 0.001, ηp2 = 0.24, and Day, F(2.87, 132.14) = 74.94,  p < 0.001, ηp2 = 0.62, were found 

to be statistically significant, with animals taking less time to find the platform across 

trials and days. The main effect of Sex, F(1, 46) = 6.95, p = 0.01, ηp2 = 0.13, was found to 

be statistically significant with females (M = 19.61s, SD = 6.69s) taking longer to find the 

platform than males (M = 15.50s, SD = 5.16s). The main effect of Group and all 

interactions were not found to be statistically significant (see Figure 8B/E).  
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As can be seen in Figure 8E, there appeared to be a difference between groups for 

males on Day 1; as a result, independent samples t-tests for each Sex for each Day were 

conducted. An independent samples t-test revealed that htauE14 males (M = 38.35s, SD = 

14.03s) took significantly longer to locate the platform than control males (M = 25.17s, 

SD = 7.87s) on Day 1, t(20) = 2.78, p = 0.01, Cohen’s d = 1.19. Groups did not 

significantly differ on any other day. Furthermore, female htauE14 rats did not differ 

significantly from controls on each of the five days (see inset graph of Figure 8E). 

At 4-6 months, the data were analyzed using a four-way mixed-design ANOVA, 

as previously described. Mauchly’s test of sphericity was violated for the main effect of 

Trial, Mauchly’s W = 0.71, p < 0.04, Day, Mauchly’s W = 0.31, p < 0.001, and the Trial 

´ Day interaction, Mauchly’s W = 0.00, p < 0.001; therefore, degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity for the main effect of Day, ε 

= 0.61 and the Trial ´ Day interaction, ε = 0.48. For the main effect of Trial, the degrees 

of freedom were corrected using the Huynh-Feldt estimate of sphericity, ε = 0.92. The 

main effects of Trial F(2.76, 96.51) = 5.21,  p = 0.003, ηp2 = 0.13, and Day, F(2.42, 

84.78) = 31.80,  p < 0.001, ηp2 = 0.48, were found to be statistically significant, with 

animals taking less time to find the platform across trials and days. The main effect of 

Sex, F(1, 35) = 5.57, p = 0.02, ηp2 = 0.14, was found to be statistically significant, with 

females (M = 12.44s, SD = 3.51s) taking longer to find the platform than males (M = 

9.79s, SD = 3.45s). The Trial ´ Day interaction was found to be statistically significant, 

F(5.77, 201.83) = 6.34, p < 0.001, ηp2 = 0.15, reflecting acquisition of the task. The main 
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effect of Group and all other interactions were not found to be statistically significant (see 

Figure 9B/E).  

To see if there was a difference between groups each day, independent samples t-

tests for each Sex for each Day were conducted. Independent samples t-tests revealed that 

htauE14 males did not differ significantly from control males in their mean latency to find 

the platform on each of the five days. Furthermore, female htauE14 rats did not differ 

significantly from control females on each of the five days. 

Probe trial. The Probe trial was used to assess retention or memory of the 

platform location. During this trial, the hidden platform was removed, and the time spent 

swimming in the target quadrant was recorded. At 1-3 months, the time spent in the target 

quadrant on the probe trial was analyzed using a two-way ANOVA with two between-

subjects factors of Sex (male, female) and Group (htauE14, control). The main effect of 

Sex, F(1, 46) = 5.13,  p = 0.03, ηp2 = 0.10, was found to be statistically significant with 

males (M = 29.00s, SD = 7.52s) spending more time in the target quadrant than females 

(M = 24.25s, SD = 7.03s) (see Figure 8C/F). 

At 4-6 months, the probe data were analyzed using a two-way ANOVA, as 

described above. The main effects of Group, F(1, 35) = 0.03,  p = 0.87, ηp2 = 0.00, and 

Sex, F(1, 35) = 1.95,  p = 0.17, ηp2 = 0.05 were not found to be statistically significant. 

