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ABSTRACT 

Neurodegenerative diseases are a major cause of progressive disability and 
impaired quality of life, with consequences not only for patients, but also 
their caregivers and the society. Genetically modified mouse models have 
become important tools in the effort to understand and eventually find 
cures for these conditions. A wide range of murine transgenic models have 
been developed to mimic neurodegenerative diseases, but since each model 
only replicates certain aspects of the human conditions, it is essential to 
choose one or more models that are appropriate for the questions being 
addressed in a particular study. Finding the most suitable model requires 
careful assessment of phenotype data, including empirical descriptions of 
the level and anatomical location of transgene expression. The quantity, 
quality and reproducibility of available morphological data is, however, 
often limited as a result of technological limitations, lack of standardization, 
narrow scope of analyses, insufficient documentation provided in 
publications, or reluctance to share data. 

The aim of the present thesis was to develop, optimize and test workflows 
for comprehensive characterization and documentation of morphological 
features in transgenic mouse models of neurodegenerative disease. We 
utilized tools and infrastructure developed in context of the EU Human 
Brain Project to establish workflows for brain-wide analysis and sharing of 
serial microscopic images and applied these in three studies of transgenic 
mouse models relevant in preclinical neurodegenerative research. We 
demonstrated how the anatomical location and variance of transgene 
expression can be quantitatively assessed and how the anatomical location 
of cellular labeling in mouse brains can be compared across several studies 
by spatially relating microscopic images to a common, three-dimensional, 
mouse brain reference atlas. We finally showed how large collections of 
histological image data could be publicly shared in accordance with the 
F.A.I.R. principles (Wilkinson et al. 2016), ensuring that data are Findable, 
Accessible, Interoperable, and Reusable. 



SYNOPSIS 





1 

INTRODUCTION 

Neurodegenerative conditions, with Alzheimer’s disease as the most 
common, represent a huge challenge, both in terms of human suffering and 
economic cost. For dementias alone, The World Alzheimer Report 2015 
estimated that 46.8 million people worldwide are affected, and the total cost 
of US$ 818 billion equals 1.09% of the global GDP (www. 
worldalzreport2015.org). As more people live to a greater age, the 
prevalence of age-related neurodegenerative diseases will continue to rise, 
and the socio-economic burden will grow proportionally. When also 
considering the emotional burden for patients and their relatives, friends, 
and caregivers, the motivation for research aimed at understanding and 
eventually curing neurodegenerative diseases is enormous.  

Neurodegenerative diseases are a range of incurable and disabling 
conditions characterized by progressive loss of neurons and the 
accumulation of abnormal or aggregated proteins (Heemels, 2016). 
Depending on the affected brain regions and systems, they lead to specific 
symptoms of impaired mental functioning and/ or movement. Examples of 
neurodegenerative diseases include Alzheimer’s disease, which is associated 
with declining cognitive function and memory loss, and Parkinson’s disease, 
spinocerebellar ataxias and Huntington’s disease, which primarily affect 
motor functions. Although early diagnosis of these conditions has greatly 
improved with advances in medical imaging (Shimizu et al. 2018) and the 
discovery of novel biomarkers (Beach, 2017), our ability to prevent, treat, or 
even slowing down the degenerative processes is still very limited (Gitler et 
al. 2017). 

In the following section, we outline the role of genetically altered mouse 
models in experimental neurodegenerative research and review some of the 
challenges currently limiting the quantity and quality of available 
neuroanatomical data from such models. Second, we describe how the field 
of neuroinformatics has opened new avenues to address these issues and 
summarize the challenges addressed in the present thesis. 
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Over the last four decades, a wealth of information on the genetic and 
molecular components involved in the pathogenesis of neurodegeneration 
has been discovered. Genetic research has uncovered that only a few 
neurodegenerative diseases are monogenic (e.g. Huntington’s disease; 
Ferrante, 2009), and that most other conditions, with the exception of some 
rare familial forms, are sporadic and linked to complex inheritance patterns 
that are yet to be fully understood (Shulman et al. 2011; Karch et al. 2014; 
Pihlstrøm et al. 2018;). Many of the intricate genetic mechanisms and 
pathological processes underlying neurodegenerative disease can only be 
studied in a living organism, and research animals therefore play a central 
role in experimental neurodegenerative science (Dawson et al. 2018). 

The use of research animals increased significantly through the 19th 
Century, partially due to the development of better anesthetics, and by the 
twentieth century, animal modeling had become the method of choice for 
demonstrating biological significance (Ericsson et al. 2013). At that time, 
only outbred research animals were available, and scientists soon 
discovered that genetic variability was a confining factor in their research. 
This problem was addressed in the 1930s, by inbreeding rodents to a point 
that genetically identical individuals became available for experimental use, 
providing a consistent source of research subjects with little variation over 
time and from litter to litter. Animal models of neurodegenerative disease 
have existed since the 1950s, but for several decades, such models consisted 
primarily of strains of animals carrying spontaneous mutations and animals 
in which specific brain lesions were induced with ionizing radiation or 
toxins to mimic neurological conditions (Carlsson et al. 1957; Angelis et al. 
2007). These models played an important role in understanding basic 
functional neuroanatomy but were unable to uncover underlying disease 
mechanisms. Today, the mouse has become the most prominent animal 
model in life sciences, including preclinical neuroscience (Ellenbroek & 
Youn, 2016). Several factors have contributed to the increasing use of mice 
in experimental neuroscience, such as high efficiency and low cost of 
breeding, the short life span facilitating aging studies, miniaturization of 
surgical instruments, improved small animal imaging techniques, 
increasingly sophisticated behavioral assays, and, perhaps most 
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importantly, the rapidly expanding repertoire of tools for genetic 
manipulation (Abbott, 2010; Pankevich et al. 2012). 

In 1981, Frank Ruddle and colleagues created the first transgenic mouse in 
which inserted genetic material was successfully transmitted to subsequent 
generations (Gordon & Ruddle, 1981). Since Ruddle’s initial discovery, 
identification of disease genes has allowed the creation of a wide range of 
new models, such as transgenic animals expressing human mutant genes 
and models with mutations in endogenous disease-related genes. In 
neuroscience, the new methods for manipulating the mouse genome were 
first applied in studies of Alzheimer’s disease (AD). Clinically, AD is 
characterized by progressive loss of memory and other cognitive functions. 
Neuropathologically, one can observe amyloid plaques and neurofibrillary 
tangles, as well as synaptic and neuronal loss and astrocytic gliosis 
(Querfurth  & LaFerla 2010). The first genetic lesion discovered in a family 
with AD was the London mutation (Goate et al. 1991) and shortly thereafter 
the Indiana mutation was found in an American family (Murrell et al. 1991). 
Both mutations are located in the gene encoding amyloid precursor protein 
(APP). In 1995, Games and colleagues described the neuropathology of the 
first transgenic AD model, where human APP cDNA with the Indiana 
mutation was successfully incorporated into the mouse genome (Games et 
al. 1995). Since then, a number of mouse models have been created with 
various mutations in APP causing increased β-amyloid deposition in the 
brain. These mice, to varying degree, replicate many important 
neuropathological features of human AD, such as cerebral angiopathy, 
amyloid neuropathology, synaptic loss, loss of synaptic plasticity and 
impaired learning and memory, while other typical features (e.g. 
neurofibrillary tangles) are absent. Further research led to the development 
of AD models carrying mutations in other genes, such as tau (Lee et al. 
2001), presenilin, or combinations of mutations in different disease 
modifying genes (Elder et al. 2010; Roberson, 2012). Although studies 
conducted in these experimental models have provided invaluable 
information on the pathogenesis and molecular mechanisms underlying 
AD, none of the more than 160 currently available genetically altered mouse 
models (Alzforum; Retrieved March 30, 2019, from http://www.alzforum. 
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org/research-models/) fully replicate the spectrum of neuropathological 
and behavioral changes seen in humans (reviewed by Esquerda-Canals et al. 
2017; Jankowsky & Zheng, 2017). 

A common feature for the earlier, conventional, genetically altered disease 
models is that inactivation or overexpression of genes occurs continuous 
from embryogenesis to death. This “all or nothing” approach is not very 
flexible and often fails to answer more subtle questions about gene function. 
The conventional models do not mimic the “on-again and off-again” pattern 
of gene expression associated with many diseases (Doyle et al. 2012), 
persistent genetic change often has severe developmental consequences (in 
worst-case embryonic lethality) complicating studies on adult animals, and 
adult phenotypes may be influenced by gene expression during 
embryogenesis (Ray et al. 1997).  

Since the 1990s, techniques for manipulating the mouse genome has 
become more advanced, with improved time- and tissue-specific methods 
for turning gene expression on or off in vivo, such as the Cre-Lox system 
(Orban et al. 1992) and the tetracycline regulatory system (Gossen & 
Bujard, 1992). The tetracycline regulatory system comprises of the 
“tetracycline on” (Tet-On/rtTA) and the “tetracycline off” (Tet-Off/tTA) 
systems. The key element in the Tet-Off system (fig. 1) is the tetracycline 
transactivator (tTA) that can bind to DNA at certain operator sequences 
(TetO). A specific promoter, also referred to as a driver, controls the spatial 
distribution of tTA expression. Different promoter genes can drive the 
expression of tTA in distinct brain regions or in specific cell types. Binding 
of tTA to the TetO sequence will induce transgene expression, while 
administration of tetracycline or one of its derivatives prevents this binding 
and thereby represses expression of tTA dependent genes. 

More than thirty unique promoters with expression within the central 
nervous system have been utilized to generate Tet-Off mouse lines (Schonig 
et al. 2013). These lines have successfully been used in studies of a wide 
range of neurodegenerative conditions, such as Alzheimer’s disease (Harris 
et al. 2010; de Calignon et al. 2012), prion diseases (Tremblay et al. 1998), 



5 

Huntington’s disease (Yamamoto et al. 2000) and spinocerebellar ataxias 
(Zu et al. 2004). 

Figure 1 | How tetracycline prevents transgene expression in the Tet-Off system. A: A 
tissue specific promoter controls the expression of the tetracycline transactivator (tTA) 
protein, which induces transgene expression by binding to a DNA operator sequence 
(TetO) upstream of the transgene. B: Administration of tetracycline (Tet) prevents the 
binding of tTA to TetO and thereby represses transgene expression. (This simplified 
scheme is modified after an illustration by BD Biosciences Clontech, BDTM Tet-On and 
Tet-Off Systems brochure; www.bdbiosciences.com). Tet-On and Tet-Off are registered 
trademarks of Clontech Laboratories, Inc. in the United States. In the present work, we 
have used Tet-Off mouse lines. 

Since age-related neurodegenerative diseases occur predominantly in 
humans and rarely occur spontaneously in animals, genetically 
manipulated mouse models mimicking aspects of the corresponding 
human diseases are essential in preclinical neuroscience (Jucker, 2010). 
The genetically altered mouse models serve three major purposes in 
experimental neurodegenerative research; 1) understanding the 
physiological function of a gene product (i.e. knock-out mice or transgenic 
mice overexpressing endogenous protein) 2) providing insight into how 
genetic mutations relate to neurodegeneration and associated clinical and 
pathological phenotypes (i.e. knock-out mice, knock-in mice, or transgenic 
mice overexpressing mutant protein), and 3) preclinical testing of 
therapeutics (Trancikova et al. 2011). Investigations of genetically altered 
mouse models of neurodegenerative diseases have been invaluable in 
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revealing common pathological and molecular features, such as their age 
dependent and progressive course, the selective degeneration of particular 
neuronal populations, and mechanisms through witch genetic mutations 
lead to accumulation of misfolded and/ or aggregated proteins (Drechsler et 
al. 2016).  

