
Department of Physics, Chemistry and Biology 

Master Thesis 

 

Olfactory performance and neuropathology in the 

Tg6799 strain of Alzheimer’s disease model mice 

 

HANNA ÖSTERMAN 

LiTH-IFM- Ex--2314--SE 

 

Supervisor: Matthias Laska, Linköpings universitet 

Examiner: Jordi Altimiras, Linköpings universitet 

 

Department of Physics, Chemistry and Biology 

Linköpings universitet 

SE-581 83 Linköping, Sweden

 

 



 



Contents 
1 Abstract ................................................................................................................................... 1 
2 Introduction ............................................................................................................................. 1 
3 Materials and Methods ............................................................................................................ 2 

3.1 Animals ............................................................................................................................. 2 
3.2 Stimuli .............................................................................................................................. 3 

3.2.1 Olfactory discrimination tests .................................................................................... 3 
3.3 Behavioral tests ................................................................................................................. 4 

3.3.1 Olfactory discrimination tests .................................................................................... 4 
3.3.1.1 General Method .................................................................................................. 4 
3.3.1.2 Assessment of olfactory discrimination performance ........................................ 5 
3.3.1.3 Assessment of olfactory sensitivity .................................................................... 5 
3.3.1.4  Initial acquisition task and transfer tasks .......................................................... 5 
3.3.1.5 Double transfer task ........................................................................................... 5 
3.3.1.6 Stimulus reversal task ......................................................................................... 6 
3.3.1.7 Odor memory test ............................................................................................... 6 
3.3.1.7 Assessment of olfactory sensitivity .................................................................... 6 

3.3.2 Olfactory habituation/dishabituation test ................................................................... 7 
3.3.3  Spatial learning test ................................................................................................... 8 
3.3.4 Statistics ..................................................................................................................... 9 

3.4 Histology .......................................................................................................................... 9 
3.4.1 Perfusion .................................................................................................................... 9 
3.4.2 Histochemical staining ............................................................................................... 9 

4 Results ................................................................................................................................... 10 
4.1 Olfactory discrimination tests ......................................................................................... 10 

4.1.1 Initial acquisition task and transfer tasks ................................................................. 10 
4.1.2 Double transfer task ................................................................................................. 17 
4.1.3 Stimulus reversal task .............................................................................................. 19 
4.1.4 Odor memory task .................................................................................................... 21 
4.1.5 Assessment of olfactory sensitivity ......................................................................... 23 
4.1.5 Olfactory habituation/dishabituation test ................................................................. 25 
4.1.6 Spatial learning task ................................................................................................. 26 
4.1.7 Histology .................................................................................................................. 27 

4.1.7.1 Olfactory bulb .................................................................................................. 27 
4.1.7.2 Anterior olfactory nucleus ................................................................................ 29 
4.1.7.3 Anterior piriform cortex ................................................................................... 31 
4.1.7.4 Posterior piriform cortex .................................................................................. 33 

5 Discussion ............................................................................................................................. 35 
6 Acknowledgements ............................................................................................................... 38 
7 References ............................................................................................................................. 38 



1 Abstract 

The present study evaluated olfactory and cognitive abilities of the Tg6799 (also called 
5xFAD) strain of Alzheimer’s disease (AD) model mice of two different age groups (2-3 and 
8-10 months of age), and one group of healthy control mice (9-10 months). Employment of an 
operant conditioning paradigm using an automated olfactometer, an olfactory 
habituation/dishabituation test and a spatial learning test with non olfactory cues resulted in 
data showing that the 5xFAD mice develop olfactory impairments already at 2-3 months of 
age. The impairments consisted in a robust impairment in olfactory sensitivity, decreased 
responsiveness to novel odors and an inability to discriminate between enantiomeric odor 
molecules in the 5xFAD mice compared to control mice. Spatial learning deficits were also 
detected at this age, suggesting that cognitive functions were also affected. No differences in 
magnitude of the olfactory or spatial learning impairments could be detected between the age 
groups of model mice tested. Histological examination of development and presence of 
amyloid β (Aβ) plaques in the brains showed that plaques develop mainly between the ages of 
3 and 8 months. This indicates that soluble Aβ rather than the formation of plaques might be 
responsible for the olfactory impairment and spatial learning impairments found. By 10 
months of age plaque load of the 5xFAD mice was massive. The results of the present study 
clearly show that the 5xFAD strain might be suitable for research on human AD with regard 
to the early onset of olfactory impairments. 

Key words: 5xFAD, Alzheimer’s disease, amyloid precursor protein, amyloid β, cognitive 
impairment, olfactory deficit.   

 

2 Introduction 

Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disease which 
constitutes the most common cause of dementia in elders in the industrialized world 
(Alzheimer’s association 2010, Brookmeyer et al. 1990, Evans et al. 1990). AD causes loss of 
cognitive function and ultimately death in elderly people. The mechanisms underlying AD are 
poorly understood but a number of neuroanatomical changes are characteristic for AD, two of 
them being formation of intracellular neurofibrillary tangles of hyperphosphorylated Tau 
protein and extracellular amyloid β deposits and plaques. In a healthy brain amyloid β (Aβ) is 
generated from the amyloid precursor protein (APP), by sequential cleavage by the β- and ϒ-
secretases, into peptide fragments that are most commonly 40 or 42 amino acid residues in 
length (Iwatsubo et al. 1994). These peptides are called Aβ40 and Aβ42, respectively. In a 
healthy brain the Aβ residues are cleared from the cleavage site.  In an AD brain, on the other 
hand, the production of Aβ peptides increase and the ratio between the Aβ40 and Aβ42 is 
shifted towards a higher production of Aβ42, and Aβ accumulates instead of being cleared 
(Yin et al. 2007). This does not only lead to an increased level of soluble Aβ around the cells 
affected, but also to aggregation of the Aβ peptides into fibrils and plaques. Aβ42 is more 
prone to aggregate than Aβ40, which adds to the build-up of the plaques and the neurotoxic 
effect (Morimoto et al. 2004, Younkin 1997, Hendricks & Broeckhoven 1996).  

In addition to a loss of cognitive function and dementia, AD is also accompanied by sensory 
impairments. As one of the earliest symptoms AD causes impairments in the olfactory sense 
(Wilson et al. 2009, Peters et al. 2003, Doty et al. 1987) and the olfactory impairments are 
actually used as diagnostic and preclinical markers for AD in humans (McCaffery et al. 2000, 
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Murphy 1998, Mesholam et al. 1998).  The symptoms of AD arise in a progressive pattern but 
it is not understood how or why this symptomatic timeline is so consistent between cases and 
individuals. One hypothesis is that the neuropathologies of AD spread in a predetermined 
pattern and that the symptoms and the order in which they arise are effects of this pattern. 
Another hypothesis is that the neuropathological changes spread and progress evenly 
throughout the brain and it is due to differences in susceptibility to these pathologies that 
different symptoms arise at different times. In other words; the systems that are most 
vulnerable to the effects of the developed neuropathologies are affected first. To evaluate 
these hypotheses, studying the olfactory system and the olfactory impairments accompanying 
AD might lead to valuable insights.  

To aid in research on AD several lines of genetically modified model mice that develop 
amyloid β plaques have been developed over the recent years. The model strains are modified 
to express genes and mutations known to lead to AD in humans (Duyckaerts et al. 2008, 
Dodart et al. 2002). These mutations are called Familial Alzheimer’s disease mutations since 
they cause Familial Alzheimer’s disease (FAD) which is an inheritable but rare type of AD, 
presenting in the same symptoms as other types of AD. FAD mutations have been identified 
on the genes encoding APP and Presenilin 1/Presenilin 2 (PSEN1/PSEN2). Both PSEN1 and 
PSEN2 have been identified as subunits of the enzymatic complex that cleaves Aβ from APP 
(Ertekin-Taner 2007).  

The present study has focused on the newly developed Tg6799 model mouse strain harboring 
five FAD mutations (from now on called the 5xFAD strain). Three mutations are located on 
the gene for APP and two are located on the gene for PSEN1. Citron et al. (1998) showed that 
the effect of combining several FAD mutations in one animal results in an addition of the 
effects of the single mutations on their own, leading to a rapid increase in Aβ levels in general 
and Aβ42 specifically. The accumulation of Aβ and the development of the Aβ-plaques have 
previously been studied by immunohistology in the 5xFAD strain by Oakley et al. (2006). 
The same study evaluated the onset of memory impairments using a spatial learning test and 
Kimura & Ohno (2009) tested hippcampal memory in the 5xFAD strain but behavioral 
evaluation of olfactory deficits has not been carried out in the 5xFAD strain previously. 
Therefore I tested 5xFAD mice of different ages for different aspects of their olfactory and 
cognitive performance and compared the data to results obtained by testing healthy control 
mice in parallel.  This was done to 1. evaluate the development of an olfactory impairment in 
the 5xFAD mice, 2. to determine the time of onset of such an impairment, 3. to test the 
development of non-olfactory behavioral deficits and determine the time of onset of the latter. 
The scope was to collect first data on the temporal development of the olfactory deficits in the 
5xFAD strain by behavioral testing. Further, the presence of the Aβ-plaques in olfactory brain 
structures was evaluated histologically.        