Furthermore, the Group ´ Sex interaction, F(1, 35) = 0.07,  p = 0.79, ηp2 = 0.00 was not 

statistically significant (see Figure 9C/F).  
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3.4.4. Radial Arm Maze 

The data of interest for the RAM training were the trials to criterion (8 out of 10 

consecutive trials correct) for the more difficult, adjacent arm version of the task. These 

data were analyzed using a two-way ANOVA, with between-subjects factors of Sex 

(male, female) and Group (htauE14, control). At 1-3 and 4-6 months p.i., the Sex and 

Group main effects and the Sex ´ Group interaction were not found to be significant (see 

Figure 10).  

4. Discussion 

 Using an adeno-associated virus, we selectively inserted a gene for 

pseudophosphorylated human tau into the LC of heterozygous TH:Cre male and female 

rats to create a rat model of pretangle AD. Using our animal model of preclinical AD, we 

monitored the behavioural and anatomical consequences of LC-htauE14 in rats at 1-3 and 

4-6 months p.i.  

4.1. AAV-htauE14-GFP is Highly Expressed in LC Neurons 

Using an antibody for the NE synthesizing enzyme TH to identify LC neurons, we 

confirmed GFP colocalization in LC neurons; we used GFP as an indicator of transgene 

expression. At 1-3 mo p.i., htauE14 and AAV-GFP animals differed significantly, with 

htauE14 animals showing higher transduction rates; this may be due to small sample 

sizes, although this is unlikely. It is also unlikely that this difference is due to using a 

FLEX genetic switch in the AAV-GFP infused animals and a DIO in htauE14 animals. 

Both switches are Cre-On, act via the Cre-LoxP system, and use two wild-type and two 

mutant LoxP sites (Xu & Zhu, 2018). Immunohistochemistry showed that in htauE14 

animals at 1-3 months, the majority of TH+ LC cells (93.7%) were also GFP+. Expression 
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in AAV-GFP animals was much lower, with 48.6% colocalization of TH+GFP+. In LC-

htauE14 infused animals at 4-6 months post-infusion, 96.4% of TH+ LC neurons were 

also GFP+. The level of LC selective expression observed in our htauE14 infused animals 

is consistent with previous studies that observed colocalization in 90-93% of LC neurons 

(Gompf et al., 2015; Lerchner et al., 2014). Using non-human primates, Lerchner et al. 

infused a lentivirus carrying GFP bilaterally in the LC of their subjects. Coexpression of 

TH and GFP revealed that 90% of TH+ LC neurons expressed GFP. Furthermore, Ghosh 

et al. (2019) showed that, on average, 83% of DbH+ LC neurons were GFP+; this finding 

parallels our finding of high transfection rates of AAV-htauE14 in the LC of TH:Cre rats.  

 In a chemogenetic study, Vazey and Aston-Jones (2014) infused an AAV 

containing the DREADD receptor, hMD3Dq, or mCherry directed at the LC. They 

observed high penetrance with 97% TH+hMD3Dq+ and TH+/mCherry+ colocalized cells. 

While we used a different transgene and promotor, like Vazey and Aston-Jones (2014), 

we observed similar selective expression levels in the LC of our htauE14 animals. 

Additionally, in their chemogenetic study, Stevens et al. (2020) infused an AAV2/7 

vector with the DREADD receptor, hMD3Dq, with mCherry, and observed that, on 

average, 20.6% of LC neurons were hMD3Dq+. This is much lower than our penetrance 

rates for our control GFP virus and may be due to a difference in the serotype and the 

binding affinity of their vector to the cell surface receptors on LC neurons as serotype has 

been shown to be important for specificity and expression rates. While serotype may have 

influenced specificity and expression rates, their use of the PRSx8 promotor may have 

influenced their results. 
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Our research supports AAV2/9 vectors as being a suitable method for transgene 

delivery with our high rates of penetrance and specificity. Future directions in 

colocalization research should attempt to delineate any differences or confounds that 

resulted in penetrance differences between the two groups. Differences in cell density and 

numbers could be included in future studies to better understand the observed difference 

between AAV-GFP and htauE14 animals. 