An ideal disease model accurately replicates the human condition, 
genetically, physiologically and experimentally (Justice & Dhillon, 2016; 
Götz et al. 2018). It is important to note, however, that today’s models of 
neurodegenerative disease primarily recapitulate the disease-defining 
lesions and associated pathologies, and not the human condition as a 
whole. Despite increasingly sophisticated models, they do not presently 
display the full range of neuropathological features seen in humans. 
Numerous models have been created for Alzheimer’s disease (Onos et al. 
2016), idiopathic amyotrophic lateral sclerosis (Alrafiah, 2018), Parkinson’s 
disease (Moore & Dawson, 2008), spinocerebellar ataxias (Alves-Cruzeiro et 
al. 2016) and prion disease (Brandner & Jaunmuktane, 2017), each 
featuring only certain aspects of the human conditions. Even for disorders 
caused by monogenic mutations, such as Huntington’s disease, several 
models have been created with varying disease progression and 
pathophysiological changes (Menalled & Chesselet, 2002),  

The fact that the genetically engineered models are incomplete (Mullane & 
Williams, 2019) and the wide range of available models for each disease, 
means that great care must be taken to select a model appropriate for the 
questions being addressed in a certain study (Jankowsky & Zheng, 2017). 
There are examples of how inappropriate models have been used in 
preclinical trials, leading to subsequently failed clinical trials in humans 
(e.g. in treatment of amyotrophic lateral sclerosis; Perrin, 2014). Finding 
the most suitable model requires careful assessment of empirical data on 
the models phenotypes, for example precise maps of where in the brain the 
transgenes are expressed, where the neuropathological changes occur, and 
empirical data on inter-individual endpoint variance for interventional 
studies. Obtaining, analyzing, organizing and sharing cellular level 
morphological data from the entire mouse brain is demanding, and 
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although efforts has been made to compile data based on post-hoc meta-
analysis of results (e.g. https://www.alzforum.org/research-models) and 
brain-wide quantitative studies of a few models have recently been 
conducted (e.g. Whitesell et al. 2018), neuroanatomical characterization of 
many transgenic lines is still very much incomplete. The limited quantity, 
quality and reproducibility of morphological data can be ascribed to several 
challenges: 

1. Large-scale quantitative neuroanatomy requires development of
efficient, reproducible pipelines and workflows for organization,
visualization, image analysis, annotation and sharing of huge
volumes of image data (Rockland, 2016). So far, few laboratories
have access to such infrastructure and workflows, and to date, few
brain-wide quantitative mapping studies are available.

2. Traditional journals have limitations on the amount of graphical
documentation and background research data that can be shared
alongside articles.

3. Disease models are usually created to investigate a specific
problem with experimental focus on selected brain areas, and data
outside the immediate scope of a study often remain unanalyzed
and unpublished (Schonig et al. 2013).

4. It is difficult to compare results across lines and interpret reported
differences as data originate from many independent laboratories,
using different methods and techniques, and studies are often
conducted on a single mouse strain.

5. Many studies are statistically underpowered (Jucker, 2010;
Button et al. 2013; Nord et al. 2017). Inadequate study design or
improper data analysis as factors that limit validity and
reproducibility of preclinical studies in which mouse models are
used are also addressed by the US National Institute of Health
(Collins & Tabak, 2014), further emphasizing the need for high
quality baseline data, standardized workflows and quality control.



8 

There are several reasons why preclinical neuroscience should address these 
challenges and aim towards generation and open sharing of high-quality 
data. In a broad sense, “making research data widely available to the 
research community in a timely and responsible manner ensures that these 
data can be verified, built upon and used to advance knowledge and its 
application to generate improvements in health” (The Wellcome Trust 
Policy on Research Data, 2014, www.sanger.ac.uk/ legal/assets/policy-and-
guidelines.pdf). From an ethical point of view, “scientific findings should be 
made available to the entire scientific community to allow other researchers 
to conduct their own analyses and verify the results. Independent 
replication of research findings is the fundamental mechanism by which 
scientific evidence accumulates to support a hypothesis” (Merton, 1979). 
Open data sharing may also reduce the number of research animals that 
needs to be sacrificed. The concept of “the three R’s” (Replacement, 
Reduction, Refinement) were introduced by Russell & Burch in 1959 and is 
included in the laws and regulations on animal welfare in Norway 
(lovdata.no, forskrift om bruk av dyr i dyreforsøk). Reuse of data may 
contribute to reduction of duplicate experiments and enable researchers to 
make more informed choices on witch new experiments to conduct. 
Furthermore, access to a larger pool of data can reveal patterns that are 
impossible to detect in component data sets, and research data often has 
inherent value outside the context of the original study. 

The potential benefits and current challenges of open data sharing are 
increasingly recognized by the neuroscience community. Major funding 
sources, such as the Research Council of Norway, have adopted policies on 
open access to research data from publicly funded projects (The Research 
Council of Norway, 2017). The national strategy on access to and sharing of 
research data by the Norwegian Ministry of Education and Research clearly 
states that ”research data should be shared and reused more widely” 
(Ministry of Education and Research, 2017). Internationally, over 20 major 
funders of global health research are connected to The Public Health 
Research Data Forum that aims to increase the availability and use of health 
research data (Walport & Brest, 2011). Many journals now encourage, or 
even require, supporting data to be available from public repositories or to 
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be published as supplementary material to printed articles (National 
Institutes of Health, 2017). Recently, representatives from academia, 
industry, funding agencies, and scholarly publishers designed and 
endorsed a set of principles referred to as the “FAIR” (Findability, 
Accessibility, Interoperability, and Reusability) Data Principles, outlining 
proper collection, curation and conservation of data and metadata with 
specific emphasis on computerized data mining and data re-use (reviewed 
by Wilkinson et al. 2016). Implementation of these principles in real-life 
experimental neuroscience, however, is not a trivial task, and as stated by 
Silvestri and colleagues: “Contemporary neuroscience is in urgent need of a 
new generation of neuroanatomical techniques allowing scalable, reliable, 
specific, and quantitative analysis of macroscopic portions of brain tissue 
with cellular or sub-cellular resolution” (Silvestri et al. 2015). 

Neuroscience is a complex field that includes data from various disciplines, 
such as anatomy, physiology, genetics, molecular biology, developmental 
biology and psychology. The challenging enterprise of integrating the 
increasingly large volumes of diverse data about the brain is a major focus 
in the field of neuroinformatics. The International Neuroinformatics 
Coordinating Facility (INCF, www.incf.org), established in 2005, is an 
independent organization dedicated to promote data sharing by 
coordinating infrastructure and standards. An important aspect of effective 
resource sharing is that data, processing methods, workflows, and tools, not 
only are made publicly available, but that they are made available in a way 
that ensures reproducibility of published findings (Abrams et al. 2019). 
Additionally, data should be published with focus on integration and reuse 
to facilitate new interpretations and extraction of new knowledge (Ferguson 
et al. 2014). To achieve this, neuroscience needs to adopt common 
standards for data management and stewardship, such as the FAIR Guiding 
Principles (Wilkinson et al. 2016), and standards for proper data citation, 
such as the Joint Declaration of Data Citation Principles (Cousijn et al. 
2018).  

A number of international neuroanatomy/ neuroinformatics initiatives have 
been launched during the last decade, dealing with efficient processing and 
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analysis of large volume datasets, data mining, data visualization and open 
sharing. Examples include projects concerned with development and 
maintenance of publicly available image databases containing gene 
expression data (Heintz, 2004; Lein et al. 2007; Odeh et al. 2011; Smith et 
al. 2019), high-throughput analysis of such data (e.g. Madisen et al. 2010), 
development of 3D brain atlases (Dong, 2008; Bowden et al. 2011; Papp et 
al. 2014a; Kjonigsen et al. 2015; Kuan et al. 2015; Murakami et al. 2018), 
and projects focused on integrating image data into reference atlases 
(Sunkin et al. 2013; Amunts et al. 2014; Papp et al. 2014b; Tiesinga et al. 
2015; Armit et al. 2017; Bjerke et al. 2018b; Erö et al. 2018; Salinas et al. 
2018). 

With rapidly developing commercial and open access software solutions, 
specialized hardware and increasingly faster internet connections, 
researchers now have the tools to address many of the issues that have 
limited the quality and volume of available neuroanatomical data from 
disease models. Nevertheless, with the wide range of different sub-fields, 
data modalities and new technological possibilities, it is still a challenge to 
establish, optimize, test and quality control efficient and reliable workflows 
for data acquisition, organization, analysis, and sharing. 

Challenges addressed in this thesis: 

The ambition of the present thesis was to address some key challenges for 
basic neurodegenerative research based on genetically altered mouse 
models, by use of new tools, infrastructure, and workflows developed in the 
field of neuroinformatics. We chose to focus specifically on the following 
challenges: 

1. Transgenic mouse models of Alzheimer’s disease are increasingly used
for experimental interventional studies (Lutz & Osborne, 2013; Gitler
et al. 2017; Mullane & Williams, 2019), but empirical evidence about
the amount and variability of neuropathological manifestations is
frequently scarce (Jucker, 2010; Justice & Dhillon, 2016; Whitesell et
al. 2018) and results are often not reproducible (Egan et al. 2016).
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2. Selection of the most suitable conditional mouse model for a
particular study requires access to detailed empirical data on where in
the brain the pharmacologically regulated transgene expression
occurs. Presently, however, available neuroanatomical data from
different lines are often restricted to some selected brain regions, with
limited publicly available documentation of the brain-wide
anatomical distribution (Schonig et al. 2013).

3. Several web-accessible data repositories sharing brain-wide
histological image data from murine brains are available (e.g. Lein et
al. 2007; Bertrand & Nissanov, 2008), including some on transgenic
mice (Heintz, 2004; Boy et al. 2006; Odeh et al. 2011), but data
available in such repositories are acquired and analyzed with different
methods and techniques, and thus difficult to compare across studies.
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AIMS AND APPROACH

To address the challenges stated above, we defined our overall objective to 
be: To establish, optimize, and test workflows for efficient brain-wide 
evaluation, documentation, and comparison of transgene expression in 
mouse models of neurodegenerative disease, and to demonstrate how large 
collections of histological data can be openly shared in accordance with the 
FAIR Data Principles (Wilkinson et al. 2016). 

Specific goals were to: 

 Demonstrate how the anatomical location, density and variance of β-
amyloid deposits in a transgenic mouse model of Alzheimer’s disease 
can be quantified and used to design interventional studies with 
adequate statistical power. 

 Demonstrate how we can build upon and improve legacy semi-
quantitative assessment methods to perform efficient and detailed 
brain-wide analysis of transgene expression distribution and levels in 
a tetracycline transactivator driver line frequently used in studies of 
memory and dementia. 

 Demonstrate how novel methods developed in the field of 
neuroinformatics can be used to map, organize, compare and share 
data from diverse tetracycline transactivator mouse lines and how 
such data can be used to address specific neurobiological questions. 

Our broad approach was to adopt, refine and improve existing methods for 
histological evaluation of cellular labeling in rodent brains (Boy et al. 2006; 
Odeh et al. 2011; Zakiewicz et al. 2011) and apply variations of the resulting 
workflow in three subprojects in which we analyzed a selection of transgenic 
mouse models relevant for preclinical neurodegenerative research. In 
papers I and II, we established efficient methods for brain-wide assessment 
of the locations, levels and variance of transgene expression. In paper III, 
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we implemented methods for atlas registration and demonstrated how the 
anatomical location and levels of transgene expression in mouse brains can 
be compared across several independent studies by spatially relating 
microscopic images to a common 3D reference space, and how the atlas-
integrated image data could be visualized online and openly shared in 
agreement with the FAIR Guiding Principles for scientific data 
management and stewardship. 
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METHODS 

To achieve the stated aims, we first chose to study an Alzheimer’s disease 
model relevant for investigations of β-amyloid accumulation, formation, 
and clearance, as well as interventional studies evaluating drug effects on β-
amyloid plaque load (tg-ArcSwe; paper I). We utilized immunohisto-
chemistry to visualize β-amyloid deposits and optimized digital image 
analysis techniques to quantify the β-amyloid load in major brain regions 
(fig. 3). The statistical variance of deposited β-amyloid was calculated and 
used to estimate appropriate group sizes to achieve adequate statistical 
power in interventional studies using this model.  

For our second sub-project, we chose a tetracycline transactivator (tTA) 
driver line with reported transgene expression limited to the entorhinal and 
subicular areas, that had been used in several studies of the entorhinal-
hippocampal network and for investigations of transsynaptic spread of 
pathological proteins in Alzheimer’s disease (Nop-tTA; paper II). Since 
proper interpretation of findings from this model to a large degree relies on 
the tTA dependent expression to be spatially restricted to specific brain 
regions, we needed to apply methods with high anatomical granularity. We 
utilized colorimetric detection of the lacZ gene product β-galactosidase to 
visualize reporter expression in serial brain sections and applied both 
brightfield and fluorescence staining methods to reveal the underlying 
cytoarchitechture for identification of anatomical brain regions. Since the 
main objective of this study was to establish efficient and reliable methods 
for anatomical assessment of transgene expression distribution and levels in 
the entire mouse brain with high anatomical fidelity, it was judged too time 
consuming to use the image analysis techniques applied in paper I. We 
therefore refined methods for semi-quantitative evaluation from earlier 
projects (Boy et al. 2006; Odeh et al. 2011) and developed a visual guide 
system for scoring labeling densities in brain regions defined by 
cytoarchitectonic criteria (fig. 4).  