        

3 Materials and Methods 

3.1 Animals 
Testing was carried out using mice of two different strains. 

5xFAD-mice:   
8 mice of the strain B6SJL-Tg(APPSwFlLon, PSEN1*M146L*L286V)6799Vas/J  (5xFAD) 
were used for behavioral testing and histological examination. This strain expresses human 
Amyloid Precursor Protein (APP) with three Familial Alzheimer’s Disease (FAD) point 
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mutations; the Swedish mutation (K670N/ M671L) which increases total production of 
Amyloid β-peptide (Aβ) and the Florida (I716V) and London (V717I) mutations which both 
increase production of Aβ42 specifically.  The 5xFAD strain also expresses human Presenilin 
1 (PSEN1) with two FAD point mutations (M146L + L286V) which both have been shown to 
increase production of Aβ42 specifically (Oakley et al. 2006). Thus the strain coexpresses five 
FAD mutations and is therefore called 5xFAD-mice. The 5xFAD-mice develop Aβ-deposits 
at two months of age and deposition as well as Aβ-plaque formation increases rapidly with 
age. The ratio between the Aβ42 and Aβ40 peptides is substantially higher for the 5xFAD-
mice compared to earlier Alzheimer’s disease model strains and compared to controls.  
Spatial learning deficits have been observed at 4-5 months of age (Oakley et al. 2006). 

Control-mice:  
5 mice of the strain C57BL/6J were used as control group in this study. This strain is inbred 
and has a highly similar genetic background compared to the 5xFAD mouse strain.  

Four 5xFAD mice were tested at two months of age (from here on “young 5xFAD”). The 
remaining four 5xFAD mice were tested at 8-10 months of age (from here on “old 5xFAD”). 
The five control mice were 10 months old when tested and thus age matched to the old 
5xFAD-group. In healthy inbred mice, such as the C57BL/6J strain, no olfactory or spatial 
learning impairment can be expected to arise due to natural aging by the age of 10 months 
(pers. comm., Matthias Laska, IFM, Linköping Usinversity). Thus the control group included 
in this study should be considered comparable to both age groups of 5xFAD model mice.  

All animals were individually housed in standard plastic cages in a temperature- and 
humidity- controlled environment and kept on a 12:12 hour dark/light cycle. During the 
testing period the mice were kept on a water deprivation schedule of 1 ml/day.  Water 
deprivation started eight days prior to testing and during that time the animals were given 
their whole water ration in one serving from a syringe without needle. During the testing 
period part of the water ration was given as reward during the test session and the remainder 
of the 1 ml was given from the syringe, immediately after testing. All experiments were 
performed at the Neurobiology Department of Yale University School of Medicine in New 
Haven, CT, USA. The experiments reported were conducted in compliance with the Guide for 
the Care and Use of Laboratory Animals (National Institutes of Health Publication No. 86-23, 
revised 1985) and were performed according to a protocol approved by the Yale University 
Institutional Animal Care and Use Committee.  

 

3.2 Stimuli 

3.2.1 Olfactory discrimination tests 
14 monomolecular odorants were used in the olfactory discrimination testing (Table 1). The 
animals were presented with the odorants at a gas phase concentration of 1 ppm in all 
discrimination tasks. For the odor sensitivity task the initial gas phase concentration was  
1 ppm and then sequentially decreased in 10-fold dilution steps. For each group of animals six 
odorants were used in five different combinations for initial acquisition of the operant 
conditioning paradigm and a series of transfer tasks (see section 3.3.1.4 below). After 
successful acquisition and completion of the transfer tasks, four new odorants and two of the 
previously used standard odorants were used in more complex discrimination tasks and odor 
sensitivity assessment. All odorants were obtained from Sigma-Aldrich (St Louis, MO). 
Odorless diethyl phthalate was used as solvent. The rationale for using these odorants was that 
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they have been successfully used in previous studies that employed this type of operant 
conditioning paradigm (Laska et al. 2008; Laska & Shepherd 2006; Abraham et al. 2004). In 
some tasks different odor pairs had to be used for the 5xFAD mice and the control mice 
respectively. This was solely due to human error, not having the odorants needed in stock. 
The odor pairs finally used should be considered comparable amongst each other and there is 
no indication in previous, exhaustive, data that there should be any difference in 
discriminability between the odor pairs used (pers. comm. Matthias Laska, IFM, Linköping 
University). 

 

Table 1. Monomolecular odorants used in olfactory discrimination tests. 

Odorant CAS# 
trans-anethole 4180-23-8 

amyl acetate 628-63-7 

1-butanol 71-36-3 

(-)-carvone 6485-40-1 

1,8-cineole 470-82-6 
Eugenol 97-53-0 
(+)-fenchone 4695-62-9 

(-)-isopulegol 89-79-2 

(+)-limonene 5989-27-5 

(+)-perillaldehyde 5503-12-8 
(-)-perillaldehyde 2111-75-3 

(+)-perilla alcohol 536-59-4 
(-)-perilla alcohol 18457-55-1 

Octanal 124-13-0 

 

 

 

3.2.2 Olfactory habituation/dishabituation test 

2 complex odorants were used in olfactory habituation/dishabituation test; Vanilla extract 
(Stop & Shop supermarket company, Boston, MA, USA) diluted 1:2 in water and 
concentrated Martini&Rossi Vermouth (imported by Martini&Rossi Wine Company, Miami, 
FL, USA).  

 

3.3 Behavioral tests 

3.3.1 Olfactory discrimination tests 

3.3.1.1 General Method 
An automated liquid-dilution olfactometer (Knosys, Tampa, FL)  was used to assess olfactory 
performance.  Mice were trained using standard operant conditioning procedures (Bodyak & 
Slotnick, 1999) to insert their snouts into an odor sampling port in the test chamber. This 
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triggered a 2 s presentation of either one of two odorants. One odorant was used as the 
rewarded stimulus (S+) while the second odorant was the unrewarded stimulus (S-). The 
stimuli were presented in pseudo randomized order.  Licking at a steel spout in the odor port 
upon presentation of the S+ provided the mice with a 2.5 μl water reinforcement and served as 
the operant response. Correct responses to odorant presentations are defined as the animal 
licking the water spout upon presentation of the S+ stimuli being presented and rejecting to 
lick the spout upon presentation of the S- stimuli. 

3.3.1.2 Assessment of olfactory discrimination performance 
The ability of the mice to distinguish between a given odorant used as S+ and an alternative 
odorant used as S- was tested in order to assess the olfactory discrimination performance of 
the animals. At least five blocks of 20 trials (50 S+ and 50 S- presentations, all in pseudo 
randomized order) using a given stimulus pair were conducted per animal and discrimination 
task.  

3.3.1.3 Assessment of olfactory sensitivity 
Olfactory sensitivity was assessed by testing the animals’ ability to discriminate between 
increasing dilutions of a known stimulus pair with previously acquired reward values. One 
block of 20 trials of the familiar pair was presented using the gas phase concentration of 1 
ppm for both stimuli. This was followed by 5 blocks of 20 presentations of a tenfold dilution 
of the two odorants, thus presented at 0.1 ppm. The following day the same protocol was 
adopted using one block of presentations at 0.1 ppm and 5 blocks of subsequent presentations 
of the tenfold dilution at 0.01 ppm.  

3.3.1.4 Initial acquisition task and transfer tasks  
For the animals to learn how to operate the olfactometer a series of task acquisition steps were 
performed : the first step being shaping in which the animals were presented with only an S+ 
(amyl acetate) for three consecutive days and were rewarded for every poking their head into 
the odor port, which trained them how to respond to an S+. After acquiring this operant 
response the animals were trained how to respond to different S+ and S- combinations for two 
days each. Testing started with two sessions of 100 presentations each in which the animals 
learned how to discriminate between and correctly respond to amyl acetate as S+ and cineole 
as S- (initial task acquisition). For the following two days the amyl acetate was replaced with 
carvone (for the 5xFAD mice) or (+)-fenchone (for the control mice) keeping cineole as the S- 
(first positive transfer task). After the first positive transfer task the S- was replaced for 
anethole for all animals keeping carvone/fenchone as S+ and this odor pair was used for two 
consecutive test days (first negative transfer). For the following two days the S+ was replaced 
with limonene (for the 5xFAD mice) and (-)-isopulegol (for the control mice) keeping 
anethole as the S- (second positive transfer). The last of the task acquisition steps was the 
second negative transfer were anethole was replaced with eugenol as S- keeping 
limonene/isopulegol as S+. See table 2 for summary of stimuli combinations.  

After completion of this series of intial tasks a series of additional olfactory tests were 
conducted to further evaluate presence and severity of olfactory impairment in 5xFAD-mice 
of different ages.  