4.2. DbH+ Fibre Density is Higher in CA1 and the Subgranular Zone in htauE14 

Rats  

 Densitometry was conducted on brightfield images of DbH immunoreactivity in 

the hippocampus and entorhinal cortex. Three major regions of the hippocampus, DG 

CA1 and CA3, were further divided into subregions. Analysis of the average RODs of 

these regions revealed that htauE14 animals had a significantly higher ROD in all four 

subregions of ventral CA1. While this effect was not seen in dorsal CA1, visual 

inspection would suggest a trend similar to that of ventral CA1. With more subjects, this 

trend may be significant.  

 As CA1 of the hippocampus has been shown to be important in spatial learning 

and memory (Tsien et al., 1996), our increase in DbH+ fibre density in CA1 may explain 

why htauE14 animals were not impaired on the RAM and MWM tasks. This sprouting of 

DbH+ fibres may act as a compensatory mechanism and help maintain hippocampal 

circuitry. Furthermore, this increase in fibre density is consistent with previous studies 

that observe fibre sprouting as a result of brain damage (Harkany et al., 2000; Phinney et 

al., 1999). A more detailed morphological analysis of fibre thickness and varicosity 
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numbers should be included in future studies. Additionally, the effects of pathological 

effects of htauE14 on axonal sprouting in not only CA1, but other brain regions should be 

monitored at later timepoints to see if fibre retraction correlates with memory 

impairments. 

Interestingly, this magnitude of an effect was not observed in CA3 or the DG. 

CA1 is the primary output of the hippocampus and is the first region of the hippocampus 

affected in the early stages of Alzheimer disease (Neuman et al., 2015; Small et al., 

2011). Furthermore, AD pathology is thought to progress in a ventral to dorsal direction 

(Neuman et al., 2015). While more subjects are needed, at 4-6 months, there appears to be 

a trend for higher ROD measurements in htauE14 animals in dorsal CA1. 

 Furthermore, htauE14 animals also displayed higher ROD levels in the SGZ of the 

hippocampus. In the brains of adult humans and rodents, neurogenesis has been shown to 

take place in the SGZ (Ehninger & Kempermann, 2007; Kempermann et al., 1997; Kuhn 

et al., 1996). Wnt/β-catenin is a signalling factor critical for regulating neurogenesis in the 

hippocampus (Abril et al., 2013; Sato et al., 2003). When wnt signalling is overexpressed 

in the SGZ, neurogenesis occurs. In the Alzheimer brain, wnt signalling is deregulated, 

and, as a result, neurogenesis is decelerated and may even cease to occur (Folke et al., 

2018; Okamoto et al., 2011). Future investigation of the wnt signalling pathway, and 

markers of neurogenesis could explain the impact of abnormally phosphorylated tau in 

the LC on neurogenesis in our animal model of AD.   

 In contrast to our findings, others have observed reductions in DbH+ fibres in their 

AD models (Ghosh et al., 2019; Rorabaugh et al., 2017). Using TgF344-AD rats 
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heterozygous for an APPsw/PS1DE9, Rorabaugh et al. (2017) observed the effects of 

mutant amyloid precursor protein and presenilin-1 on fibre density in mEC and 

hippocampus. Immunohistochemistry using DbH revealed a significant genotype ´ age 

interactions, with 16-month-old TgF344-AD rats having significantly reduced DbH+ fibre 

density in the dentate gyrus compared to 16-month-old TgF344-AD and control animals. 