In the third sub-project, we wanted to build upon the experiences gained 
throughout the first two studies and establish an efficient, practical and 
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generic workflow for brain-wide analysis of transgene expression in mouse 
models of neurodegenerative disease. We chose to improve and expand 
upon the semi-quantitative analysis protocol introduced in paper II and 
optimized the workflow for comparison of different tTA promoter lines. To 
evaluate the robustness of our methods, we chose to include both newly 
generated promoter-reporter constructs and legacy data from tTA lines 
downloaded from the rodent brain workbench (rbwb.org). We utilized 
recently developed neuroinformatics tools (Puchades et al. 2017) to register 
all section images to the well-established Allen Mouse Brain Common 
Coordinate Framework (Oh et al. 2014) and performed a brain-wide 
assessment of transgene expression distribution and levels in five tTA 
promoter lines. Atlas plates specifically tailored to fit individual sections 
were used as visual aids to identify anatomical regions, and expression 
levels were scored semi-quantitatively using methods derived from paper II. 
To ease anatomical navigation and facilitate comparison between lines, we 
broadened the functionality of the online repositories presented in the first 
two studies by sharing all the histological data with semi-transparent atlas 
overlays. To ensure that the data were findable, accessible, interoperable 
and reusable, they were distributed both via the rbwb.org web page and 
through curated and sustainable services offered by the EU Human Brain 
Project (www.humanbrainproject.eu).  

In the following section, we briefly state the ethical considerations of the 
present project and outline the workflow for brain-wide evaluation and 
sharing of neuroanatomical gene expression data from the mouse brain. 
Second, we provide a brief summary of the most relevant transgenic mouse 
lines. Third, we detail the individual steps in the workflow, i.e. the animal 
and operational procedures and the methods employed for image data 
acquisition, organization, atlas registration, analysis and online sharing. 
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ETHICAL CONSIDERATIONS 

All animal procedures were performed in accordance with the National 
Institutes of Health Guide for the care and use of laboratory animals and 
approved by local institutional animal welfare committees associated with 
the University of Oslo (paper I), Baylor College of Medicine (papers II and 
III) or the University of Tübingen (paper III). Animal data were acquired in
accordance with European Union and International legislation regarding
use of animal subjects. For data shared by the Human Brain Project,
verification of compliance with European legal and regulatory requirements
is provided with the original article (paper III).

WORKFLOW 

Based on experience gained throughout this project, we established a 
generic workflow for efficient brain-wide processing, organization, analysis 
and sharing of expression data in histochemically labeled sections from 
mouse models of brain disease. In the following flow chart of experimental 
design, each black box represents a procedure, while the white boxes 
represent physical or digital objects. The first block (A) represents all pre-
imaging procedures, including generation of genetic models, breeding and 
housing, experimental procedures (e.g. surgical procedures or 
pharmacological intervention), tissue processing and histochemistry. Each 
procedure generates a new physical or digital object, and descriptive 
metadata. Description of parameters, such as genetic background (animal), 
sacrifice procedure and tissue fixation methods (tissue), sampling frequency 
and staining protocols (section) are stored in Navigator3 as metadata and 
linked to the corresponding image data. 

Blocks B and C represent post-histology image acquisition and informatics 
procedures. In summary, all sections are scanned, and high-resolution 
images of the sections are organized in the Navigator3 database. Various 
tools can be applied to perform analyses (e.g. quantitative image analysis or 
semi-quantitative evaluation of labeling density and distribution) and to 
facilitate registration of section images to a 3D atlas reference space. Image 
data, descriptive and positional metadata, and analysis results can be 
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shared online via an html interface (e.g. rbwb.org) or through external 
resources such as the EU Human Brain Project data storage facility (www. 
humanbrainproject.eu).  

Figure 2 | Workflow. A generic workflow for projects utilizing neuroinformatics to 
organize, analyze and share gene expression data derived from digital images of 
histological sections from the mouse brain. Block A and B are relevant for paper I-III, 
while block C (anchoring) was only applied in paper III. 
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Disease models and tTA driver lines evaluated in this thesis: 

tg-ArcSwe (Lord et al. 2006): The tg-ArcSwe Alzheimer’s disease model 
carries both the Arctic and the Swedish APP mutations. Inclusion of the 
Swedish mutation triggers pathological changes at an earlier age than 
models using the Arctic mutation alone. The tg-ArcSwe model has a 
marked phenotype with early age-dependent intraneuronal β-
amyloid accumulation (Lord et al. 2006; Philipson et al. 2009b) and 
insoluble β-amyloid deposits similar to the plaques found in human 
Alzheimer’s disease patients (Philipson et al. 2009a). In recent years, tg-
ArcSwe mice have been used e.g. in studies of Alzheimer’s disease 
neuropathology (Yang et al. 2017), early diagnosis (Hultqvist et al. 2017) 
and immunotherapy (Tucker et al. 2015). 

Neuropsin(Nop)-tTA (Yasuda & Mayford, 2006): Also referred to as 
Klk8-tTA, Prss19-tTA, EC-tTA, and tTA-EC. tTA models utilizing the Nop 
promoter have been used to study activity-dependent competition in the 
entorhinal–hippocampal circuitry (Yasuda et al. 2011) and to identify a 
novel monosynaptic connection between the entorhinal cortex and 
hippocampal area CA2 (Rowland et al. 2013). Nop-tTA models have also 
become popular in studies examining the propagation of abnormal protein 
aggregates in Alzheimer’s disease (e.g. Harris et al. 2010; Pickett et al. 
2017).  

Pituitary homeobox 3(Pitx3)-tTA (Lin et al. 2012): The Pitx3 
protein is a transcriptional regulator important for the differentiation and 
maintenance of meso-diencephalic dopaminergic (mdDA) neurons during 
development. Pitx3-tTA mice has predominantly been used in studies of 
Parkinson’s disease, for example to evaluate the role of Leucine rich kinase 
2 (Liu et al. 2015) and α-synuclein (Lin et al. 2012; Sastry et al. 2015). 
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Purkinje cell protein 2 (Pcp2)-tTA (Zu et al. 2004; Echigo et al. 
2009): Purkinje cell protein 2 is known to be expressed specifically in 
cerebellar Purkinje cells and retinal cells. The Pcp2-tTA line has earlier 
been used to drive conditional expression of mutant ataxin-1 in mice 
models of spinocerebellar ataxia type 1 (Zu et al. 2004) and to examine the 
role of mutant type β-III spectrin in spinocerebellar ataxia type 5 
(Armbrust et al. 2014). Available from Jackson Laboratory, Jax stock # 
5625, www.jax.org/strain/005625. 

Calmodulin-dependent protein kinase II (Camk2a)-tTA: Also 
referred to as CamKII-tTA. The Camk2a promoter has earlier been shown 
to be primarily distributed within the gray matter of the forebrain (Odeh et 
al. 2011). Camk2a-tTA mice have been used to investigate a number of 
neurological and psychological conditions, including Huntington’s disease 
(Yamamoto et al. 2000), Parkinson’s disease (Nuber et al. 2008), 
schizophrenia (Pletnikov et al. 2008), and to study how conditional tau 
suppression affect memory function in Alzheimer’s disease (SantaCruz et 
al. 2005). Available from Jackson Laboratory, Jax stock # 7004, 
www.jax.org/ strain/007004. 

Prion protein (Prnp)-tTA (Tremblay et al. 1998): Also referred to as 
PrP-tTA. High levels of cellular prion protein are mainly distributed in 
the brainstem and cerebellum, but also in several other brain regions (Boy 
et al. 2006). The Prnp-tTA line has been used to study a wide range of 
brain disorders, including prion diseases (Tremblay et al. 1998), dystonia 
(Goodchild & Dauer, 2004), alcoholism (Choi et al. 2002), and Alzheimer’s 
disease (Melnikova et al. 2016). Available from Jackson Laboratory, Jax 
stock #18124, www.jax.org/strain/018124. 
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GENE CONSTRUCTS, TISSUE PROCESSING AND 
HISTOCHEMISTRY 

tg-ArcSwe 

The tg-ArcSwe mouse line was initially developed by our collaborators, Lars 
Nilsson and colleagues (Department of Pharmacology, University of Oslo 
and Oslo University Hospital, Oslo, Norway). Tissue processing and 
histochemistry were performed by Reidun Torp and colleagues 
(Department of Anatomy, Institute of Basic Medical Sciences, University of 
Oslo, Norway). The model was generated by incorporating human APP 
cDNA with the Swedish mutation (KM670/671NL) and the Arctic mutation 
(E693G) into the genome of C57BL/6-CBA-F1 mice, as detailed by Lord and 
colleagues (Lord et al. 2006). 

Sagittal sections from the right brain hemispheres were cut at 25 μm using a 
freezing microtome. The primary protocol used to visualize β-amyloid 
deposits is detailed by Phillipson and colleagues (Philipson et al. 2009a) 
and in paper I. In brief, sections were incubated with primary antibody Aβx-
40, secondary antibody biotinylated goat anti-rabbit antibody and 
streptavidin-biotinylated horseradish peroxidase complex. After histo-
chemical processing, β-amyloid deposits appeared microscopically as 
intensely stained, dark brown elements contrasting a light brown 
background (fig. 3). Additionally, ultrathin sections from the cerebral cortex 
were labeled with Aβx-40 and 6E10 antibodies and analyzed with a 
transmission electron microscope to visualize plaque ultrastructure and 
verify the specificity of the Aβx-40 antibody. 

tTA-lines 

Our collaborators at the Joanna Jankowsky Laboratory (Departments of 
Neuroscience, Huffington Center on Aging, Baylor College of Medicine, 
Houston, TX, USA) were responsible for breeding, tissue processing and 
histochemical processing of non-legacy tTA mice (paper II and III). In 
short, mice expressing humanized tTA under control of various promotors 
(i.e. Nop, Pitx3, and Pcp2) were crossed with reporter mice encoding an in-
frame fusion of the E. coli lacZ gene with green fluorescent protein (GFP) 
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under control of the tetO promoter to generate bigenic promoter-tTA/tetO-
lacZ-nls-GFP offspring. 

Brains were sectioned at 35-45 μm using a freezing-sliding microtome. Both 
horizontal and coronal series were cut as close as possible to resemble the 
cutting angles used in the stereotaxic atlas of the mouse brain (Franklin & 
Paxinos, 2013). A reliable and frequently used β-galactosidase assay (Cepko 
et al. 1998) was chosen as our primary method for expression analyses. The 
β-galactosidase enzyme is the gene product of the lacZ gene and cleaves 
lactose into glucose and galactose. β-galactosidase also cleaves X-gal, a 
lactose analog, into galactose and 5-bromo-4-chloro-3-hydroxyindole. The 
latter spontaneously dimerizes and is oxidized into an insoluble, intensely 
blue, product (5,5'-dibromo-4,4'-dichloro-indigo). In this way, the assay 
visualized brain tissue where tTA dependent β-galactosidase activity 
occurred (fig. 4). The X-gal/β-galactosidase assay was applied together with 
counterstains (Neutral Red, Nuclear Fast Red or Cresyl Violet) to reveal the 
underlying cytoarchitecture. 

To exclude possible interference from endogenous β-galactosidase, sections 
adjacent to those used for X-gal staining were processed to detect the co-
expressed green fluorescent protein (GFP) reporter. 4′,6-diamidino-2-
phenylindole (DAPI) was used as counterstain for fluorescence microscopy. 
Amyloid plaques in Nop-APP mice were visualized with Campbell-Switzer 
silver stain. Finally, tyrosine hydroxylase and calbindin 
immunohistochemistry was used to identify dopaminergic cells in Pitx3-tTA 
mice and Purkinje cells in Pcp2-tTA mice respectively. 
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IMAGE ACQUISITION, ORGANIZATION AND ONLINE SHARING 

Whole slide imaging 

In the present work, two generation of slide scanners and commercial 
software were used to generate high-resolution brightfield and fluorescence 
digital slides; a Mirax Scan slide scanner (Carl Zeiss MicroImaging, Jena, 
Germany) running Panoramic Viewer software (3DHistec, Budapest, 
Hungary) was replaced by an Axio Scan Z1 (Carl Zeiss MicroImaging, Jena, 
Germany) running Zen software (Carl Zeiss MicroImaging, Jena, Germany). 
Slides were scanned using 20X objectives, and the digital slides were stored 
as tagged image format (TIFF) files.  