3.3.1.5 Double transfer task 
After completion of the initial acquisition tasks, both the S+ and the S- odorants were changed 
simultaneously. These types of tasks are called a double transfer and in this case the new 
odorants were enantiomeric odor pairs, which constitute an extra challenging task for the 
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animals when discriminating.  For the 5xFAD-mice the double transfer odor pair was (+)-
perillaaldehyde as S+ and (-)-perillaaldehyde as S-. For the control mice the double transfer 
consisted of (+)-perillaalcohol as S+ and (-)-perillaalcohol as S- (table 2.). The animals were 
given two sessions of maximum 100 presentations each, over two consecutive days, to master 
this discrimination task.  

3.3.1.6 Stimulus reversal task 
In the first step of the stimulus reversal task the animals were trained to discriminate between 
two easily discriminable odorants (butanol as S+ and octanal as S-) until they reached 
criterion (performing at or above 85% correct decisions) for two consecutive blocks. At that 
point the animals were not presented with further discriminations of the given odor pair to 
prevent “over learning”. The following two days the animals were presented with the same 
two odorants but with reversed reward values, with octanal now being S+ and butanol being 
S- (table 2.). This type of stimulus reversal is cognitively challenging for the animals and thus 
evaluates their higher cognitive abilities, this is also the reason why the animals were only 
allowed to acquire the task until performing two consecutive blocks at or above criterion; if 
the mice learn the task beyond that point, reversal of the reward values becomes too difficult.  

3.3.1.7 Odor memory test 
To test the odor memory of the animals a previously used stimulus pair was tested again after 
7 days. For this purpose the odor pair used in the initial acquisition series for the second 
positive transfer task was presented in one session of maximum 100 trials. The odor pairs 
used were limonene as S+ and anethole as S- for the 5xFAD-mice and (-)-isopulegol as S+ 
and anethole as S- for the control mice (table 2.).  

 3.3.1.7 Assessment of olfactory sensitivity 
In order to assess the olfactory sensitivity of the mice to odorant concentrations lower than the 
1.0 ppm used in all the discrimination tasks above, the same odor pair as for the odor memory 
task (limonene/(-)-isopulegol as S+ and anethole  as S-) (table 2.) was presented at tenfold and 
hundredfold lower concentrations. On the two first days of olfactory sensitivity assessment 
the odor pair was presented at 0.1 ppm gas phase concentration for a maximum of 100 
presentations per day. On the following two days the same odor pair was presented at 0.01 
ppm gas phase concentration for a maximum of 100 presentations per day. 
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Table 2. Summary of the stimulus combinations used in the olfactory discrimination tests. 

5xFAD (young and old) Control 

  S+ S- S+ S- 
First two-odor discrimination 
task (initial task acquisition) amyl acetate 1,8-cineole amyl acetate 1,8-cineole 

First positive transfer task (-)-carvone 1,8-cineole (+)-fenchone 1,8-cineole 

First negative transfer task (-)-carvone trans-anethole (+)-fenchone trans-anethole 

Second positive transfer task (+)-limonene trans-anethole (-)-isopulegol trans-anethole 

Second negative transfer task (+)-limonene eugenol (-)-isopulegol Eugenol 

Double transfer task (+)-perillaldehyde (-)-perillaldehyde (+)-perilla alcohol (-)-perilla alcohol 

Stimulus reversal (acquisition) 1-butanol octanal 1-butanol Octanal 

Stimulus reversal (reversal) octanal 1-butanol octanal 1-butanol 

Odor memory task (+)-limonene trans-anethole (-)-isopulegol trans-anethole 

Sensitivity assessment (+)-limonene trans-anethole (-)-isopulegol trans-anethole 

 

3.3.2 Olfactory habituation/dishabituation test 
The animals’ olfactory abilities were further assessed conducting an olfactory 
habituation/dishabituation test. The animals were presented with one odorant A for 2 min. 
After a 2 min interval the same odorant was presented again for two minutes. This was 
repeated until odorant A had been presented four times. After another 2 min interval a novel 
odorant B was presented for 2 min. During all odorant presentations the animals’ interest for 
the odorant was recorded. Interest was defined as the animal investigating the odorized object 
with its snout within 2 cm from the object.  The odorized object was a filter paper (24 mm in 
diameter) soaked in 200 μl of odorant in an upside down petri dish (35 mm in diameter) on 
top of the cage top mesh of the animal’s home cage (figure 1). The animals could not touch 
the odor soaked paper and thus risk of contamination was minimized. The same type of 
object, with a filter paper soaked in 200 μl of tap water, was presented 4 x 2 min with 2 min 
intervals the day prior to the habituation/dishabituation test to minimize the risk that interest 
for the object was due to the novelty of the object per se, instead of the odorant. On the test 
day the blank object was presented 2 x 2 min prior to presenting odorant A. An animal is 
predicted to show high interest in the odorized object during the first presentation of odorant 
A, and to show a decline in interest over repeated presentations of that same odorant as it 
becomes habituated to odorant A. When the novel odorant B is presented the animal is 
predicted to show an increase in interest for the novel odorant B compared to the previous 
presentation of odorant A. An animal with an olfactory impairment is predicted to show 
smaller differences in interest between odorant A and odorant B.  Half of the mice in each 
group of test animals were presented with Vermouth as odorant A and Vanilla as odorant B 
and the other half were presented with Vanilla as odorant A and Vermouth as odorant B.  
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Figure 1. Setup of the habituation/dishabituation test. The upside down petri dish on top of 
the cage top mesh constitutes the odorized object of the test.  

3.3.3  Spatial learning test 
A spatial learning test was conducted to assess the animals’ ability for non-olfactory learning. 
This test was included to evaluate whether olfactory deficits precede other symptoms of 
Alzheimer’s disease in the 5xFAD mutants. The test was performed using a cardboard divider 
that was inserted into the animals’ home cage creating two equally sized compartments: one 
of which had a black wall and one had a white wall. The two compartments took up a third of 
the total area of the cage. Before testing another piece of cardboard was placed in front of the 
compartments like a curtain, sealing the compartments off from the rest of the cage; this was 
designated as “the starting area”. The animal was placed in the starting area and the curtain 
was raised revealing the two compartments (figure 2). If the animal then decided to enter the 
compartment that beforehand had been assigned as the rewarded compartment, it was 
rewarded with 0.1 ml of water given from a syringe lowered into the cage directly in front of 
the colored wall. The mouse was then placed back in the starting area with the curtain sealing 
off the compartments and the test was repeated. If the animal decided to enter the unrewarded 
compartment it was placed back into the starting area without getting a water reward. The test 
was repeated 10 times per day for 7 consecutive days and the number of correct decisions for 
each mouse per day was recorded. Half of the animals in each group of test animals were 
always rewarded for entering the white compartment and the other half were always rewarded 
for entering the black compartment.  

8 

 



 

 
Figure 2. Setup of the spatial learning test. 

3.3.4 Statistics 
Criterions for the individual tests were set at the level of which a result is to be considered 
significant according to the binomial test. Since the binomial test requires 17 out of 20 
observation to be of one of the two options (in this case “correct”) the criterion for 
discrimination tasks on the liquid dilution olfactometer was set to 17 out of 20 or 85%. Since 
the binomial test requires nine out of ten observations to be of one of the two options 
(“correct”) the criterion for the spatial learning test was set to nine out of ten or 90%. When 
performing at these two criterion levels, respectively, the mice were considered to master the 
task at hand.  

3.4 Histology 

3.4.1 Perfusion 
After completing the behavioral tests the mice were anaesthetized with ketamine (160 mg/kg) 
and transcardially perfused with phosphate buffered saline (PBS) (Invitrogen, Grand Island, 
NY, USA), containing protease inhibitor cocktail (Calbiochem, La Jolla, CA, USA). Brains 
were removed and bisected down the midline. One hemibrain was used for histological 
analysis while the other hemibrain was used for immunological quantification of amyloid-β 
peptide (Aβ) (not covered by this thesis) in the olfactory bulb and piriform cortex. 
The hemibrains intended for histology were post-fixed in paraformaldehyde (4% at pH 6.5) at 
4 °C over night.  