This age-dependent reduction in DbH+ fibre density was also observed in CA1 and CA3 

of the hippocampus. In agreement with these findings, Ghosh et al. (2019) observed a 

reduction in DbH+ fibre density in the piriform cortex of 11-month-old htauE14 rats 

compared to non-infused and GFP controls 7-8 months post-infusion. Our increase in 

fibre density suggests further exploration is needed. In comparison to these studies, our 

animals were subjected to a more extensive battery. The influence of such substantial 

enrichment may ameliorate potential cognitive impairment and should be studied. 

Furthermore, we sampled animals at earlier timepoints and conducted a more extensive 

analysis of hippocampal brain regions, which may explain this difference. Sampling at 

earlier time points and from many brain regions provides a clearer picture of how LC-

htauE14 affects behaviour and brain morphology from a young age.  

4.3. Behavioural Effects of LC-htauE14 

4.3.1. Control Females Alternate More at 1-3 Months Post-Infusion 

In spontaneous alternation testing for spatial working memory, female rats in the 

control group had a significantly higher percentage of alternation than htauE14 and 

control males at 1-3 months p.i. This finding may be due to sex-dependent differences in 

structures used for spatial working memory. Méndez-López et al. (2009) used the Morris 
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water maze to assess male and female Wistar rats’ spatial working memory. In their 

version of the task, animals received two consecutive trials, a sample and retention trial 

used to assess short-term memory. During the sample trial, animals were released from 

one of four start points and trained to locate a platform. During the retention trial, the 

platform was removed, and animals were expected to recall the location of the platform 

from the sample trial. The platform location was different each day so that the same 

platform location was not used the previous three days. While no behavioural differences 

were found, they observed differences in the activity of various brain regions. Males 

tended to use hippocampal-centred navigation, while females used areas related to the 

prefrontal cortex to aid them in spatial navigation. Furthermore, this study tested females 

during different phases of the estrous cycle to counterbalance hormonal status as a 

potential confounding variable. Their findings suggest that acquisition of their version of 

the MWM is mediated by different brain regions in a sex-dependent manner. 

Interestingly, female controls did not differ from any other groups at 4-6 months 

p.i. As the second test was conducted in the same apparatus and room, this may be due to 

habituation to a now-familiar environment. Future studies should test animals in a novel 

environment with each iteration of the task to determine whether this lack of an effect is 

due to familiarity of the environment or to some other factor, such as ageing. 

Using a two-trial version of the spontaneous alternation task, which involved an 

animal being removed after making an arm choice, researchers found that animals with 

lesions to several subdivisions of the prefrontal cortex displayed impairments in 

spontaneous alternation (Divac et al., 1975; Mogensen & Divac, 1993). While lesions to 

the prefrontal cortex impair spontaneous alternation, other brain regions such as the 
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hippocampus (Means et al., 1971; Stevens & Cowey, 1973), medial raphe (Asin & 

Fibiger, 1984) and entorhinal cortex (Ramirez & Stein, 1984) have also been implicated. 

Examining brain regions important in completing our version of the task could help better 

explain this finding. Furthermore, performance on spontaneous alternation tests can be 

confounded by attention and motivation; it is recommended that this test not be the sole 

test of spatial working memory, especially our free-running version (Hughes, 2004). 

4.3.2. LC-htauE14 Does Not Impair Hippocampal-Independent Memory in the Novel 

Object Recognition Task of Long-Term Memory 

Both htauE14 and control animals performed similarly on the novel object 

recognition task. While there was no effect of Group or Sex, there was an effect of Arm, 

with animals spending significantly more time in the Novel arm than the Start and 

Familiar arm. This effect was seen at both 1-3 and 4-6 months p.i. These findings suggest 

that LC-htauE14 did not produce impairments in this hippocampal-independent test of 

long-term memory. 