The Navigator3 platform 

The Navigator3 platform, developed by the Neural Systems Laboratory 
(NeSys, University of Oslo, Norway), is an image management system used 
for organizing and serving collections of large histological images (Moene et 
al. 2011). The platform provides web-microscopy viewer functionality and 
integrated tools, including the in-house LocaliZoom tool with functionalities 
for displaying microscopic images with atlas overlays, annotation 
functionality, and a viewer tool for three-dimensional (3D) visualization of 
annotated points of interest together with 3D surface models of the Allen 
Mouse Brain Atlas. Digital images are imported via file transfer protocol 
(FTP) and converted to Deep Zoom image files (using open source Bio-
Formats libraries; www.openmicroscopy.org) and low-resolution Portable 
Network Graphics (.png) preview images. The Deep Zoom format allows 
users to interactively pan and zoom high-resolution images in a web 
browser. Images are stored at servers hosted by the Norwegian 
Neuroinformatics Node, University of Oslo, with all preprocessing 
performed server-side. Both the original and preview images are available 
for download. In filmstrip viewer mode, series of digital slides are 
numerically organized by filename with thumbnail (preview) images of each 
slide in a “filmstrip”, allowing users to navigate efficiently between slides 
(fig. 3a).  
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Spatial registration (anchoring) 

Image registration is a key step in a variety of biomedical imaging. It refers 
to the ability to geometrically align one dataset with another, and is 
essential for comparing datasets across subjects, imaging modalities, and 
over time. Image registration algorithms may facilitate data pooling and 
comparison of experimental findings across different laboratories, 
construction of population-based brain atlases, and the creation of systems 
to detect group patterns in imaging data. In the context of the present work, 
we refer to “anchoring” as the process of registering a two-dimensional 
image to a three-dimensional reference space using only linear 
transformations.  

Images were anchored to a volumetric version of the Allen Mouse Common 
Coordinate Framework (CCF) version 2 (Oh et al. 2014; available from 
mouse.brain-map.org) using the QuickNII software tool for registration of 
section images (Puchades et al. 2017). This semiautomatic tool provided 
custom mouse brain atlas plates cut at angles of orientation matching the 
experimental images, which could compensate for variations in tissue 
cutting angle. The custom atlas plates were interactively tuned to match the 
spatial position of the histological sections, superimposed on section 
images, and linearly transformed to establish a global match with 
anatomical landmarks (fig. 4c). After a satisfying global match in one 
section was achieved, spatial transformation parameters were propagated 
across series of sections. Each custom atlas plate was subsequently adjusted 
manually to match the corresponding section image. Vectors describing the 
spatial relation between a section and the 3D atlas space were stored in 
Navigator3 as metadata. The spatial positions of points of interest could be 
recorded as xyz-coordinates within the CCF using the annotation tool in the 
LocaliZoom viewer and co-visualized together with atlas structures in a 3D 
viewer.  

Data and custom code availability 

Image data repositories from the first two studies (papers I and II) were 
made publicly available through The Rodent Brain Workbench 
(www.rbwb.org), a webpage that serves as a portal to several collections of 



25 

brain mapping and atlas resources. The Rodent Brain Workbench is 
developed and maintained by the Neural Systems Laboratory, University of 
Oslo. For our third project (paper III), image data, analysis results and 
metadata were additionally shared through services for data storage, 
management, and data curation offered by the EU Human Brain Project 
(HBP; www.humanbrainproject.eu; Amunts et al. 2016) to make data 
publicly available in accordance with the FAIR guiding principles 
(Wilkinson et al. 2016) as data that are Findable, Accessible, Interoperable, 
and Reusable. The HBP curation service offers DataCite 
(https://datacite.org) DOIs for each data set, structured metadata 
describing basic parameters on data provenance, compliance with 
regulations on ethical conduct, conditions and license for data sharing, as 
well as validated location metadata defining the location of data in the Allen 
Mouse Common Coordinate Framework. The primary image data in the 
repositories are shared in standard Tagged Image File Format (TIFF) that 
can be viewed and analyzed with a range of other tools. The software used to 
register images to atlas (QuickNII) is shared via the Human Brain Project 
Collaboratory platform for sharing of tools and workflows, which is 
available from the HBP webpage following registration. 

DISTRIBUTION AND DENSITY ANALYSES 

Quantitative image analyses and statistics 

From each tg-ArcSwe animal, three sagittal sections from the right 
hemisphere were used for image analysis. Sections were selected at 
corresponding distances from the midline in all animals; each including 
parts of our main regions of interest (ROIs), the cerebral cortex, 
the hippocampus, and the thalamus.  

The β-amyloid plaque load in the hippocampus, the thalamus and the 
cerebral cortex was evaluated quantitatively. In each section, the outlines of 
these regions were manually delineated based on predefined anatomical 
criteria using Image J 1.46r (http://imagej.nih.gov/ij). Within each ROI, 
images were binarized (converted to black and white) by selecting a 
threshold value in Image J which yielded plaque boundary definitions best 
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corresponding to the observed, expert-evaluated, plaque boundaries (fig. 
3c). The ROI areas and the labeled areas were calculated, and β-amyloid 
plaque load was subsequently calculated as area fraction (the area of labeled 
objects within a ROI divided by the ROI area). For each animal, the mean 
area fractions of three sections were used for analysis of variability and 
statistical power. Statistical analyses were performed using InStat 
(GraphPad Software, San Diego, CA, USA). 
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Figure 3 | Navigator3 graphical user interface / quantitative image analysis. A: A 
sagital Aβx-40 labeled section as displayed in the online filmstrip viewer repository. 
Labeled β–amyloid appears dark brown on a light brown background. The main image 
can be zoomed and panned, and the preview images can be used to navigate between 
sections. B: High-resolution inset showing a dense β–amyloid plaque and looser β–
amyloid deposits. All parts of the section can be interactively zoomed to similar 
resolution with the online viewer tool. C: Principle illustration of the quantitative image 
analysis procedures. The main regions of interest (ROIs), the cerebral cortex (CC), the 
Hippocampus (H), and the Thalamus (Th), were manually delineated based on 
anatomical criteria. Labeled β–amyloid (here visualized as black elements) was separated 
from the background with a thresholding algorithm, and β–amyloid load calculated as 
are fraction (labeled area divided with ROI area). Scale bar 1 mm. 

Semi-quantitative assessment 

Earlier studies from the NeSys group have evaluated tTA dependent 
transgene expression in the Prnp-tTA (Boy et al. 2006) and the Camk2a-
tTA (Odeh et al. 2011) lines. In these studies, the anatomical granularity was 
tailored to the specific lines, with greater anatomical detail in areas with 
much labeling and lower fidelity in areas where labeling was sparse. A 
similar approach was chosen for the analysis of the Nop-tTA line (paper II), 
where the main focus was to evaluate whether promoter expression was 
strictly limited to the entorhinal cortex and the pre-/parasubiculum as 
reported in earlier studies. The need for high anatomical granularity was 
therefore highest in these and surrounding brain areas. Each region was 
carefully delineated based on cytoarchitectonic criteria. Labeling densities, 
reflecting β-galactosidase activity, were assessed using a grading system 
from 0 to 4. To facilitate fast and reproducible analyses, we developed a 
visual guide with defined criteria for each density category (fig. 4e). 

A similar semi-quantitative approach was chosen in paper III, where the 
aim was to perform a brain-wide comparison of reporter distribution and 
density for five different tTA promoter lines (Nop, Pitx3, Pcp2, Camk2a, and 
Prnp) with highly diverging expression patterns. Since manual delineation 
of all sections with high anatomical fidelity were considered to be very time 
consuming and inefficient, we developed a workflow where section images 
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were first anchored to a downscaled version of the 3D Allen Mouse Brain 
Reference Atlas with ~200 distinct brain regions. After anchoring, semi-
transparent custom atlas plates were superimposed on section images to 
identify each anatomical brain region, and the density of X-gal labeling in 
each brain area was evaluated and scored according to the visual guide. 

Figure 4 | Atlas registration and semi-quantitative analysis. A: Coronal X-gal and 
Nuclear Fast Red stained section from a Nop-tTA-lacZ mouse. Cells with tTA dependent 
β-galactosidase activity appear as dark blue spots on a pink background. B: A 
corresponding custom atlas cut from the 3D Allen Mouse Brain Reference Atlas. C: The 
custom atlas plate is superimposed on the original section image to match global 
anatomical landmarks. D: Individual brain regions are scored according to the grading 
system shown in E. Anatomical segmentation is aided by the atlas overlay. E: Visual 
guide for semi-quantitative density analysis (adapted from paper II). Abbreviations: EC, 
entorhinal cortex; Mb, midbrain, HF, hippocampal formation; Pn, pontine nuclei, VC, 
visual cortex. Scale bar 1 mm (a,c), 200 μm (d), 100 μm (e) 
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PAPER I 

Brainwide distribution and variance of amyloid-beta deposits in 
tg-ArcSwe mice. 

Lillehaug S*, Syverstad GH*, Nilsson LN, Bjaalie JG, Leergaard TB, Torp R. 

Neurobiology of Aging 35:556-64, 2014.  

DOI: 10.1016/j.neurobiolaging.2013.09.013  

PMID: 24126157 

*These authors contributed equally to this work

There are currently many mouse models available featuring different 
aspects of Alzheimer’s disease, but no single model can reproduce the full 
spectrum of histological and biochemical changes seen in humans. Selecting 
an appropriate model and estimating the number of specimens needed for a 
specific experimental setting is challenging and relies on the availability of 
high-quality empirical data describing the models different phenotypes.  

The tg-ArcSwe double APP transgenetic mouse is considered a promising 
model for investigations of intraneuronal β-amyloid accumulation in 
Alzheimer’s disease, as well as formation and clearance of amyloid plaques. 
Our first ambition with this study was to establish a workflow for 
quantitative assessment of β-amyloid load in immunolabeled sections and 
apply this workflow to provide empirical data on the spatial distribution, 
amount, and variability of accumulated β-amyloid in major brain regions 
(i.e. the cerebral cortex, the thalamus and the hippocampus) in adult male 
and female tg-ArcSwe mice. Second, we aimed to utilize the quantitative 
data to estimate suitable group sizes for future interventional studies using 
changes in β-amyloid load as endpoint. Third, we wanted to assess plaque 
morphology qualitatively and perform a brain-wide, semi-quantitative 
evaluation of β-amyloid distribution and load using virtual microscopy 
techniques. Finally, we aimed to share the high-resolution image data in a 
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publicly available online repository to facilitate external evaluation and 
reanalysis of the morphological characteristics and spatial distribution of β-
amyloid in the tg-ArcSwe mouse brain.  

In this publication we presented: 

 Quantitative analysis of the area fraction occupied by β-amyloid in the 
cerebral cortex, the thalamus and the hippocampus, showing that β-
amyloid plaque deposits are consistently present in these regions. 

 Brain-wide, semi-quantitative assessment of β-amyloid distribution, 
demonstrating that β-amyloid deposits were variably present in all 
major brain regions. 

 Qualitative assessment of plaque morphology with particular focus on 
vessel-related amyloid deposits.  

 Statistical analyses showing no significant differences in β-amyloid 
load in male and female mice. 

 Statistical power analyses indicating that group sizes needed for 
reliable results in interventional trials using changes in β-amyloid 
load as endpoint is higher than commonly used. 

 An online image repository containing high-resolution serial section 
images from two representative animals (one male and one female) 
and a selection of additional images exemplifying interesting 
morphological phenomena. 

The tg-ArcSwe image repository is available through the Rodent Brain 
Workbench web portal (rbwb.org: tg-ArcSwe Atlas) 
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PAPER II 

Transgene expression in the Nop-tTA driver line is not inherently 
restricted to the entorhinal cortex. 

Yetman MJ*, Lillehaug S*, Bjaalie JG, Leergaard TB, Jankowsky JL. 

Brain Structure and Function 221:2231-49, 2016.  

DOI: 10.1007/s00429-015-1040-9  

PMID: 25869275  

*These authors contributed equally to this work

The entorhinal cortex is important for episodic memory and is one of the 
earliest brain regions to be affected by Alzheimer's disease. Conditional 
regulation of transgene expression in this region is therefore an important 
tool for researchers studying memory function and dementia. To achieve 
this, several studies have used a transgenic line where the tetracycline 
transactivator (tTA) is controlled by the neuropsine (Nop) promoter. The 
Nop-tTA line was initially developed by Yasuda and Mayford (Yasuda & 
Mayford, 2006) and was reported to display conditional transgene 
expression restricted to the enthorhinal cortex and the pre-/parasubiculum. 
Although interpretation of results from experiments using this driver line 
depends on the spatial specificity of the promoter, no detailed brain-wide 
neuroanatomical evaluation of tTA depend transgene expression had been 
conducted. 