3.4.2 Histochemical staining 
The hemibrains were mounted in 4% agarose gel and sectioned coronally at 50 μm on a 
vibratome (Leica VT1200S, Leica Microsystems, Wetzlar, Germany). Serial sections, 
beginning at the most rostral part of the olfactory bulb and ending caudal of the piriform 
cortex, were collected free floating on 48-well plates. Such a series of sections covers the 
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olfactory bulb, the anterior olfactory nucleus and the piriform cortex, all involved in olfactory 
information processing, in their entirety. Sections were stained in 0.1 % Thioflavin T in 50 % 
ethanol for 10 min at room temperature in the dark at gentle agitation, washed three times 
with 80 % ethanol, then washed three times with water and then returned to PBS.  Thioflavin 
T is a fluorescent histochemical stain that binds specifically to the β-sheets in the amyloid 
fibrils that constitute Aβ-plaques. Thioflavin T emits light at 482 nm when excited at 450 nm, 
and this fluorescence is enhanced by the specific binding to β-sheets (Khurana et al. 2005). 
Sections were then counterstained in 0.3 % Sudan Black B in 70% ethanol for 5 min to reduce 
background fluorescence. Following Sudan Black B staining sections were washed three 
times with 70 % ethanol, washed two times with PBS and then returned to PBS. Sudan Black 
B stains lipids and is not fluorescent, staining with a blue-black color. Sections were mounted 
on microscope slides (Superfrost, Thermo Scientific, Portsmouth, NH, USA) and coversliped 
using Tris-buffered mounting resin (Fluoro-Gel, Electron Microscopy Sciences, Hatfield, PA, 
USA). Every tenth section of each hemibrain (23-24 sections per hemibrain) was stained and 
mounted on serial slides to later allow for stereological quantification of the Aβ plaques in 
different brain structures. Sections were examined using the GFP filter of a fluorescence 
microscope (Zeiss IMAGER M2 AX10, Carl Zeiss MicroImaging, Inc. Thornwood, NY, 
USA) and images were acquired using Stereo Investigator (MBF Bioscience, Williston, VT, 
USA). Limited time was available for image acquisition due to equipment malfunctioning, 
which is the reason for the sparseness of the number of histological images. 

 

4 Results 

4.1 Olfactory discrimination tests 

4.1.1 Initial acquisition task and transfer tasks 
First two-odor discrimination task 
Figure 3 shows the mean performance of the control mice (triangles), the young 5xFAD mice 
(squares) and the old 5xFAD mice (diamonds) in discriminating between amyl acetate (S+) 
and 1,8-cineole (S-) across a maximum of 10 blocks of 20 trials. As a group the young and the 
old 5xFAD mice reached the criterion of 85 % correct decisions in the third block while the 
control group (triangles) reached criterion in the fourth block.  
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Figure 3. Performance of the control mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in the first two odor discrimination task. All three groups of animals 
discriminated between amyl acetate as S+ and 1,8-cineole as S-. Each data point represents 
the percentage (means ± SE  from n=4 animals for the young and old 5xFAD groups and n=5 
for the control group) of correct decisions per block of 20 trials.  

Figure 4 summarizes performance of the three animal groups in discriminating between amyl 
acetate (S+) and 1,8-cineole (S-). When considering the mean performance across all 
executed blocks (diamonds) performance differed just slightly between the groups. Mean 
performance for the young 5xFAD and the control mice were above criterion (89 % and 87 % 
respectively) while old 5xFAD did not perform above criterion (83 %). When considering the 
mean percentage of correct decisions in the first block of 20 trials only (squares) young and 
old 5xFAD mice differed only slightly in their performance (mean at 74 % and 70 % 
respectively) while control mice performed worse in the first block with a mean at 60 %. 
When considering only the mean percentages of correct rejections of the S- odorant in the first 
block (triangles) all three groups differed in performance with 58 % correct rejections for the 
young 5xFAD and 24 % for the control mice with old 5xFAD in between with 46 %. 

 

Figure 4. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between amyl acetate (S+) and 1,8-cineole (S-). Each data point represents the 
percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for the control 
mice) of correct decisions ) across the maximum of  ten blocks of 20 trials performed per 
animal (diamonds), in the first block of 20 trials (squares) and in correct rejections of the S- 
in the first block of 20 trials (triangles). 
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First positive transfer task 
Figure 5 shows the mean performance of the three animal groups in the first positive transfer 
task in which the mice discriminated between (+)-fenchone as S+ and 1,8-cineole as S- 
(control mice) or carvone as S+ and 1,8-cineole as S- (young and old 5xFAD mice). Data is 
presented as the percentage of correct decisions for each group for each one of maximum 10 
blocks of 20 trials. The control and the young 5xFAD mice differed only slightly in their 
performance across the task. Both groups reached criterion by the third block and reached 
maximum performance at 95-100 % by the fifth block. The old 5xFAD mice performed 
markedly worse than the control and young 5xFAD mice and reached criterion in the eighth 
block.  In the second block of the first positive transfer task the young 5xFAD mice 
performed 29% better than the old 5xFAD mice. The control mice performed 26 % better than 
the old 5xFAD mice in the second block. 

 

Figure 5.  Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in the first positive transfer task. The control mice discriminated 
between (+)-fenchone as S+ and 1,8-cineole as S-. The young and old 5xFAD mice 
discriminated between (-)- carvone as S+ and 1,8-cineole as S-. Each data point represents 
the percentage (means ± SE  from n=4 animals for the young and old 5xFAD groups and n=5 
for the control group) of correct decisions per block of 20 trials.  

Figure 6 summarizes the performance of the three animal groups in the first positive transfer 
task, in which both groups of 5xFAD mice discriminated between (+)-fenchone as S+ and 
1,8-cineole as S- and the control mice discriminated between (-)-carvone as S+ and 1,8-
cineole as S-.   When analyzing the percentage of correct decisions across all ten blocks 
(diamonds) the control and young 5xFAD groups perform markedly better than the old 
5xFAD mice. Control mice performed 19% better than the old 5xFAD mice and the young 
5xFAD mice performed 5% better than the old group when looking at correct decisions in the 
first block only (squares). When narrowing the analysis further to correct rejections of the S- 
stimulus in the first block (triangles) the control mice performed 20% better than old 5xFAD 
mice and the young 5xFAD mice performed 8% better than the old group.  
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Figure 6. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between (+)-fenchone (S+) and 1,8-cineole (S-) for the control mice and (-)-
carvone (S+) and 1,8-cineole (S-) for both groups of 5xFAD mice. Each data point represents 
the percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for the control 
mice) of correct decisions across the ten blocks of 20 trials performed per animal (diamonds), 
in the first block of 20 trials (squares) and in correct rejections of the S- in the first block of 
20 trials (triangles). 

First negative transfer task 
Figure 7 shows the mean performance of the control mice, the young 5xFAD mice and the old 
5xFAD mice in the first negative transfer task. In this task the control mice discriminated 
between (+)-fenchone as S+ and trans-anethole as S- and both groups of 5xFAD mice 
discriminated between (-)-carvone as S+ and trans-anethole as S-. Data is presented as the 
percentage of correct decisions for each group for each one of a maximum of 10 blocks of 20 
trials. In the first block of the first negative transfer task the young 5xFAD mice performed 
9% better than the control group and 14% better than the old 5xFAD mice. All groups reached 
criterion by the second block and inter-group differences from the second block onward were 
only marginal. 
 
  

 

Figure 7.  Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in the first negative transfer task. The control mice discriminated 
between (+)-fenchone as S+ and trans-anethole as S-. The young and old 5xFAD mice 
discriminated between (-)- carvone as S+ and trans-anethole as S-. Each data point 
represents the percentage (means ± SE  from n=4 animals for the young and old 5xFAD 
groups and n=5 for the control group) of correct decisions per block of 20 trials.  
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Figure 8 summarizes the performance of the three animal groups in the first negative transfer 
task. The young and old 5xFAD mice discriminated between (+)-fenchone as S+ and trans-
anethole as S- and the control mice discriminated between (-)-carvone as S+ and trans-
anethole as S-. When considering the performance of the three animal groups across all blocks 
of the task (diamonds) they differed only slightly in their performance. The young 5xFAD 
mice performed 20 % better than control mice and 28 % better than the old 5xFAD mice 
when analyzing correct decisions in the first block only (squares). When considering correct 
rejections of the S- stimulus in the first block (traingles) the young 5xFAD mice performed 
21% better than control mice and 35%  better than the old group.  

 

 

Figure 8. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between (+)-fenchone (S+) and trans anethole (S-) for the control mice and (-
)-carvone (S+) and trans anethole (S-) for both groups of 5xFAD mice. Each data point 
represents the percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for 
the control mice) of correct decisions across the maximum ten blocks of 20 trials performed 
per animal (diamonds), in the first block of 20 trials (squares) and in correct rejections of the 
S- in the first block of 20 trials (triangles). 

 

Second positive transfer task 
Figure 9 describes the mean performance of the control mice, the young 5xFAD mice and the 
old 5xFAD mice in the second positive transfer task, in which the control mice discriminated 
between (-)-isopulegol as S+ and trans-anethole as S- and both groups of 5xFAD mice 
discriminated between (+)-limonene as S+ and trans-anethole as S- . Data is presented as the 
percentage of correct decisions for each group for each one of a maximum of 10 blocks of 20 
trials. In the first block of the task the young 5xFAD mice performed 8% and 15 % better than 
the old 5xFAD mice and the control mice, respectively. All groups learned the task quickly 
and reached criterion by the second block of trials. The control mice were slightly slower in 
reaching stable high performance at 95-100% which was reached in the fifth block, compared 
to the 5xFAD mice (both young and old) which reached comparable performance levels in the 
second block. 
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Figure 9. Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in the second positive transfer task. The control mice discriminated 
between (-)-isopulegol as S+ and trans-anethole as S-. The young and old 5xFAD mice 
discriminated between (+)-limonene as S+ and trans-anethole as S-. Each data point 
represents the percentage (means ± SE  from n=4 animals for the young and old 5xFAD 
groups and n=5 for the control group) of correct decisions per block of 20 trials. 