 The perirhinal cortex has consistently been shown to be implicated in object 

recognition memory (Ennaceur et al., 1996; Mumby & Pinel, 1994; Winters & Bussey, 

2005). Ennaceur et al. (1996) showed that neurotoxic lesions to the fornix and perirhinal 

cortex produced opposite effects in spatial versus nonspatial memory tasks. Animals with 

lesions to the fornix displayed behavioural deficits on spatial memory tests, such as a T-

maze alternation task and a spatial lever discrimination task; however, animals were not 

impaired on a test that assessed object recognition. For animals with perirhinal lesions, 

the opposite was true; that is, animals spent a similar amount of time exploring the novel 
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and familiar objects. These findings point to a dissociation between the hippocampus and 

the perirhinal cortex and that lesions to either of these systems produce distinct effects.  

Additionally, Winters and Bussey (2005) showed that transient inactivation of the 

perirhinal cortex using lidocaine impaired object recognition using the spontaneous object 

recognition task. This task consisted of a sample and a choice phase. During the sample 

phase, animals were placed in a Y-maze and allowed to explore two arms that contained 

identical objects. Animals were then removed for the retention delay, which lasted from 5 

minutes to 180 minutes. During the choice phase, animals were placed back in the Y-

maze with one identical object and one novel object. To quantify object recognition, they 

used a discrimination ratio, which was the difference in time exploring the novel and 

familiar objects divided by the total time exploring both objects. Winters and Bussey 

(2005) found that animals that received lidocaine infusions prior to the sample phase were 

significantly impaired compared to controls; that is, they had lower discrimination ratios, 

regardless the length of the retention delay. Furthermore, rats that received lidocaine 

infusions immediately or 20 minutes after the sample phase were impaired on the choice 

phase. These findings further support the role of the perirhinal cortex for the encoding, 

consolidation, and retrieval of object recognition memory. 

To better understand the effects of LC-htauE14 on object recognition memory, 

longitudinal monitoring of behaviour on the novel object test should be monitored in 

conjunction with anatomical changes in the perirhinal cortex. Outlining the anatomical 

spread of LC-htauE14 could better explain our findings.  
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4.3.3. htauE14 Males are Impaired Early on in Morris Water Maze Training at 1-3 

Months Post-Infusion 

 The cued phase of the MWM was used to ensure that there were no perceptual, 

motivational and motoric differences between groups that could influence performance 

during the Hidden and Probe phases. No group differences were observed, so we could 

proceed with our analysis and rule out the mentioned confounds.  

 From the Hidden phase of the MWM task, we found no evidence that htauE14 

produced deficits in spatial memory when locating a hidden platform. Overall, at 1-3 and 

4-6 months, htauE14 animals performed similarly to controls. Interestingly, on the first 

day of the Hidden phase at 1-3 months, htauE14 males took significantly longer to locate 

the platform than control males. This impairment was not observed for the rest of the 

Hidden phase or when animals were tested again at 4-6 months. In line with this finding, 

Rorabaugh et al. (2017) observed that TgF344-AD rats had higher latencies to find the 

platform than controls at the beginning of their acquisition training but then acquired the 

task similar to controls.  

 While htauE14 males displayed impairments early on, these animals quickly 

acquired the task and demonstrated normal spatial learning and memory. Since spatial 

processing relies on an interaction between various brain regions, this improvement in 

spatial memory can be attributed to compensation by other components of the network 

(Xu et al., 2014). Therefore, while compromising some regions important to spatial 

learning can produce impairments in behaviour, this impairment will be transient unless 

multiple regions of the network are compromised so that compensation by other regions 

is less likely. Additionally, it is also possible that initial acquisition is impaired; however, 
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once the task is learned, animals are able to recall the task requirements and successfully 

complete the task.  

The Probe trial was used to detect differences in retention of the task or 

perseveration in searching strategies in the LC-htauE14 infused and control groups. At 1-

3 months, the main effect of Sex was observed, with males spending more time in the 

target quadrant than females. This impairment in females during the Probe trial has been 

reported elsewhere (Clinton et al., 2007). 