Our ambition was to perform such an assessment, after developing a 
reliable experimental design for comprehensive, brain-wide evaluation of 
the spatial distribution and levels of transgene expression based on 
colorimetric detection of the lacZ gene product β-galactosidase (reflecting 
tTA promoter activity). Since we aimed to perform a brain-wide evaluation 
of labeling densities with high anatomical granularity, we chose to adapt 
semi-quantitative assessment methods used in earlier studies (Boy et al. 
2006; Odeh et al. 2011) and implemented a novel visual guide system to 
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improve efficiency and reproducibility. We also wanted to make the 
complete set of histological image data publicly available as a resource for 
scientists currently using, or planning to use, the Nop-tTA driver line their 
research. 

The main findings in this study were: 

 Reproducible, semi-quantitative assessment of the spatial distribution 
and density of labeled elements covering the entire brain can be 
performed relatively fast and with high anatomical fidelity by scoring 
each brain region aided by a visual guide system.  

 The highest density of tTA dependent reporter expression was found 
in the entorhinal cortex and pre-/parasubiculum, but there was also 
considerable expression in several other cortical areas. 

 Ectopic transgene expression may account for the appearance of 
pathological protein aggregates outside the entorhinal cortex in tTA 
models of Alzheimer’s disease utilizing the neuropsin promoter. Our 
results suggest caution when designing experiments that depend on 
precise localization of gene products controlled by the Nop promoter 
or other spatially restrictive transgenic drivers. 

 Publicly sharing the complete data behind analyses facilitates 
transparency and reproducibility and may provide valuable reference 
data to external researchers.  

The Nop-tTA image repository is available through the Rodent Brain 
Workbench web portal (rbwb.org: tTA/TetOff Atlas: Nop). 
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PAPER III 

Brain-wide distribution of reporter expression in five transgenic 
tetracycline-transactivator mouse lines. 

Lillehaug S, Yetman MJ, Puchades MA, Checinska MM, Kleven H, 
Jankowsky JL, Bjaalie JG, Leergaard TB. 

Scientific Data 6:190028, 2019 

DOI: 10.1038/sdata.2019.28 

PMID: 30806643 

A number of tTA transgenic mouse lines with expression in the brain have 
been generated for various experimental purposes. Detailed information 
about where in the brain and to what extent the transgenes are expressed is 
important for selecting suitable driver lines when studying specific brain 
regions, brain circuits, or pathological conditions. Despite this need, 
comparison of expression patterns between different lines has historically 
been difficult because of varying methods used to locate transgene 
expression as well as considerable variation in spatial granularity and scope 
of analyses. 

To address the challenges of cross-model comparison, we aimed to develop 
a generic workflow for analysis of transgene expression distribution and 
levels in histological mouse brain sections, utilizing atlas registration and 
semi-quantitative analysis techniques. Second, we wanted to apply this 
workflow to analyze two new promoter-reporter crosses with presumably 
spatially restrictive transgene expression, and further verify the utility of the 
workflow by re-analyzing three previously published datasets from tTA mice 
with highly diverging expression patterns. Finally, we aimed to present the 
results in a way that facilitated comparison of expression patterns across 
the five driver lines (Nop, Pitx3, Pcp2, Prnp, and Camk2a), and share the 
complete data in accordance with the FAIR guiding principles for scientific 
data management and stewardship (Wilkinson et al. 2016).  
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In the article we presented: 

 An atlas of X-gal labeled serial microscopic images showing tTA 
dependent reporter expression in five frequently used promoter lines, 
with all images spatially registered to the Allen Mouse Common 
Coordinate Framework and presented with semi-transparent overlays 
of custom atlas plates. 

 Image data, metadata, and tools shared via the EU Human Brain 
Project (HBP) services for data storage, management, and data 
curation, making the data findable, accessible, interoperable, and 
reusable. 

 A tabular interpretation of transgene expression distribution and 
levels in 245 distinct brain regions, semi-quantitatively scored from 
0-4 aided by a visual guide and atlas overlays.

 Proof of concept of how 3D atlas registration facilitates easy 
identification of large numbers of anatomical regions in histological 
mouse brain sections and examples demonstrating how histological 
data registered to a common reference space may be utilized to 
address specific neurobiological questions.  

 Evidence of spatially and cell-type specific lacZ/GFP reporter 
expression under control of the Pitx3 and Pcp2 promoters, confirming 
earlier reports from these driver lines based on other promoter-
reporter constructs. 

The tTA atlas is available through the Rodent Brain Workbench web portal 
(rbwb.org: Brain Atlas of tTA driver lines). High-resolution images and 
associated metadata are also shared via the web page of the EU Human 
Brain Project (www.humanbrainproject.eu). 
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DISCUSSION 

Our main ambitions with this work was to establish, optimize, and test 
workflows for brain-wide evaluation of transgene expression in mouse 
models of neurodegenerative disease, and to demonstrate how large 
collections of histological data can be openly shared in accordance with the 
FAIR Data Principles (Wilkinson et al. 2016). To this aim, we optimized and 
refined methods for brain-wide (semi-)quantitative assessment of the 
locations, levels and variance of transgene expression and used these 
methods in analyses of the tg-ArcSwe and Nop-tTA mouse lines. The 
different methods were organized in a streamlined workflow and applied to 
datasets from five tetracycline transactivator mouse lines, demonstrating 
how the anatomical location of cellular labeling in mouse brains can be 
compared across several studies by spatially relating microscopic images to 
a common mouse brain reference atlas. Image data were openly shared 
through services for data storage, management, and data curation offered 
by the EU Human Brain Project (www.humanbrainproject.eu) and/or the 
Rodent Brain Workbench web portal (rbwb.org). In the following section, 
we discuss the validity of the applied methods, the implications of the main 
findings and the scientific impact of the present work. 

VALIDITY OF METHODS 

Quantitative image analysis 

The quantitative image analysis procedure used in paper I was based on 
methods outlined by Papp and colleagues (Papp et al. 2016) and adapted to 
suit the Aβx-40 stained sections from tg-ArcSwe mouse brains (fig. 3). The 
method relies on computerized separation of signal (labeled elements) from 
noise (background and artifacts). This separation can be based on 
differences in shape, size, color or contrast. In the Aβx-40 labeled sections 
from tg-ArcSwe mouse brains, both labeled β-amyloid and background were 
colored brown, but the amyloid deposits stained more intensely. We utilized 
this difference to separate labeling from background and calculate the area 
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occupied by β-amyloid within our regions of interest (the hippocampus, the 
thalamus, and the cerebral cortex) by applying a thresholding algorithm in 
Image J 1.46r (http://imagej.nih.gov/ij). Several factors might have 
influenced the results of the quantitative image analyses; 1) the exact 
threshold value was determined based on microscopic expert evaluation, 
and thus involved some degree of subjective interpretation. 2) The 
anatomical delineations of the regions of interest were performed manually. 
To some extent this also involved subjective evaluation but was judged 
unlikely to account for much variation since the boundaries of the selected 
regions were clearly visible in the sections and defined by robust anatomical 
criteria. 3) The histochemical processing may also have affected the results 
of the quantitative image analysis. Although we carefully used the same 
protocol across all specimens, we found that the background in some 
sections stained slightly darker than in others. To compensate for these 
differences, we applied a normalization filter (Sedgewick, 2008) with an 
Aβx-40 stained section from a wild-type mouse without any amyloid 
plaques as reference. Still, differences in staining intensity might have 
marginally contributed to variation between specimens.  

Atlas integration and semi-quantitative analysis 

Although quantitative methods generally are preferable, there are currently 
limitations to where methods such as the quantitative image analysis 
described in the previous paragraph are applicable. Unless computer 
algorithms can be applied to perform automatic segmentation of brain 
regions, such analyses are very time consuming to perform with high 
anatomical fidelity across the entire mouse brain. For the current project, 
automatic delineation using computerized atlas registration procedures was 
a theoretical option for paper II and III, but the methods available at the 
time were considered too unprecise to yield reliable results. It was feasible 
to manually delineate a selection of brain regions in few sections, or few 
regions in many sections, while brain-wide manual delineation of numerous 
regions in a large number of sections were considered too time consuming 
to be a realistic option. We also considered applying unbiased stereology 
methods, but this would also require considerable manual involvement (i.e. 
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anatomical delineations, protocol setup and counting for ~200 brain 
regions). 

Since we aimed to achieve a brain-wide and efficient interpretation of the 
spatial distribution and levels of transgene expression with high granularity 
(paper II-III), we chose to build upon earlier work (Boy et al. 2006; Odeh et 
al. 2011) to create a workflow for semi-quantitative analysis using custom 
atlas overlays to define anatomical regions, and a novel visual guide system 
(fig. 4e) for scoring expression levels in individual brain regions. Two 
factors in this semi-quantitative assessment procedure were influenced by 
subjective interpretation. First, the anchoring procedure, where custom 
atlas slices were superimposed onto section images and linearly 
transformed to match anatomical landmarks, would never be performed 
exactly the same by two different operators, and could thus introduce small 
variations in the boundaries of anatomical regions. Second, the evaluation 
of labeling density using the semi-quantitative grading scale was to some 
degree subjective, especially in areas where the labeling density did not 
clearly correspond to a certain category and in areas with varying 
expression levels.  

To evaluate whether these factors influenced the reproducibility of our 
results, we performed a pilot study where three different individuals with 
little prior experience with the method were asked to analyze the complete 
series of sections from one Nop-tTA mouse. One post-doctoral 
neuroscientist, one master degree researcher, and one master student, each 
spent 3-5 hours analyzing 171 regions in 45 sections. They used the 
QuickNII software tool for registration of section images (Puchades et al. 
2017) to adapt custom atlas plates to corresponding sections and scored the 
labeling density within each anatomical region from 0-4 aided by a visual 
guide (fig. 4). The three pilot testers scored 126 areas equally, and 43 
regions had scores varying with ±1. In only two regions did the score vary 
with more than ±1. The scoring of areas with very sparse labeling (scored 0 
or 1) varied the most. This may be due to slight variations in atlas anchoring 
or difficulties in interpreting the “less than 1 per 0.01 square millimeters” 
criteria. Overall, we concluded that the semi-quantitative analysis pipeline 
was adequately reproducible, and it emerged as a relatively fast way to 
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produce meaningful interpretations of the spatial distribution and levels of 
transgene expression in our material. 

Workflow 

The selection and interpretation of genetically altered disease models 
requires comprehensive and detailed background data about e.g. genetic 
background, behavioral alterations, and the neuroanatomical phenotypes 
occurring in each model. Especially for experiments with conditional 
models, where restriction of transgene expression to specific cell types or 
brain regions at specific developmental stages often are key elements, 
having access to detailed data describing where in the brain and at what 
level the transgenes of interest are expressed can be crucial for experimental 
success. Our workflow, although producing meaningful interpretations of 
expression levels and anatomical distributions, still has room for further 
optimization and refinement when it comes to the speed and precision of 
serial section analysis.  

Basic biological factors, such as animal breeding time, are difficult to 
influence. We found, however, that optimizing the histochemical processing 
protocol significantly reduced the degree of manual involvement needed 
during steps further down the workflow. In traditional, microscopy-based, 
microanatomy, factors such as mounting angle, number of sections per 
slide, minor artifacts, background homogeneity etc., plays little role since 
the human brain is able to ignore most noise. In a digital environment, 
variations have to be corrected manually or by custom computer 
algorithms. Either way, such corrections are tedious and time consuming 
when working with terabyte-sized images. We found that investing a little 
extra time in mounting fewer sections per slide, detailed labeling of slides, 
taking care in always mounting sections in the same order from top to 
bottom on a slide etc. was more than compensated for by the reduced time 
needed for digital image processing and organization.  

The image acquisition process was improved by upgrading from a relatively 
slow Mirax Scan slide scanner to a more advanced Axioscan Z1. Some time 
and expertise were needed to configure prescan software parameters, but 
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with the new technology, slide scanning was no longer a rate-limiting step 
in the workflow. Whole Slide Imaging solutions will presumably continue to 
improve in both quality and efficiency in years to come. 