Figure 10 summarizes the performance of the three animal groups in the second positive 
transfer task, in which the controls discriminated between (-)-isopulegol as S+ and trans-
anethole as S- and old/young 5xFAD mice discriminated between (+)-limonene as S+ and 
trans-anethole as S-. When considering total task performance (diamonds), that is percentage 
of correct decisions across all blocks performed, there was just a very slight difference 
between the three animal groups. When analyzing performance in the first block (squares) the 
young 5xFAD mice performed 8% better than the old 5xFAD mice, which in turn performed 
7% better than the control mice. When considering correct rejections in the first block 
(triangles) control and young 5xFAD mice performed at a similar level (88 % and 90 % 
respectively) while the old group showed a weaker performance at 73 % correct rejections.  

 

Figure 10. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between (-)-isopulegol as S+ and trans-anethole as S- for the control mice and 
(+)-limonene as S+ and trans-anethole as S- for both groups of 5xFAD mice. Each data point 
represents the percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for 
the control mice) of correct decisions across the maximum ten blocks of 20 trials performed 
per animal (diamonds), in the first block of 20 trials (squares) and in correct rejections of the 
S- in the first block of 20 trials (triangles). 
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Second negative transfer task 
Figure 11 shows the performance of the control mice, the young 5xFAD mice and the old 
5xFAD mice in the second negative transfer task, in which the control mice discriminated 
between (-)-isopulegol as S+ and eugenol as S- and both groups of 5xFAD mice discriminated 
between (+)-limonene as S+ and eugenol as S-. Data is presented as the percentage of correct 
decisions for each group for each one of maximum 10 blocks of 20 trials. In the first block of 
the task the young 5xFAD mice performed 16% better than the old 5xFAD mice and 32% 
better than the control mice. All animal groups learned the task quickly and reached criterion 
by the second block of trials. All three animal groups also reached stable high performance 
(95-100 %) by the third block. 
 

 

Figure 11. Performance of the control  mice (triangles) in discriminating between (-)-
isopulegol as S+ and eugenol as S-. Also performance of young 5xFAD mice (squares) and 
old 5xFAD mice (diamonds) in discriminating between (+)-limonene as S+ and eugenol as S-. 
Each data point represents the percentage (means ± SE  from n=4 animals for the young and 
old 5xFAD groups and n=5 for the control group) of correct decisions per block of 20 trials. 

Figure 12 summarizes data from the three animal groups in performing the second negative 
transfer task. When considering performance across all blocks (diamonds) the three animal 
groups differed only very slightly and all performed at high levels with low variance across 
the task. When narrowing analysis to performance in the first block of the task (squares) 
young 5xFAD mice performed markedly better than the old group (16 %) and dramatically 
better than the control mice (32%). When considering correct rejections in the first block 
(triangles) inter-group differences become even more marked. The group of young 5xFAD 
mice performed 18% better than the group of old 5xFAD and 63% better than the control 
group.  
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Figure 12. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between (-)-isopulegol as S+ and eugenol as S- for the control mice and (+)-
limonene as S+ and eugenol as S- for both groups of 5xFAD mice. Each data point represents 
the percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for the control 
mice) of correct decisions across the maximum ten blocks of 20 trials performed per animal 
(diamonds), in the first block of 20 trials (squares) and in correct rejections of the in the first 
block of 20 trials (triangles). 

 

4.1.2 Double transfer task  
Figure 13 depicts the performance of the three animal groups in performing the double 
transfer task with an enantiomeric odor pair. The control mice discriminated between (+)- and 
(-)-perilla alcohol while both the young and the old 5xFAD mice discriminated between (+)- 
and (-)-perillaldehyde. In both cases the (+)-enantiomer served as S+ and the (-)-enantiomer 
as S-. Data is presented as the percentage of correct decisions for each group for each one of 
maximum 10 blocks of 20 trials. The control group was the only animal group that performed 
reliably on the double transfer task. The mice in the group of young 5xFAD were unwilling to 
work on the task and only one animal performed more than three blocks over the two test 
days. In the group of old 5xFAD mice three mice performed six blocks or more but none of 
them learned to perform the task above criterion for two consecutive blocks. The control 
group reached criterion in the second block and performed at a high stable level (95-100 %) 
from block four on. The control mice were thus the only group that actually mastered this 
task. 
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Figure 13. Performance of the control  mice (triangles) in discriminating between (+)-perilla 
alcohol as S+ and (-)-perilla alcohol as S-. Also performance of young 5xFAD mice (squares) 
and old 5xFAD mice (diamonds) in discriminating between (+)-perillaldehyde as S+ and (-)-
perillaldehyde as S-. Each data point represents the percentage (means ± SE  from n=4 
animals for the young and old 5xFAD groups and n=5 for the control group) of correct 
decisions per block of 20 trials. 

Figure 14 summarizes the performance of the three animal groups in the double transfer task, 
in which the control mice discriminated between (+)-perilla alcohol as S+ and (-)-perilla 
alcohol as S- and both groups of 5xFAD mice discriminated between (+)-perillaldehyde as S+ 
and (-)-perillaldehyde as S-. When analyzing performance across all blocks performed in the 
task (diamonds) control mice performed 25% better than the young 5xFAD and 27% better 
than the old 5xFAD mice. Considering corrects decisions of the first block control mice 
performed 57% correct decisions compared to 72% correct decisions for the young 5xFAD 
mice and 63% correct decisions for the old 5xFAD mice.  Narrowing analysis to correct 
rejections of the first block control mice performed at 16% compared to 73% for the young  
5xFAD mice and 48% for the old 5xFAD mice. 

 

Figure 14. Performance of young 5xFAD (Y), old 5xFAD (O) in discriminating between (+)-
perillaldehyde as S+ and (-)-perillaldehyde as S- and control mice (C) in discriminating 
between (+)-perilla alcohol as S+ and (-)-perilla alcohol as S-. Each data point represents 
the percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for the control 
mice) of correct decisions across the maximum ten blocks of 20 trials performed in the task 
(diamonds), in the first block of 20 trials (squares) and in correct rejections of the S- 
presentations of the first block of 20 trials (triangles). 
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4.1.3 Stimulus reversal task 
Figure 15 describes the results from the acquisition of the stimulus pair used in the stimulus 
reversal task; 1-butanol as S+ and octanal as S-, which represents a double transfer task as 
both odorants were new to the animals. Data is presented as the percentage of correct 
decisions for each group for each one of a maximum of 10 blocks of 20 trials. In the three first 
blocks of the task differences between the animal groups were marginal (<17 %) with rather 
big group variances. The old 5xFAD mice reached criterion in the third block, and the young 
5xFAD mice reached criterion in the fourth block while the control group was slower at 
acquiring this task and reached criterion in the seventh block. 

 

 

Figure 15. Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in discriminating between 1-butanol as S+ and octanal as S-. Each 
data point represents the percentage (means ± SE  from n=4 animals for the young and old 
5xFAD groups and n=5 for the control group) of correct decisions per block of 20 trials. 
Each animal was allowed to continue on the task only until reaching the criterion of at least 
85% correct decisions in two consecutive blocks. 

 

Figure 16 summarizes the performance of the three animal groups in acquiring the stimulus 
pair consisting of 1-butanol as S+ and octanal as S-. When analyzing performance across all 
blocks performed in the task (diamonds) the three cohorts of mice performed just slightly 
different. Considering correct decisions of the first block (squares) the young 5xFAD and 
control mice performed better than the old group of 5xFAD mice. Considering correct 
rejections in the first block (triangles), control mice performed markedly better than both 
groups of 5xFAD mice.  

 

19 

 



 

Figure 16. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between 1-butanol as S+ and octanal as S-. Each data point represents the 
percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for the control 
mice) of correct decisions across the maximum ten blocks of 20 trials performed in the task 
(diamonds), in the first block of 20 trials (squares) and in correct rejections of the S- in the 
first block of 20 trials (triangles). 

Figure 17 presents data from the stimulus reversal task, performed the day following 
acquisition of the stimulus pair 1-butanol (S+) and octanal (S-). In this task the reward values 
of the stimuli were reversed so that octanal became S+ and 1-butanol became S-. Data is 
presented as the percentage of correct decisions for each group for each one of a maximum of 
10 blocks of 20 trials. All three animal groups performed below chance level in the first 
blocks of the task. Only one individual in the young 5xFAD group performed more than one 
block in the reversal, leaving the data very sparse and the plot of the group mean misleading. 
Data for the old 5xFAD is slightly more robust with three individuals performing three blocks 
or more. The old group of 5xFAD mice learnt the reversed reward values faster than the 
control mice if considering the means, though it has to be noted that variances in the groups 
are large.  