Using a mouse model of AD that possessed three dementia-relevant transgenes, 

PS1M146v, tauP301L and APPSWE, Clinton et al. (2007) showed that at 6- and 9-months of 

age, females displayed more significant cognitive deficits during both acquisition and 

probe phases of the MWM, in comparison to age-matched males. However, this 

difference diminished when animals were assessed at 12-months of age. To explore this 

difference, corticosterone levels were measured 30 minutes post-water maze training. It 

was found that young (9-month old) female mice had significantly higher corticosterone 

levels than their age-matched male counterparts. This difference in corticosterone levels 

was not observed in older mice. This finding suggests that higher corticosterone levels 

may lead to poorer performance on the MWM task.  

In our study, females appear to be different in comparison to males during the 

probe trial at 1-3 months as they spent less time in the correct quadrant. This difference 

was not observed at 4-6 months. This finding is similar to that of Clinton et al. (2007) and 

suggests that elevated serum corticosterone levels may explain our findings. It is possible 

that animals may experience a higher stress response initially; however, once habituated, 

these effects may no longer be observed. Future studies should examine differences in the 
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stress-response exhibited on aversive behavioural tasks to probe for group and sex 

differences that could explain cognitive deficits.  

4.3.4. LC-htauE14 Does Not Impair Performance on the Radial Arm Maze Task 

The radial arm maze is an apparatus commonly used to assess spatial working and 

reference memory. To assess place learning, we used a version of the RAM modelled 

after McDonald and White (1995) that required animals to discriminate between a food-

arm and one of two no-food arms. McDonald and White (1995) found that animals with 

fornix-fimbria lesions were impaired on this version of the task compared to controls and 

animals with lesions to the striatum and amygdala. These findings suggest that active 

place learning requires an active hippocampal system, while the striatum and amygdala 

are not crucial for the acquisition of this version of the task. With our eight-arm maze, 

animals were trained to discriminate between a food and a no-food arm that were 45° 

apart. Future studies should assess if using a maze more arms (e.g., 12- or 16-arm maze), 

resulting in a reduction in the degree separation in arms, would produce a more 

challenging version due to greater overlap in the cues available at both arms. A more 

difficult task may be more sensitive to detect differences between groups. 

5. Conclusion 

 This research revealed that LC-htauE14 transiently impaired performance in 

htauE14 males on the first day of the Hidden phase of the MWM when tested 1-3 months 

p.i. This impairment early in training, but compensation later has been reported 

previously. Future directions should examine neural recruitment as a potential 

explanation for this compensation. Furthermore, differences in results from our 
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densitometry analysis using DbH suggest an influence of abnormal tau on the 

hippocampus. DbH analysis of the hippocampus revealed that CA1 of the hippocampus 

might be affected by LC-htauE14; this is consistent with what is observed in AD patients. 

While LC-htauE14 appears to initiate changes in the brains, the observable effects of this 

protein on behaviour are limited. It is possible that it is too early for the spread of 

abnormal tau to produce any observable behavioural deficits. Furthermore, our study used 

an extensive test battery providing animals with more enrichment compared to other 

studies. This enrichment may account for our finding of increased fibre density. Future 

directions may include comparing enriched to non-enriched animals. To our knowledge, 

we are the first to report high penetrance of AAV2/9- htauE14 and the consequent effects 

of LC-htauE14 on behaviour and anatomy. Future research should monitor the 

behavioural and anatomical changes that occur past seven months after infusion of tau in 

the locus coeruleus.  
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Figure 1. Stages of Alzheimer disease (AD)-associated tau pathology. Image adapted 

from Braak et al. (2011). (A) In stage a, cellular processes of locus coeruleus (LC) 

neurons accumulate pretangle material. Then, at stage b, this pretangle material fills the 

soma and dendrites. In stage c, this material is found in other thalamic brainstem nuclei. 