The greatest potential for workflow improvements lies on the software side. 
During this project, development of specialized software solutions for image 
processing, image analysis and atlas registration were still in an early phase. 
Many steps in the atlas anchoring procedure had to be performed semi-
automatically or manually. For example, although generated bitmap custom 
atlas plates were valuable aids during semi-quantitative analysis, they could 
not automatically be used to delineate regions of interest for digital image 
analysis. Improvements to the procedure presented in this work have 
already been explored, such as workflows utilizing custom made atlas plates 
as masks to produce atlas coordinates for individual objects sorted 
according to brain regions (Bjerke et al. 2018a; Bjerke et al. 2018b; Yates, 
2018). Methods for automatic neuroanatomical segmentation based on 
atlas registration have also recently been introduced in a quantitative study 
of APP transgenic Alzheimer’s disease models (Whitesell et al. 2018). 

An ideal software solution, and the goal of future projects, would be a 
pipeline where section images, after slide scanning, automatically were 
integrated in a neuroinformatics infrastructure (e.g. Navigator3) and 
registered to a chosen 3D reference space by means of automatic, non-linear 
warping and 2D to 3D atlas registration (Gefen et al. 2008). The density of 
histochemically labeled elements within each ROI would be quantified by 
means of digital image analysis, and spatial coordinates recorded within a 
3D reference atlas framework. The development of such generic, automated 
tools, however, is associated with many challenges. The largest obstacle is, 
perhaps, the loss of 3D information during sectioning. When the spatial 
relationship between sections disappears, reconstructing this information 
section by section is a both time consuming and not completely reliable. 
This obstacle could be overcome by using serial block-face scanning 
technology (Denk & Horstmann, 2004) that maintains the 3D information 
during sectioning. When the volumetric information is intact, there are 
several well-proven methods for nonlinear 3D to 3D atlas registration 
(Klein et al. 2009). A serial block-face scanning microscope is, however, an 
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expensive investment and currently not available for most neuroscientists. 
Furthermore, block face information is not available for all the brains 
already sectioned and processed. As the research community recognizes the 
value and opportunities of atlas registration and volumetric information, 
new facilitating technologies will likely emerge to improve existing 
workflows.  

EVALUATION OF MAIN FINDINGS AND SCIENTIFIC IMPACT 

β-amyloid in tg-ArcSwe mice 

Numerous mouse models of Alzheimer’s disease have been developed over 
the last decades. The Alzheimer Forum (www.alzforum.org/) has created a 
comprehensive, searchable database that contains detailed information 
about the different models, genes of interest, and related publications. 
Currently over 160 different AD models are listed, of which about fifty 
percent are APP transgenic models (Alzforum; Retrieved March 30, 2019, 
from http://www.alzforum.org/research-models). Such a resource is of 
tremendous value when navigating the complex landscape of Alzheimer’s 
disease modeling, but for many purposes, additional data are needed. For 
most models, quantitative data and comprehensive image data from 
multiple specimens are unavailable. Our approach when evaluating the tg-
ArcSwe model has several advantages. First, quantitative image analysis of 
β-amyloid in major brain regions of several specimens allowed us to 
empirically estimate suitable group sizes for interventional studies using 
changes in β-amyloid load as endpoint. Second, publicly releasing high-
resolution image data online gives interested researchers the opportunity to 
re-evaluate our results, analyze regions of interest in more detail, or use our 
data as reference material in their studies. Potentially, this could reduce the 
number of animals needed to be sacrificed and reduce both time consume 
and cost of future studies utilizing the tg-ArcSwe model.  

Our analysis of tg-ArcSwe mice demonstrated that the load and distribution 
of β-amyloid were largely consistent with earlier studies using different 
methods, although the overall β-amyloid burden were measured slightly 
higher (Lord et al. 2006; Philipson et al. 2009a). This might be accounted 
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for by the methodological factors discussed earlier or may be a result of 
genetic drift of phenotypes in the colony at Oslo University compared with 
the original colony at Uppsala University (Lord et al. 2006). The statistical 
power analysis suggested that group sizes of at least 16 mice (π = 0.80) or 
27 mice (π = 0.95) are needed to detect a difference of 25% (α = 0.05) in 
interventional studies using our methods for measuring changes in β-
amyloid load. This is more than commonly used in preclinical studies. The 
measured coefficient of variation (CV) in the cerebral cortex (22%) and in 
the hippocampus (25%) were smaller than in most other models, for 
example the frequently used Tg2576 (Citron et al. 1992) and tg-Swe (Lord et 
al. 2011). The modest phenotype variability in in these regions, in terms of 
both anatomical distribution and density of deposits, means that relatively 
few tg-ArcSwe mice are needed to gain statistical power when evaluating 
novel therapeutics affecting β-amyloid load. 

Transgene expression in Nop-tTA mice 

Most Tet-Off models are constructed to express a specific gene product, for 
example a disease-causing protein such as mutant APP or tau, in certain 
tissues or cell types regulated by the specificity of the promoter that initiates 
tTA transcription. For a tTA-model to successfully replicate a human 
neurodegenerative condition, it is necessary that the pathological gene 
product is expressed in the same brain regions or cell types as the 
neuropathological changes occur in human patients. 

The Nop-tTA line was originally reported to display tTA dependent 
transgene expression restricted to the entorhinal cortex (EC) and the pre-/ 
parasubiculum (Yasuda & Mayford, 2006). Since we found a more 
widespread expression of the reporter genes compared to the original 
publication, we searched for possible explanations. To explore whether 
different staining protocols could account for the promiscuous expression 
observed, we stained additional sections using the methods described in the 
original characterization of the line (Yasuda & Mayford, 2006). We found, 
however, that the higher concentration of X-gal in their developing solution 
actually made the cortical expression more pronounced rather than less. 
The lack of widespread labeling in the Pcp2-tTA and the Pitx3-tTA animals 
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using the same protocols as for the Nop-tTA mice also points to an 
explanation within the Nop-tTA model itself rather than differences in the 
staining protocol. To investigate if the ectopic expression was unique to the 
lacZ reporter, we crossed the Nop-tTA mice with another tet-responsive 
reporter line expressing green fluorescent protein (GFP). This reporter 
displayed more limited expression outside the entorhinal and subicular 
areas, but GFP-positive cells could still be found in the hippocampus, the 
thalamus and in cortical regions outside the entorhinal area. We noticed, 
however, that the Nop-GFP mice displayed significant transgene expression 
in the reticular nucleus of the thalamus. Labeling in this region was much 
less prominent in the Nop-lacZ animals, a finding that indicates that two 
responders may behave differently when crossed to the same driver. We 
also wanted to explore whether the widespread expression was influenced 
by animal age or gender. Our initial findings were based on 2-2.5 months 
old male mice. We therefore analyzed male and female mice of 7-9 months 
of age, two of which were included in the online repository. We found no 
significant sex difference, and the expression patterns in these animals were 
similar to those found in the younger mice. Although there were subtle 
differences between responder lines, the core expression pattern in all the 
analyzed Nop-tTA mice was largely consistent over time, between genders, 
and with different reporter crosses. We therefore concluded that no 
methodological or individual factors could explain the widespread labeling, 
and that the most likely explanation for the observed differences from 
previous reports was a change in the strain background on which the 
transgene was expressed (detailed in paper II). 

Our findings of promoter leakiness in Nop-tTA mice emphasize that 
comprehensive re-analyses of established models, with well-known 
reporters and neuroanatomical methods with high level of detail, might 
reveal expression patterns that diverge from the original findings. The 
ectopic expression we observed in Nop-tTA mice could influence 
interpretation of several past studies that depended on this line to have 
transgene expression strictly limited to the EC and the pre-/ parasubiculum. 
In particular, this applies to a series of papers where the Nop-tTA line was 
used to evaluate potential trans-synaptic spread of pathological proteins in 
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models of Alzheimer’s disease (Harris et al. 2010; de Calignon et al. 2012; 
Liu et al. 2012). In these studies, the Nop-tTA line was used to drive 
expression of mutant protein (APP or tau), and later tested for presence of 
these proteins in synaptically connected brain regions. All three studies 
described pathological proteins in the EC, followed months later by their 
presence in the dentate gyrus and in the hippocampus, and at still later ages 
in cortical regions further down the synaptic pathways. These findings were 
interpreted as evidence for trans-synaptic spread of pathological proteins 
from the EC to connected brain regions. However, definitive proof of trans-
synaptic spread requires that the tTA driven expression of the mutant 
proteins is strictly limited. Our analysis indicates that the Nop-tTA line, 
especially after many generations, might not meet this requirement. We 
argue that tTA dependent expression in some promoter-tTA lines might 
change over time, and, whenever spatial localization is important, transgene 
expression should be verified with well-characterized reporters prior to use.  

Online tTA resource 

In paper III, we streamlined the methods developed throughout the first 
two studies and applied the resulting workflow to establish an online 
resource containing data, metadata, and analysis results from five tTA 
promoter lines. The animals included in the repository vary with respect to 
age and sex, but to our knowledge, variation in promoter activity as a 
function of age and sex in the included mouse lines has not been described, 
at least not at the light-microscopic level used in our study. We recognize, 
however, the possibility for genetic drift, age and sex difference, and that 
different promoter-reporter crosses can display varying expression levels. 
Variations in these parameters may be relevant in certain settings and 
should be taken into account when interpreting results.  

Nevertheless, our results demonstrate how disparate data collected over a 
decade can be mapped to a common reference atlas and compared. As such, 
our study presents the first detailed brain-wide comparison of commonly 
used tTA promoter mouse lines with known expression in the brain. 
Inclusion of data from more driver lines, with more specimens, and 
preferably also at multiple age points, would increase the scientific value of 
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the collection. Such an expansion of the data repository, however, was 
beyond the scope of the present thesis and would require substantial efforts 
over time by several laboratories. The present work paves the way for such 
efforts by demonstrating how image collections from different sources can 
be compared in spite of their essential differences. We established a robust 
workflow for brain-wide assessment of transgene expression in tTA mice at 
a cellular level and demonstrated the generic value of the workflow by 
including diverse datasets not specifically tailored for the purpose. 

In its present state, we believe that the online tTA repository and the tabular 
overview of reporter expression distribution and levels may serve as a 
valuable resource to guide empirically based decisions on which model to 
choose for a particular purpose. Having access to the complete datasets also 
provides the opportunity to evaluate regions of interest in more detail and 
facilitates re-use of data in contexts outside the present project. 

Image data, metadata, analysis results and software tools were made 
publicly available through services for data storage, management, and data 
curation offered by the EU Human Brain Project (HBP: 
www.humanbrainproject.eu) in accordance with the FAIR guiding 
principles (Wilkinson et al. 2016) as data that are Findable, Accessible, 
Interoperable, and Reusable. The HBP infrastructure offers services for 
mapping additional data to the same anatomical reference space to become 
directly comparable to our data. Researchers working with tet-regulatable 
animals are therefore greatly encouraged to share their datasets and 
contribute to expand the present collection.  

Scientific Impact 

The scientific value of the tg-ArcSwe atlas has been recognized by the 
Alzheimer Forum, which links directly to the atlas url (www.alzforum.org/ 
research-models/tg-arcswe), and the results have been used as reference 
material in an interventional study (Nuruddin et al. 2014) and in several 
recent neuroanatomy-related projects (Carlred et al. 2016; Sehlin et al. 
2017; Syvänen et al. 2017; Zhang & Wang, 2018). Furthermore, adaptations 
of the quantitative image analysis procedures used to calculate β-amyloid 
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plaque load has been utilized and cited in several subsequent studies (e.g. 
Nuruddin et al., 2014; Subaiea et al. 2014).  

Our demonstration of ectopic reporter expression outside the entorhinal 
cortex and the pre-/parasubiculum in Nop-tTA mice (paper II) has been 
recognized by the tTA community and lead to more careful interpretation of 
findings in subsequent studies utilizing this promoter line (e.g. Baker & 
Gotz, 2016; Fu et al. 2016; Mudher et al. 2017). Our concerns regarding the 
neuroanatomical specificity of the neuropsin promoter are also taken into 
account in an upcoming review article on propagation of protein 
aggregation in neurodegenerative diseases; “Two reports cast doubt on 
propagation in this mouse model. The first study found that activity of the 
neuropsin promoter, which was used to drive the Tet-Off factor, may not be 
anatomically restricted to the entorhinal cortex and that it expresses tau 
more widely over time, especially within the hippocampus” (Vaquer-Alicea 
& Diamond, 2019).  