 

Figure 17. Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in discriminating between octanal as S+ and 1-butanol as S- 
(reversed reward values from previous task). Each data point represents the percentage 
(means ± SE  from n=4 animals for the young and old 5xFAD groups and n=5 for the control 
group) of correct decisions per block of 20 trials.  
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Figure 18 summarizes the performance of the three animal groups in learning reversed reward 
values of the stimulus pair octanal (S+) and 1-butanol (S-). When analyzing performance 
across all blocks performed in the task (diamonds) the three animal groups all performed 
below chance level. Considering correct decisions in the first block (squares) the young 
5xFAD performed 8% better than the old group of 5xFAD mice and the control mice. 
Considering correct rejections in the first block (triangles), young 5xFAD mice performed 4% 
better than the control mice and 13% better than the old 5xFAD mice.  

 

 

Figure 16. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between octanal as S+ and 1-butanol as S-. Each data point represents the 
percentage (mean ± SE from n=4 for young and old 5xFAD mice and n=5 for the control 
mice) of correct decisions across the maximum ten blocks of 20 trials performed in the task 
(diamonds), in the first block of 20 trials (squares) and in correct rejections of the S- in the 
first block of 20 trials (triangles). 

 

4.1.4 Odor memory task  
Figure 20 summarizes the performance of the three animal groups in performing the odor 
memory task, in which the animals were presented with the previously known stimuli pair 
from the second positive transfer task 7-10 days following acquisition of the specific task. 
Considering performance across all five blocks (diamonds) the groups differed very little and 
all groups showed high performance levels well above criterion. Analyzing the correct 
decisions of the first block only all groups performed well and above criterion. Also 
considering correct rejections of the first block all groups performed well. 
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Figure 19. Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in discriminating between (-)-isopulegol as S+ and trans-anethol as 
S- for the control mice and (+)-limonene as S+ and trans-anethol as S- for the 5xFAD mice. 
Each data point represents the percentage (means ± SE  from n=4 animals for the young and 
old 5xFAD groups and n=5 for the control group) of correct decisions per block of 20 trials. 

 

Figure 20 summarizes the performance of the three animal test groups in performing the odor 
memory task, in which the animals were presented with the previously known stimuli pair 
from the second positive transfer task 7-10 days following acquisition of the specific task. 
Considering performance across all blocks of the task the groups differed very little and all 
groups had high performance levels well above criterion. Analyzing the first block only all 
groups performed well and above criterion considering both correct decisions and correct 
rejections.  

 

 

Figure 20. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in the 
odor memory task.  The control mice discriminated between (-)-isopulegol as S+ and trans-
anethol as S- and the young and old 5xFAD mice discriminated between (+)-limonene as S+ 
and trans-anethol as S- 7-10 days after the respective task was initially acquired in the second 
positive transfer task. Each data point represents the percentage (mean ± SE from n=4 for 
young and old 5xFAD mice and n=5 for the control mice) of correct decisions across the 
maximum ten blocks of 20 trials performed in the task (diamonds), in the first block of 20 
trials (squares) and in correct rejections of the S- in the first block of 20 trials (triangles) 
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4.1.5 Assessment of olfactory sensitivity  
Figure 21 presents data from the olfactory sensitivity task at tenfold dilution compared to 
standard concentration at 1 ppm. In this task the stimulus pairs from the odor memory task 
performed on the previous day were presented at 0.1 ppm. Thus the stimuli pairs were (-)-
isopulegol as S+ and trans-anethol as S- for the control mice and (+)-limonene as S+ and 
trans-anethol as S- for the 5xFAD mice. Data is presented as the percentage of correct 
decisions for each group for a maximum of 10 blocks of 20 trials. The control mice reached 
criterion already in the second block while young and old 5xFAD mice reached criterion in 
the third and fourth block respectively. In the second block control mice performed 18 % 
better than the young 5xFAD mice and 23% better than the old 5xFAD mice. By the fourth 
block the young 5xFAD mice joined the control group at stable high performance level (95-
100 %) while the old 5xFAD mice did not reach performance above 90 % in this task. 

 

Figure 21 Performance of the control  mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in discriminating between (-)-isopulegol as S+ and trans-anethol as 
S- for the control mice and (+)-limonene as S+ and trans-anethol as S- for the 5xFAD mice, 
at 0.1 ppm concentration. Each data point represents the percentage (means ± SE  from n=4 
animals for the young and old 5xFAD groups and n=5 for the control group) of correct 
decisions per block of 20 trials. 

Figure 22 summarizes the results from the olfactory sensitivity task at 0.1 ppm odorant 
concentration. Control mice discriminated between (-)-isopulegol as S+ and trans-anethol as 
S- and 5xFAD mice discriminated between (+)-limonene as S+ and trans-anethol as S-.  
Analyzing results from all blocks performed (diamonds) control mice performed 16% better 
than the young 5xFAD mice and 22% better than the old 5xFAD mice. Considering correct 
decisions in the first block (squares) control mice performed 20 % better than the young 
5xFAD mice and 22% better than the old 5xFAD mice. If narrowing analysis further to 
correct rejections of the first block (triangles) the control mice performed 39% better than the 
young 5xFAD mice and 16% better than the old 5xFAD mice. 
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Figure 22. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between (-)-isopulegol as S+ and trans-anethol as S- at 0.1 ppm for the 
control mice and (+)-limonene as S+ and trans-anethol as S- at 0.1 ppm for the 5xFAD mice. 
Each data point represents the percentage (mean ± SE from n=4 for young and old 5xFAD 
mice and n=5 for the control mice) of correct decisions across the maximum ten blocks of 20 
trials performed in the task (diamonds), in the first block of 20 trials (squares) and in correct 
rejections of the S- in the first block of 20 trials (triangles). 

Figure 23 shows the performance of the three animal groups in discriminating a well known 
stimulus pair at 0.01 ppm odorant concentration. Control mice discriminated between (-)-
isopulegol as S+ and trans-anethol as S- and 5xFAD mice discriminated between (+)-
limonene as S+ and trans-anethol as S-. Data is presented as the percentage of correct 
decisions for each group for a maximum of 10 blocks of 20 trials. The control mice reached 
criterion by the third block and then performed at stable high performance level (95-100 %) in 
the rest of the blocks. The 5xFAD mice on the other hand did not reach criterion in this task. 
The young 5xFAD mice performed at 55% at best and the best block for the old 5xFAD mice 
was at 60% correct decisions.  

 

Figure 23. Performance of the control mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in discriminating between (-)-isopulegol as S+ and trans-anethol as 
S- for the control mice and (+)-limonene as S+ and trans-anethol as S- for the 5xFAD mice, 
at 0.01 ppm concentration. Each data point represents the percentage (means ± SE  from n=4 
animals for the young and old 5xFAD groups and n=5 for the control group) of correct 
decisions per block of 20 trials. 
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Figure 24 summarizes the results from the olfactory sensitivity task at 0.01 ppm odorant 
concentration. Considering all blocks performed (diamonds) in the task control mice 
performed 38% better than young 5xFAD mice and 41% better than 5xFAD. Narrowing 
analysis to the first block and the correct decisions therein (squares), control mice performed 
21% better than the young 5xFAD mice and 24% better than the old 5xFAD mice. Analyzing 
the correct rejections of the first block (triangles) the tendency is even more attenuated. Here 
the control mice performed 47 % better than the young 5xFAD mice and 24% better than the 
old 5xFAD mice. 

 

Figure 24. Performance of young 5xFAD (Y), old 5xFAD (O) and control mice (C) in 
discriminating between (-)-isopulegol as S+ and trans-anethol as S- at 0.01 ppm for the 
control mice and (+)-limonene as S+ and trans-anethol as S- at 0.01 ppm for the 5xFAD 
mice. Each data point represents the percentage (mean ± SE from n=4 for young and old 
5xFAD mice and n=5 for the control mice) of correct decisions across the maximum ten 
blocks of 20 trials performed in the task (diamonds), in the first block of 20 trials (squares) 
and in correct rejections of the S- in the first block of 20 trials (triangles). 

4.1.5 Olfactory habituation/dishabituation test 
Figure 25 shows the mean interest time of the three animal groups in the olfactory 
habituation/dishabituation test. Data is presented as mean interest time in seconds per animal 
group for the four initial presentations of odorant A and the fifth presentation of the novel 
odorant B. All three animal groups showed a marked decline in interest over the four initial 
presentations of odorant A. The control, young 5xFAD mice and old 5xFAD mice showed a 
4.7 fold, 2.5 fold and 7.7 fold decrease in interest respectively between the first and the fourth 
presentation of odorant A. Between the fourth and last presentation of odorant A and the 
presentation of the novel odorant B interest increased in every group but more markedly in the 
control group. The interest of the young 5xFAD mice increased 2.4 fold and the interest of the 
old 5xFAD mice increased 2.9 fold. This while the interest of the control mice increased 8.7 
fold between the fourth presentation of odorant A and the presentation of the novel odorant B. 
preceded 
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Figure 25. Interest of the control mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds)for the odorized object in the olfactory habituation/dishabituation 
test. Each data point represents the interest time in seconds (means ± SE  from n=4 animals 
for the young and old 5xFAD groups and n=5 for the control group) for the odorized object 
during the four consecutive presentations of odorant A and the one presentation of the novel 
odorant B.  