(B) A schematic representation of stages a-c. (C) In stage 1a, pretangle material begins to 

appear in the transentorhinal cortex. In stage 1b, the soma and cellular processes of 
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transentorhinal pyramidal cells are filled with pretangle material. (D) A schematic 

representation of stages 1a, 1b, I and II. (E) A schematic representation of stages III and 

IV. (F) A schematic representation of stages V and VI. 
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Figure 2. Colocalization of tyrosine hydroxylase-positive (TH+) and green fluorescent 

protein-positive (GFP+) locus coeruleus (LC) neurons. (A) Percentage of TH+ - GFP+ 

cells in the LC at 1-3 months p.i. in htauE14 and control animals. (B) Percentage of TH+ - 

GFP+ cells in the LC at 4-6 months p.i. in htauE14 and control animals. Digital images 

taken using an Olympus BX-52 microscope and DP72 digital camera show examples of 

an AAV-htauE14 (C), AAV-GFP (D), and non-viral infusion (E). The arrows in panel C 

show the location of GPF in the neurites of LC neurons. All data represent means (+ 

SEM). *** p < 0.001. 4V = 4th ventricle. 
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Figure 3. Brightfield images of DbH immunoreactivity in the hippocampus at a 

magnification of 4´ for (A) control and (B) htauE14 animals and relative optical density 

graphs (C-E) for htauE14 and control animals at 1-3 months p.i., sexes combined, for 

three major regions of the hippocampus: cornu ammonis 1 (CA1), cornu ammonis 3 

(CA3), and dentate gyrus (Lethbridge et al.). CA1 was divided into four subregions: CA1 

lacunosum moleculare (CA1 lac), CA1 oriens (CA1 or), CA1 pyramidal (CA1 pyr), and 

CA1 radiatum (CA1 rad). CA3 was divided into five subregions: CA3 lacunosum 

moleculare (CA3 lac), CA3 lucidum (CA3 luc), CA3 oriens (CA3 or), CA3 pyramidal 

(CA3 pyr), and CA3 radiatum (CA3 rad). Dentate gyrus was divided into six subregions: 

granular cell layer (GCL), hilus, inner molecular layer (IML), middle molecular layer 

(MML), outer molecular layer, and subgranular zone (SGZ). The left-most graph (C) 

displays the data for the subregions of CA1, the middle graph (D) displays the data for the 
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subregions of CA3, and the right-most graphs (E) displays the data for the subregions of 

DG. All data represent means (+SEM). * p < 0.05. ** p < 0.01. *** p < 0.001. Inset 

image: Tissue section not treated with the primary antibody.  
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Figure 4. Brightfield images of DbH immunoreactivity in the hippocampus at a 

magnification of 4´ for (A) control and (B) htauE14 animals and relative optical density 

graphs (C-E) for htauE14 and control animals at 4-6 months p.i., sexes combined, for 

three major regions of the hippocampus: cornu ammonis 1 (CA1), cornu ammonis 3 

(CA3), and dentate gyrus (Lethbridge et al.). CA1 was divided into four subregions: CA1 

lacunosum moleculare (CA1 lac), CA1 oriens (CA1 or), CA1 pyramidal (CA1 pyr), and 

CA1 radiatum (CA1 rad). CA3 was divided into five subregions: CA3 lacunosum 

moleculare (CA3 lac), CA3 lucidum (CA3 luc), CA3 oriens (CA3 or), CA3 pyramidal 

(CA3 pyr), and CA3 radiatum (CA3 rad). Dentate gyrus was divided into six subregions: 

granular cell layer (GCL), hilus, inner molecular layer (IML), middle molecular layer 

(MML), outer molecular layer, and subgranular zone (SGZ). The left-most graph (C) 

displays the data for the subregions of CA1, the middle graph (D) displays the data for the 
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subregions of CA3, and the right-most graphs (E) displays the data for the subregions of 