Our method for semi-quantitative assessment of the distribution and 
density of labeled cells in different brain regions aided by a visual guide 
system has been adapted and used in a recent study of malignant glioma 
(Mughal et al. 2018). Paper III is the first publication where datasets are 
shared via the Human Brain Project (HBP) neuroinformatics infrastructure 
with HBP DataCite digital object identifiers (DOI's) and will hopefully pave 
the way for many more projects utilizing this framework to distribute and 
integrate data. 
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CONCLUSIONS

With large variety, accessibility, and increasing number, transgenic mouse 
models of neurodegenerative disease are an invaluable resource with huge 
potential for novel discoveries. Selecting and interpreting findings from 
appropriate models, however, requires access to comprehensive data 
describing where in the brain and at what level the transgene expression 
occurs. Although efforts have been made to compile post hoc data in 
online databases (e.g. www.alzforum.org/research-models; Schonig et al. 
2013), the morphological characterization of models is still often 
limited by technological or logistical issues, publication restrictions, 
narrow scope of analysis, lack of standardization or reluctance to openly 
share data. 

The main contribution of this work is to demonstrate how new 
methodologies developed in the field of neuroinformatics can be utilized to 
establish workflows for efficient and reproducible neuroanatomical 
characterization of transgene expression in mouse models of 
neurodegenerative disease, and how large collections of histological image 
data from the mouse brain can be acquired, organized, compared, and 
openly shared in accordance with the FAIR Guiding Principles for scientific 
data management (Wilkinson et al. 2016).  

More specifically, we have addressed topics including: 
 How morphological features can be systematically mapped brain-

wide and data openly shared to facilitate re-use of data outside the 
immediate scope of a study. 

 How neuroinformatics methods can be utilized to overcome the 
limitations in data sharing typical for traditional publication 
channels. 

 How assessment and comparison of transgene expression distribution 
and levels can be facilitated by registering histological mouse brain 
data to a 3D atlas framework. 
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 How quantitative analyses of neuropathological features can be used 
to shed light on specific neurobiological questions and design 
interventional studies with adequate statistical power. 

 How detailed, brain-wide analysis of promoter activity in conditional 
mouse models utilizing well-known reporters may yield results 
affecting interpretation of experimental results from studies using 
these models.  

Some major challenges, such as standardizations of data and metadata 
formats and legal/ ethical frameworks for data ownership, stewardship, and 
sharing, remain unresolved and require a unified effort from the 
international neuroscience community. Current projects like the European 
Human Brain Project (HBP, www.humanbrainproject.eu) and the USA 
Brain Research through Advancing Innovative Neurotechnologies (BRAIN, 
www.braininitiative.nih.gov/) are addressing these issues, and will possibly 
contribute to solutions in the years to come. 

In the last decade, our understanding of the complex brain systems involved 
in neurodegenerative diseases has consistently been expanded by world-
leading laboratories (e.g. Fyhn et al. 2007; Høydal et al. 2019), elaborating 
upon the importance of 3D information. Improved models, more closely 
resembling human neurodegenerative conditions, are expected to become 
available as a result of such insights, and also by recent technological 
advances (e.g. high throughput sequencing and CRISPR/Cas9 genome 
editing). Systematic characterization of transgenic mouse models and a 
centralized database of data, metadata, and findings would be a huge asset 
for the neurodegenerative research community, assisting researchers in 
selecting the most suitable lines based on experimental needs. Recent large-
scale collaborative efforts have potential to make progress toward this goal, 
at least for newly developed mouse models (e.g. MODEL-AD, 
https://model-ad.org/). The workflows, tools, and methods compiled in this 
work may be applied to existing or novel models, and the online resource 
expanded with data from animals with varying age, gender and genetic 
background. Alternatively, selected elements from our work may be refined, 
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adapted and implemented in collaborative efforts to standardize 
morphological characterization of neurodegenerative disease models. 

While past experimental research on mouse models of neurodegenerative 
disorders have had limited translational value (Mullane & Williams, 2019), 
efforts such as the present work, with increased focus on systematic 
generation, organization, quantitation and sharing of high-quality 
morphological data, will hopefully contribute to increase the predictive 
validity of future studies. 
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a b s t r a c t

Transgenic mice carrying the Arctic (E693G) and Swedish (KM670/6701NL) amyloid-b precursor protein
(AbPP) develop amyloid-beta (Ab) deposits in the brain that resemble Alzheimer’s disease neuropathology.
Earlier studies of this model have documented morphologic features in selected parts of the cerebral
cortex and hippocampus, but the spatial distribution within the brain and variance of Ab deposits within a
group of tg-ArcSwe mice is unknown. Using immunohistochemistry and brainwide microscopic analysis of
12-month-old tg-ArcSwe mice, we show that Abx-40 plaque deposits are consistently present in the
cerebral cortex, hippocampus, and thalamus and variably present in other regions. Using quantitative
image analysis, we demonstrated that the average Ab burden in the cortex and hippocampus is similar
across animals, with coefficients of variance of 22% and 25%, respectively. This indicates that interventional
studies of tg-ArcSwe mice are feasible using region-of-interest comparisons and that interventional trials
require larger group sizes than commonly used. We also present an online atlas providing access to images
showing the detailed characteristics and spatial distribution patterns of Abx-40 labeling.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized by premature cognitive decline and excessive formation of
amyloid plaques and neurofibrillary tangles in the brain (Holtzman
et al., 2011). With rising incidence in an increasingly elderly popu-
lation, AD stands out as one of the largest current challenges in
neurology. There is urgent need for improved diagnostic tools, better
understanding of the genetic and molecular basis of the disease, and
new interventions. To this end, genetic animal models represent
powerful tools for experimental investigations of pathogenic pro-
cesses, new diagnostic markers, and identification and evaluation of
potential new therapeutic strategies.

Several gene mutations associated with familial AD
(Schellenberg and Montine, 2012) have been used to create trans-
genic mouse models. The first genetic animal model reflecting
important characteristics of AD was the platelet-derived growth
factor b-driven APP (PDAPP) model carrying the Indiana mutation
(p.V717F) (Games et al., 1995). Since then a range of other models

have emerged, and there is a considerable number of genetic mouse
models available that mimic various aspects of the disease
(Philipson et al., 2010). However, no animal model can reproduce
the full spectrum of histologic and biochemical changes seen in AD
patients (Duyckaerts et al., 2009), and the selection of appropriate
models for different experimental investigations is a considerable
challenge but critical for investigational outcomes. The use and
interpretation of genetic models for AD therefore requires
comprehensive and detailed knowledge about the genetic back-
ground, behavioral alterations, and neuropathologic phenotypes
occurring in various models. Moreover, in context of intervention
trials comparing the effects of experimental treatment versus pla-
cebo in groups of animals, suitable quantitative biometric param-
eters are needed tomeasure the effect of intervention. For studies of
AD models, this typically involves parameters reflecting hallmarks
of disease, such as the amount, density, size, and detailed
morphology of amyloid plaques or neurofibrillary tangles
(Philipson et al., 2010). The variance of such quantitative morpho-
metric parameters naturally occurring within a group of animals is
one of several critical parameters for the planning of interventional
studies and estimation of the statistical power needed to detect
effects of a certain magnitude (Jucker, 2010).

The transgenic tg-ArcSwe mouse model (Lord et al., 2006;
Philipson et al., 2009a) stands out as a particularly promising
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model for investigations of intraneuronal Ab accumulation as well
as formation and clearance of amyloid plaques because of their
biochemically resilient structure resembling AD brain. The trans-
gene carries both the Arctic mutation (p. E693G), which is located
within the Ab domain of the amyloid-b precursor protein (AbPP)
gene and facilitates Ab protofibril formation (Nilsberth et al., 2001;
Philipson et al., 2012), and the Swedish mutation (p. KM670/
671NL), which is coupled to increased generation of Ab peptides
(Citron et al., 1992; Mullan et al., 1992). Inclusion of the Swedish
AbPP mutation accelerates age of onset in the animal model
compared with using the Arctic mutation alone (Lord et al., 2006;
Rönnbäck et al., 2011). Among dozens of amyloid-b precursor
protein (AbPP) transgenic models, the tg-ArcSwe model is unique
because of its marked phenotype with age-dependent intra-
neuronal Ab accumulation occurring several months before the
onset of extracellular plaque formation (Lord et al., 2006; Philipson
et al., 2009b). Intraneuronal Ab has also been observed in post-
mortem human AD brains (Gouras et al., 2000). Morphologic in-
vestigations have revealed progressive structural changes of plaque
formation from age 6 months, accompanied by dynamic response
in surrounding tissue including swollen and distorted dendrites
and synaptic nerve endings and inflammatory reactions in tissue,
with microgliosis and profound upregulation of certain inflamma-
tory markers (Lord et al., 2006; Philipson et al., 2009a). Although
these earlier reports have documented morphologic features of Ab
deposits in the hippocampus and cerebral cortex, the detailed
spatial distribution and density of Ab deposits across the entire
brain is less well characterized. More important, variance in the
amount and anatomic distribution of neuropathology within a
group of tg-ArcSwe mice is not well described.

The aim of the present study was thus to contribute to the
characterization of the morphologic phenotype of tg-ArcSwe mice
by (1) mapping the distribution of Ab plaque across the entire brain
in adult male and female tg-ArcSwe mice and (2) determining the
amount and variability of Ab deposits in these mice. Here we report
the detailed morphologic characteristics, brainwide distribution,
and statistical variance of immunolabeled Ab plaques. Our
comprehensive immunohistochemical mapping and quantitative
results are subsequently used for statistical power analysis and
discussed in terms of how this model can be used in future inter-
ventional investigations. Finally, we provide a publicly available
online atlas of high-resolution images of the histologic material,
facilitating inspection and reanalysis of the morphologic charac-
teristics and spatial distribution of Ab plaques across the brain. The
atlas, available through the Rodent Brain WorkBench (www.rbwb.
org), includes a series of section images from a representative
male and female mouse and selected example images illustrating
key morphologic features.

2. Methods

2.1. Animals

Ten mice carrying a human AbPP cDNA with the Arctic (p.
E693G) and Swedish (p. KM670/671NL) mutations were investi-
gated for histologic characterization at light microscopic level, and
additional samples from 2 tg-ArcSwe animals from our electron
microscopy (EM)-tissue repository were investigated for immuno-
histochemistry at the ultrastructural level. Mice were housed under
standard conditions (12-hour dark-light cycles) with unrestricted
access to food and water. All mice were sacrificed at 12 months of
age. All animal procedures were in accordance with the National
Institutes of Health Guide for the care and use of laboratory animals
and approved by the Biological Research Ethics Committee in
Norway.

2.2. Tissue processing

Animals were anesthetized using Isofluran Baxter (IsoFlo, Abbot
Laboratories, Abbott Park, IL, USA) before being sacrificed by
decapitation. Brains were extracted, and the hemispheres were
divided and frozen using Nordfjord cool spray (Norden Olje, Ski,
Norway) and dry ice and stored at �80 �C. Only the right hemi-
spheres were used in this study; the left hemispheres were pre-
served for other analysis.

2.3. Electron microscopy

The animals used for electron microscopy were anesthetized
with Equithesin (0.02 mL/g), transcardially perfused with 4%
formaldehyde and 0.1% glutaraldehyde in phosphate buffer pH 7.4
and postfixed in the same solution overnight, and stored in 1/10
fixative at 4 �C until further preparation. Pieces from cerebral cortex
(1.0 � 0.5 � 0.5mm3) were dissected and embedded in Lowicryl
HM20 following our laboratory’s standard protocol (Takumi et al.,
1999). There are 2 main steps in this procedure, cryoprotection
and cryosubstitution. Cryoprotection was done by immersing the
tissues into phosphate-buffered glucose followed by increasing
concentrations (10%, 20%, and 30%) of glycerol before plunging the
tissue specimens into liquid propane at �190 �C in a liquid
nitrogen-cooled cryofixation unit KF80 (Reichert, Vienna, Austria).
Cryosubstitution was undertaken in 0.5% uranyl acetate in anhy-
drous methanol at �90 �C for 24 hours in a cryosubstitution unit
(Leica EM AFS, Leica Microsystems GmbH, Wien, Austria). The
temperature was stepwise increased to�45 �C, and Lowicryl HM20
was gradually substituted for methanol. The specimens were
polymerized under ultraviolet light for 48 hours at �45 �C. Ultra-
thin sections were cut and placed on Formvar-coated single-hole
grids. Postembedding immunohistochemistry with antibodies Abx-
40 and 6E10 (epitope 5-10 in Ab) was used to identify amyloid
deposits. Electron micrographs were obtained digitally from a
transmission electron microscope (Tecnai 12, Philips Electron
Optics BV, Eindhoven, The Netherlands).