4.1.6 Spatial learning task 
Figure 26 shows the mean performances of the three animal groups in performing the spatial 
learning task. The criterion for this task, set at 90 %, was not met by either the young or the 
old 5xFAD mice over the seven days the task was performed. Young 5xFAD showed some 
learning tendency, starting at 68 % correct decisions on the first day and ending at 83 % 
correct decisions on the seventh day. The old 5xFAD mice improved from 63 % correct 
decisions on the first day to 85 % correct decisions on the seventh day.  The control mice 
reached criterion with performance above 90 % correct decisions on the fifth day, thus 
showing a clear learning tendency from 56 % correct decisions on the first day. 

 

 

Figure 26. Performance of the control mice (triangles), young 5xFAD mice (squares) and old 
5xFAD mice (diamonds) in performing the spatial learning task. Each data point represents 
the percentage (means ± SE  from n=4 animals for the young and old 5xFAD groups and n=5 
for the control group) of correct decisions per each of seven consecutive test days of ten 
decisions. 
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4.1.7 Histology 
Figure 27 schematically depicts the locations of the sections described and shown in sections 
4.1.7.1 - 4.1.7.4 

 

Figure 27. locations of sections of A) olfactory bulb, B) Anterior olfactory nucleus, C) 
Anterior piriform cortex and D) posterior piriform cortex.  

4.1.7.1 Olfactory bulb 
Figure 28 shows representative sections of the olfactory bulb from control (A), young 5xFAD 
(B) and old 5xFAD mice (C) stained with Thioflavin T and counterstained with Sudan Black 
B. The arrows in pictures B and C indicate amyloid β-plaques. From the pictures available it 
seems like the plaques have a more dense distribution in the granule cell layer, though this is 
not the case which is easily concluded from analyzing additional sections (data not shown). 
No plaques can be seen in the control section. The young 5xFAD mouse has one big plaque 
visible in the granule cell layer, just inside of the mitral cell layer of the olfactory bulb. The 
old 5xFAD mouse has several plaques in the granule cell layer, and one big plaque visible in 
the external plexiform layer. Plaques are markedly more numerous in the old 5xFAD mice 
than in the young 5xFAD mice. The young mutants also have some plaques, while the control 
mice are clean of plaques even though they are considerably older than the young 5xFAD 
mice.      
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Figure 28.  50 μm sections of the olfactory bulb from control (A), young 5xFAD (B) and old 
5xFAD mice (C) stained with Thioflavin T and counterstained with Sudan Black B. White 
arrows indicate amyloid β-plaques. 
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4.1.7.2 Anterior olfactory nucleus 
Figure 29 shows representative sections of the anterior olfactory nucleus from control (A), 
young 5xFAD (B) and old 5xFAD mice (C) stained with Thioflavin T and counterstained 
with Sudan Black B. The control section, which is the posterior dorsolateral part of the 
anterior olfactory nucleus, does not show any stained amyloid β-plaques. The section from 
young 5xFAD mouse (B) and old 5xFAD mouse are both rather anterior ventromedial 
sections. The section from the old mouse has several stained amyloid β-plaques (some 
indicated by white arrows) randomly distributed throughout the anterior olfactory nucleus. In 
the section from the young 5xFAD mouse there is one faintly stained plaque. Just as in the 
olfactory bulb it is clear that the young 5xFAD mice have induced plaque-formation already 
at this age but that the plaques are markedly more dense in the older group of 5xFAD mice, 
while the old control group does not show any plaques.   
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Figure 29. 50 μm sections of the anterior olfactory nucleus from control (A), young 5xFAD 
(B) and old 5xFAD mice (C) stained with Thioflavin T and counterstained with Sudan Black 
B. White arrows indicate amyloid β-plaques (not all plaques are indicated by arrows in 
picture C) 
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4.1.7.3 Anterior piriform cortex 
Figure 30 shows representative sections of the anterior piriform cortex from control (A), 
young 5xFAD (B) and old 5xFAD mice (C) stained with Thioflavin T and counterstained 
with Sudan Black B. The control section, which shows the area dorsomedial of the lateral 
olfactory tract (dark structure), does not show any stained amyloid β-plaques. The section 
from young 5xFAD mouse (B) and old 5xFAD mouse are both dorsal of the lateral olfactory 
tract. The section from the young 5xFAD mouse shows two small amyloid β-plaques while 
the section from the old mouse has several stained amyloid β-plaques (some indicated by 
white arrows) randomly distributed throughout the area of the picture. Plaque load is not more 
dense in the piriform cortex; rather the plaques are evenly distributed both laterally and 
medially of the piriform cortex. Just as in the olfactory bulb and anterior olfactory nucleus the 
old 5xFAD mouse shows markedly more plaques than the young mouse, but in the case of the 
cortical area the plaque load of the old mouse is closer to what should be called severe, with a 
highly dense plaque load.  
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Figure 30. 50 μm sections of the anterior piriform cortex from control (A), young 5xFAD (B) 
and old 5xFAD mice (C) stained with Thioflavin T and counterstained with Sudan Black B. 
White arrows indicate amyloid β-plaques (not all plaques are indicated by arrows in picture 
C) 
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4.1.7.4 Posterior piriform cortex 
Figure 31 shows representative sections of the posterior piriform cortex from control (A), 
young 5xFAD (B) and old 5xFAD mice (C) stained with Thioflavin T and counterstained 
with Sudan Black B. All sections show the ventrolateral bend of the posterior piriform cortex. 
The control section and the section from young 5xFAD show no anymloid β-plaques. The 
young 5xFAD animals did have some plaque build up also in the posterior piriform cortex and 
that none are in this particular picture is a random event. The old mouse has several stained 
amyloid β-plaques (some indicated by white arrows) randomly distributed throughout the area 
of the picture. Plaque load is not more dense in the piriform cortex; rather the plaques are 
evenly distributed both laterally and medially of the piriform cortex. Plaque load of the old 
5xFAD mouse is highly dense in this area and it is obvious from looking at all the individual 
mice that plaque formation mostly occurs between the ages of 2 and 10 months.  
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Figure 31. 50 μm sections of the posterior piriform cortex from control (A), young 5xFAD (B) 
and old 5xFAD mice (C) stained with Thioflavin T and counterstained with Sudan Black B. 
White arrows indicate amyloid β-plaques (not all plaques are indicated by arrows in picture 
C) 
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5 Discussion 

The results of this study indicate that there are differences between 5xFAD mice and healthy 
control mice in their abilities to discriminate between enantiomeric odor molecules, in their 
olfactory sensitivities and their responsiveness to novel odors. The impairments of the 5xFAD 
mice seem to arise at a young age given that the the differences in olfactory performance 
compared to control mice, exist already at two-three months of age. Also a spatial learning 
deficit was found in the 5xFAD mice already at 2-3 months of age. Histology showed clearly 
that formation of amyloid-β plaques occurs mostly between the ages three to ten months and 
that plaque load is severe in aged 5xFAD mice.  

The control mice did not perform as expected in the initial olfactory discrimination tasks. In 
several of the first transfer tasks the control group performed notably worse than the 5xFAD 
mice. A definitive explanation for this is not at hand. It could be due to the living conditions 
of the control mice prior to testing. The control mice were retired breeders and came to the 
testing facility only one month before starting the tests, while the 5xFAD mice had been bred 
and aged at the facility. Another possible explanation could be the fact that the control mice, 
being retired breeders, had interacted extensively with females while the 5xFAD mice had 
been kept gender separated. The performance of the control mice got better by the end of the 
transfer task series and can from there on be considered comparable also to data from similar 
tasks using healthy mice (pers. comm. Matthias Laska, IFM, Linköping University). 
Therefore more emphasis was put on the tasks following the point where the control mice 
started to perform as expected; that is the tasks from the double transfer and onward. After 
completion of the work covered by this thesis, new control mice will be added to the study to 
obtain comparable data for all tasks but the results and performance of the control group 
presented here should be considered representative from the double transfer task and onward. 

The results of this study are well in line with previously found results regarding the 
neuropathological changes and spatial learning abilities of the 5xFAD mice. Oakley et al. 
(2006) found that impairments in spatial learning abilities arise in the 5xFAD mice between 
the ages of two to four months, which is comparable to the age of three months which was 
tested in this study. Further Oakley et al. (2006) showed that build up of amyloid-β in the 
brain of the 5xFAD mice starts already at the age of 1.5-2 months, demonstrating that the 
spatial learning impairments and the olfactory impairments found at 2-3 months of age in this 
study could be due to pathological effects of Aβ, even though very few Aβ-plaques were 
visible in the young 5xFAD mice. The behavioral impairments of the 5xFAD mice found in 
this study do not differ in magnitude between the age groups. This taken together with the fact 
that plaque load is minor in the young 5xFAD mice could serve as an indication that it is not 
the Aβ-plaques but rather the soluble Aβ, shown by Oakley et al. (2006) to be high at two to 
three months of age in this mutant strain, that induces the impairments.  