DG. All data represent means (+SEM). * p < 0.05. ** p < 0.01. *** p < 0.001. Inset 

image: Tissue section not treated with the primary antibody.  
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Figure 5. Relative optical density for htauE14 and control animals, sexes combined, at 

(A-C) 1-3 months and (D-F) 4-6 months p.i. for layers I to VI of the entorhinal cortex, the 

parasubiculum, and the presubiculum. The entorhinal cortex was divided into two 

regions: lateral entorhinal cortex (lEC) and medial entorhinal cortex (mEC). Both mEC 

and lEC were further divided into five layers. The subiculum was also divided into two 

regions: parasubiculum (ParaSub) and presubiculum (PreSub). The left-most graphs (A, 

D) display the data for the subregions of lEC, the middle graphs (B, E) display the data 

for the subregions of mEC, and the right-most graphs (C, F) display the data for the 

parasubiculum and the presubiculum. * p < 0.05 
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Figure 6. Percentage of alternations for the spontaneous alternation task at (A) 1-3 and  

(B) 4-6 months p.i. All data represent means (+SEM). ** p < 0.01. *** p < 0.001. 
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Figure 7. Percentage of time spent in arms (Start vs. Familiar vs. Novel) for the novel 

object recognition test at (A) 1-3 and (B) 4-6 months. All data represent means (+SEM). 
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Figure 8. Behavioural data for three phases of the Morris water maze (MWM) task at 1-3 

months p.i. Time to locate the flagged platform, in seconds, during the Cued phase of the 

task for (A) females and (D) males. Time to locate the hidden platform, in seconds, 

during the Hidden phase of the task for (B) females and (E) males. Time spent in the 

target quadrant, in seconds, during the Probe phase of the task for (C) females and (F) 

males. Inset graph: Average time to locate the platform, in seconds, on Day 1 of the 

hidden phase. All data represent means (±SEM). * p < 0.05. 
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Figure 9. Behavioural data for three phases of the Morris water maze (MWM) task at 4-6 

months p.i. Time to locate the flagged platform, in seconds, during the Cued phase of the 

task for (A) females and (D) males. Time to locate the hidden platform, in seconds, 

during the Hidden phase of the task for (B) females and (E) males. Time spent in the 

target quadrant, in seconds, during the Probe phase of the task for (C) females and (F) 

males. Inset graph: Average time to locate the platform, in seconds, on Day 1 of the 

hidden phase. All data represent means (±SEM).  
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Figure 10. Trials to criterion (8/10) for the adjacent condition of the radial arm maze 

(RAM) task. All data represent means (+SEM). 
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Table 1 

Number of samples taken, and cursor sizes used for densitometry analysis using MCID 
Analysis 

Brain Region Number of Samples Cursor Diameter 

(Pixels) 

Hippocampal complex   

Subgranular zone 25 15 

Dentate gyrus 20 20 

Hilus 15 20 

Inner molecular layer 20 20 

Middle molecular layer 20 20 

Outer molecular layer 20 20 

CA1 lacunosum moleculare 16 25 

CA1 oriens 15 25 

CA1 pyramidal 15 25 

CA1 radiatum 18 25 

CA3 lacunosum moleculare 12 25 

CA3 lucidum 20 20 

CA3 oriens 18 25 

CA3 pyramidal 18 25 

CA3 radiatum 18 25 

Entorhinal cortex    
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Medial entorhinal cortex   

Layer I 12 (6) * 25 

Layer II 12 25 

Layer III 18 25 

Layer V-VI 15 (10) * 25 

Lateral entorhinal cortex   

Layer I 6 (12) * 25 

Layer II 12 25 

Layer III 15 25 

Layer V-VI 10 (15) * 25 

Subiculum    

Parasubiculum 5 25 

Preasubiculum  5 25 

 

* The number of samples taken for some regions differed at varying dorsal-ventral levels 

of the brain. The numbers in brackets is the number of samples taken at ventral levels. 

 

 

 