The finding that 5xFAD mice from the age of two to three months of age are severely 
impaired in their ability to discriminate between enantiomeric odor molecules and have 
impaired olfactory sensitivity compared to healthy control mice show that this strain of 
Alzheimer’s disease model mice are suitable for research on olfactory impairments coupled to 
AD. An earlier study (Boman 2009) on a different strain of AD model mice with three FAD  
mutations (Tg85Dbo or “Swede-mice”), which evaluated olfactory performance with a highly 
similar protocol shows no impairment compared to control at 12 months of age. This 
difference between the studies shows that the additive effect of the FAD mutations have great 
impact on the olfactory impairment and the timeline of onset.  
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Though, it could be argued that the 5xFAD strain is not suitable for research on olfactory 
impairments as a leading sign and symptom of AD and the symptomatic chain of AD, since 
this study shows that spatial learning deficits also arise at an early age. Thus evaluation of 
olfactory performance of 5xFAD mice at an even younger age than performed here is 
necessary to conclude whether this strain of AD-model mice is suitable for this line of 
research or if the neuropathologies arise too early to establish a symptomatic timeline with 
behavioral testing. 

In parallel with Aβ build up a human AD brain also develops other neuropathologies. Among 
these is development of intracellular neurofibrillary tangles of the Tau protein. There is a 
controversy within the community whether it is the Aβ or the neurofibrillary tangles that 
result in the olfactory impairment of AD. Pathological examination and quantification of Tau 
and Aβ in the olfactory bulb and olfactory nerve in human autopsy cases have shown Tau to 
be more prevalent than Aβ deposits in these areas (Attems & Jellinger 2006). Previous studies 
of olfactory performance in mice overexpressing Tau have yielded contradictory findings. 
Macknin et al. (2004) showed that Tau mice do develop olfactory impairment by using the 
habituation/dishabituation test. Though, Boman (2009) showed no indications of olfactory 
impairment in the same Tau strain when testing olfactory performance with a protocol highly 
similar to that of this study and using the automated olfactometer.  The results of this study 
show that it indeed is the Aβ build up that is responsible for the olfactory impairment, since 
there are no mutations driving formation of Tau neurofibrillary tangles in the 5xFAD strain. 

Other studies that have evaluated behavioral symptoms in AD model mouse strains 
developing Aβ neuropathologies yielded results comparable with the findings of the present 
study. Wesson et al. (2010) used a habituation/dishabituation protocol to evaluate olfactory 
impairment in the Tg2576 mouse strain, which expresses the Swedish mutation in APP, and 
found olfactory discrimination deficits and impaired habituation response in the model strain 
compared to control. The severity of these symptoms progressed with age and correlations 
between behavioral symptoms and Aβ plaque load was detected. Zhuo et al. (2008) showed 
that behavioral symptoms, in the form of learning impairments, correlated with 
neuropathologies; or more exactly with levels of Aβ42, in the Tg2576 strain at 6 months of 
age. In the present study no such correlation could be detected. This apparent discrepancy 
could though be explained by the significantly slower pace of development of the Aβ 
pathologies in the Tg2576 strain compared to the 5xFAD strain used in this study (Oakley et 
al. 2006). In a model similar to Tg2576, namely the Tg85Dbo strain, which expresses the 
Swedish mutation and one point mutation in the PSEN1 gene, Montgomery et al. (in press) 
found robust learning impairments at 12 months of age. At this age no olfactory detection 
deficits were found. A lack of olfactory symptoms at this age is in line with results from 
Boman (unpublished data) on the same strain. The occurrence of a learning impairment prior 
to or uncoupled from an olfactory impairment serves as an indication that the symptomatic 
timeline, with the olfactory deficits arising very early in humans, might not be comparable in 
the AD model mice. 

The results of the histological protocols carried out in this study are also well in line with the 
histological and immunological data from Oakley et al. (2006), where immunoblotting 
showed a dramatic elevation in Aβ-levels in the brains of 5xFAD mice between the ages of 
two to nine months and immunostaining showed that plaque load also increases to severe 
levels by nine months of age. No obvious pattern for the distribution of the Aβ-plaques could 
be detected by visual analysis. This could not be expected either since the mutations in APP 
and PSEN1 were driven by the Thy1 promoter which is supposed to be brain specific but not 
to differ in activation between brain regions to any significant extent.  
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The use of genetically modified model mice is important for the progress of research on 
Alzheimer’s disease. Questions that are difficult to address in human studies, in cultured cells 
or less complex systems, like molecular and pathophysiological mechanisms and the progress 
and development of neuropathologies, can be researched in model mice. When examining, 
evaluating and comparing behavioral effects of AD it has to be remembered that even though 
the model strains are modified to express neuropathologies that are known to be coupled to 
AD, knowledge about regional expression patterns of the pathological molecules and 
information about promoters, activators etc. in the human AD brain are sparse and the 
mutations are driven by brain specific promoters. It can thus not be guaranteed that the 
progress and development of the pathologies, and thus also the behavioral effects of the latter, 
in the models are comparable to a human AD brain.   

The methods used for evaluating olfactory impairment in this study were olfactory 
discrimination testing by the use of an automated liquid-dilution olfactometer and a 
habituation/dishabituation protocol; two highly different ways to assay olfactory performance. 
The olfactometer testing is time consuming and requires successful shaping of the animals to 
make them able to perform the tasks. Once shaping is done though and as long as the animals 
cooperate, olfactometer testing is highly reliable for evaluating the animals’ ability to 
discriminate between two odors. There is also ample literature describing performance using 
the olfactometer to evaluate whether odors are discriminable for healthy mice. The 
habituation/dishabituation test is far simpler than olfactometer testing and is done in two days. 
One potential problem with habituation/dishabituation testing is choosing two odors that are 
equally interesting to the animal so that changes in interest depend only on the ability to 
detect that the odor has been changed and not on whether one odorant is more or less 
interesting than the other. One way to work around this is of course to see whether such a 
difference can be seen by using the odorants in different order, as has been done in this study. 
Another problem with the habituation/dishabituation protocol is how to adjust for general 
differences in activity between the animal groups. In this study it was clear that the control 
mice were in general much more active and investigative of their surroundings than both the 
young and old 5xFAD mice. It is obvious from the results that the control group of mice has a 
much more marked increase in interest between presentations of the initial and the novel 
odors than the 5xFAD mice but whether this is an effect of impaired olfactory performance in 
the 5xFAD mice or due to the difference in general activity level is hard to tell.  The results of 
the initial task acquisition performed using the olfactometer, show that the 5xFAD mice 
perform as well as the control mice when discriminating between easily discriminable odors. 
Furthermore, there are marked increases in interest between initial and novel odor also for the 
5xFAD mice in the habituation/dishabituation test. The two latter facts, taken together with 
the general difference in activity between the mouse strains indicate that it actually is rather 
the difference in activity level and not an olfactory impairment that gives rise to the 
differences in magnitude of the interest increase. Thus olfactometer testing, even though it is 
time consuming, is more accurate for evaluating olfactory performance.    

For the histology in this study the histochemical stain Thioflavin T was chosen instead of 
using a immunohistological protocol. A immunohistological method might have been more 
specific in its binding pattern and show less background staining, but would have been much 
more laborious. Thioflavin T was chosen due to the simplicity of the protocol and thereby, 
minimized the risk of damaging the tissue. It was also chosen because the aim was to continue 
the study by stereological quantification of the Aβ plaques of different brain regions, which 
demands a high number of serial sections to be stained. As is shown by the histological 
pictures though, the Thioflavin T stain is sufficiently specific in its binding to the Aβ-plaques 
to allow for evaluation of their presence, density and size. The latter is by large due to the fact 
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that the fluorescence of Thioflavin T is enhanced upon binding to Aβ (Khurana et al. 2005). 
Several other histochemical staining methods are available for labeling of Aβ. Among those 
are the Congo Red, Crystal violet and van Gieson dyes. Thiofalvin T has though been shown 
to have a higher specificity for Aβ than these stains (Saeed & Fine 1967). 

To further evaluate whether the 5xFAD strain is a useful model for research on the 
development and progression of symptoms of AD even younger animals than have been 
tested here need to go through behavioral testing. Before that is done it can not be stated 
whether the olfactory impairment actually arises as a leading symptom in this model strain.  
Since there is no clear correlation between plaque load and magnitude of behavioral 
impairment it is also of interest to test levels of soluble Aβ in the 5xFAD brains of the two 
different age groups used in this study.  
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