2.4. Immunohistochemistry

Sagittal sections from the right hemisphere were cryosectioned
(Leica CM3050 S) at 25 mm, postfixed with 4% formaldehyde for 5
minutes and pretreated with 80% (w/v) formic acid for 2 minutes
and then in 2% H2O2 for 7 minutes. From each animal, 3 sections
from the right brain hemisphere were selected for image analysis.
These sections were selected at corresponding distances from the
midline in all animals, each including parts of the cerebral cortex,
the hippocampus, and the thalamus. After washing with 10 mM
phosphate-buffered saline (PBS), sections were immersed in a
preincubation solution (10% normal goat serum [NGS], 1% bovine
serum albumin (BSA), and 0.5% Triton X-100 in 10 mM PBS) for 30
minutes at room temperature. Afterward, sections were incubated
with the primary antibody Abx-40 (Philipson et al., 2012) (0.5 mm/
mL with 3% NGS, 1% BSA, 0.5% Triton X-100 in 10 mM PBS) at 4 �C
overnight. After repeated washing, sections were incubated with
secondary biotinylated goat anti-rabbit antibody (BA-1000, Vector
Laboratories, CA, USA) diluted 1:300 in 3% NGS, 1% BSA, 0.5% Triton
X-100 in 10 mM PBS, washed in 10 mM PBS, and then incubated
with Streptavidin-biotinylated horseradish peroxidase complex
(RPN 1051, GE Healthcare, Little Chalfont, UK) diluted 1:100 in 0.5%
Triton X-100 in 10 mM PBS for 1 hour at room temperature. After
washing with 10 mM PBS, all sections were incubated with 3,30-
diaminobenzidine tetrahydrochloride (Sigma, St Louis, MO, USA)
for 5 minutes before 0.1% H2O2 was added to a 10 mL 3,30-dia-
minobenzidine tetrahydrochloride solution and applied onto the
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sections until proper labeling was achieved (3 minutes). The sec-
tions were briefly rinsed in water before mounting with glycerine-
gelatin (Chemi Teknik, Oslo, Norway).

2.5. Image acquisition, virtual microscopy, and creation of online
repository

High-resolution images of sections were acquired using an
automated slide scanner system (Mirax Scan, Carl Zeiss Micro-
Imaging, Jena, Germany), yielding TIFF images with a spatial reso-
lution of 0.23 mm/pixel. Images were inspected by virtual
microscopy and exported 1:2 using Panoramic Viewer software
(3DHISTECH, Budapest, Hungary). Exported TIFF images were
uploaded in a database system built on a technological platform
outlined in (Bjaalie et al., 2005; Moene et al., 2007). The resource
uses a web interface (http://www.rbwb.org/, select “tg-ArcSwe
atlas”) providing access to a customized virtual microscopy tool
based on Open Zoom technology (www.openzoom.org) for viewing
and navigating within and across section images. All labeled sec-
tions from 2 representative animals, 1 male (case M3) and 1 female
(case F1), were included in the repository. In addition, we included
selected sections from other animals illustrating key morphologic
phenomena.

2.6. Quantitative image analysis

Images were first scaled 1:16 (to a spatial resolution of 3.28
mm/pixel) using the export functionality of the Panoramic
Viewer. Second, to compensate for different background color
intensities following immunohistochemistry, all image histo-
grams were normalized using the match-color algorithm in
Adobe Photoshop CS6 with a photomicrograph of a wild-type
section as reference (Sedgewick, 2008). Quantitative image
analysis was then performed in 3 regions of interest (ROIs) using
Image J 1.46r (http://imagej.nih.gov/ij). In each section, the
outline of the cerebral cortex, thalamus, and hippocampus were
manually delineated. The cerebral cortex was anteriorly delin-
eated by a line connecting the rhinal fissure and anterior tip of
the external capsule, dorsally by the external surface of the brain,
ventrally by the external capsule, and posteriorly by the dorsal
subiculum. The anterior, ventral, and dorsal boundaries of the
thalamus were defined by the surrounding white matter in the
fimbria, internal capsule and cerebral peduncle, and the hippo-
campus, and the posterior boundary was approximated by con-
necting the brachium of the superior colliculus and cerebral
peduncle with a curved line encompassing geniculate nucleus.
The delineation of the hippocampus included the 3 cornu
ammonis subfields (CA1, CA2, CA3), the dentate gyrus, and sub-
iculum and was defined anteriorly against the fimbria, dorsally
and posteriorly against the external capsule, and ventrally
against the thalamus. Within each ROI, images were binarized by
selecting a threshold value in Image J, which yielded boundary
definitions best corresponding to the observed plaque bound-
aries, such that the core and surrounding halo of labeling were
included; weakly stained areas in the periphery of the plaque
formations and background staining were excluded. The same
threshold value was used for all sections. The area of each ROI
and the area of labeled objects within each ROI were calculated,
and the results were expressed as labeled area fraction in percent
(labeled area/ ROI area � 100) as a measure of Ab plaque load. For
each animal, the mean area fractions of 3 sections were used for
the final analysis of group variation and standard deviation.
Statistical analyses were performed using InStat (GraphPad
Software, San Diego, CA, USA).

3. Results

3.1. Structural and ultrastructural morphology

To confirm that the antibody against Abx-40 yielded the same
labeling pattern in tg-ArcSwe mice as an antibody detecting all
C-terminally truncated variants of Ab, we incubated consecutive
ultrathin sections from the prefrontal cerebral cortex with anti-
bodies Abx-40 and 6E10 (epitope Ab5-10). Both antibodies specif-
ically recognized amyloid fibrils within the same plaque, showing
that the antibody directed against the C-terminus of Abx-40 gave
the same overall labeling pattern as the 6E10 (Fig.1). This confirmed
previous control experiments performed at light microscopic level
(Lord et al., 2009, see their supplementary Fig. 1). The EM images
also showed plaque deposits associated with necrotic structures,
filled with inclusion bodies (Fig. 1A, asterisk). In addition to the
typical plaque formation, we consistently observed a considerable
fraction of vascular deposits in all cases. Both at the light micro-
scopic and EM level Abx-40 labeling were observed around the
endothelium of small to medium-sized vessels (Fig. 2).

3.2. Brainwide spatial distribution of Abx-40 plaques

To map the spatial distribution of Abx-40 plaques across the
brain, we evaluated high-resolution digital images of immuno-
stained sections from all 10 animals to determine the presence, size,
and morphologic characteristics of Abx-40 stained plaque forma-
tions. The amount of Abx-40 plaques was consistently high in the
cerebral cortex and hippocampus in all cases. In most cases, sub-
stantial amounts of plaque were found in the thalamus, whereas
the occurrence of plaque varied more in other brain regions (Fig. 3,
Table 1). The highest density of amyloid plaques was consistently
found in the cerebral cortex, hippocampus, and, to a lesser extent,
thalamus (Table 1). Within the cerebral cortex, there was a clear
trend toward higher plaque load in the prefrontal areas compared
with parietal and occipital cortical regions (Fig. 3). Notably, amyloid
depositions associated with vessels were more prominent in the
prefrontal cortex. In the hippocampus, the amyloid deposits were
particularly concentrated in CA1 and subiculum (Fig. 4C). Vessel-
associated amyloid deposits were also observed in the hippocam-
pus of some animals, but to a lesser degree than in the prefrontal
cortex and thalamus. In the thalamus, amyloid plaques were
distributed across several thalamic subnuclei (Fig. 3). The size of
amyloid plaques varied considerably (Fig. 4), but we observed a
trend toward smaller plaque size in the thalamus compared with
the cerebral cortex and hippocampus. As in the prefrontal cortex,
many of the observed amyloid deposits in the thalamus were
associated with vessels (Fig. 2A). In other brain regions, the amount
of amyloid plaque varied across animals (Table 1). In some cases,
modest amounts of labeling were observed in the olfactory bulb,
superior colliculus, cerebellum, and brainstem.

3.3. Quantification of Ab plaque load and variance

The amount of Abx-40 labeling was determined in ROIs (Fig. 4A)
by image analysis (Fig. 4B and 4C). In this cohort of 12-month-old
tg-ArcSwemice (n¼ 10), the Ab-burdenwas estimated to be 4.1%�
0.3% (SEM) in the cerebral cortex, 4.1% � 0.3% in the hippocampus,
and 3.1% � 0.6% in the thalamus. Amyloid-b plaque load ranged
from 2.9% to 5.9% in the cerebral cortex and 2.5% to 5.4% in the
hippocampus, whereas the greatest variation in amyloid-b plaque
load was found in the thalamus, ranging from 0.5% to 6.2%. Coeffi-
cient of variance (CV) was 22% in the cerebral cortex, 25% in the
hippocampus, and 64% in the thalamus. Fig. 5 provides an overview
of the amount of Abx-40 labeling measured.
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3.4. Gender differences

Two-tailed t tests between male (n¼ 6) and female (n¼ 4) mice
showed no significant gender difference in plaque load in the ce-
rebral cortex (p ¼ 0.29) or thalamus (p ¼ 0.39) but indicated that
plaque load in the hippocampus was lower in the female group (p<

0.01).

4. Discussion

We have mapped the spatial distribution Ab-40 deposits in 12-
month-old tg-ArcSwe mice and quantified the amount of plaques
in 3 ROIs. Our analyses demonstrated that Abx-40plaque deposits are
consistently present in the cerebral cortex, hippocampus, and thal-
amus and variably present in several other regions. Our ROI-based

quantification of plaque load showed relatively similar Ab-burden
in the 3 regions, with CVs of 22%, 25%, and 63%, respectively. Gender
comparison indicates lower plaque load in the hippocampus of fe-
male mice, whereas no differences were found in the other regions.

4.1. Antibody specificity

Several antibodies specific for different Ab epitopes are available.
The Abx-40-antibody used here detects a neo-epitope and was
generated, affinity-purified, and tested for specificity in vitro using
enzyme-linked immunosorbent assay as reported earlier (Näslund
et al., 2000). We previously demonstrated a single homogenous
population of cored Ab-plaques in the tg-ArcSwe model that stains
with antibodies recognizing N- or C-terminal epitopes in Ab (Lord
et al., 2009). Thus, in tg-ArcSwe mice the 6E10, Abx-40 or Abx-42

Fig. 1. Amyloid plaque morphology and ultrastructure. Electron micrographs showing the same plaque (P) with amyloid fibrils surrounded by microglia cells (M) and necrotic
patches (asterisk) in consecutive ultrathin sections incubated with antibodies recognizing the C-terminal of Abx-40 (A, A0), or the 6E10 antibody recognizing the N-terminal part of
Ab (B, B0). Frames in panels A and B indicate the positions of the enlarged images (A0 and B0). In all sections, the amyloid fibrils are decorated with dark gold particles indicating
presence of Abx-40 (A0) or 6E10 (B0). The intensity of Abx-40 labeling in panel A0 is comparable to the 6E10 labeling seen in panel B. The images demonstrate that the 2 antibodies
allow specific identification of amyloid fibrils in the same plaque. Scale bars: A and B ¼ 1 mm; A0 and B0 ¼ 0.1 mm.

Fig. 2. Vessel associated Abx-40 deposits. (A) Light microscopic image showing thalamic vessels (arrows) surrounded by amyloid (from animal F3). (B) Electron microscopic image
showing a section immunostained with 6E10-antibody labeled with gold particles detecting Ab in close contact with the vessel endothelium (B). The frame in panel B is enlarged in
panel C. Note the electron-dense gold particles decorating the fibrils. Scale bars: A ¼ 100 mm, B ¼ 3 mm, and C ¼ 0.3 mm. Abbreviations: V, vessel; M, microglia.
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antibodies will produce the same labeling pattern and indicate the
sameAb burden, at least at the light-microscopic level used here. This
is due to the Arctic AbPP mutation, which makes all Ab-peptides
including Ab1-40 far more aggregation prone (Nilsberth et al., 2001).
Theoretically, a minor fraction of Ab-deposits may not be detected
with the 6E10 antibody, but because the concentration of N-terminal
and modified peptides is low in mice carrying the Swedish mutation
(Philipson et al., 2009a), this will, if anything, have only a negligible
effect on the plaque loadsmeasured in the present study and be of no
relevance for the group comparisons performed. Although N-trun-
cated peptide species dominate in the human brain (Philipson et al.,
2012), the concentration of such peptides is low in tg-ArcSwe mice,
likely because of the Swedish AbPP mutation and other species dif-
ferences in AbPP-processing. Additional evidence of the specificity of
Abx-40-antibody was provided by an earlier investigation of tg-Swe
mice, inwhichwedemonstrated 2 plaquepopulations,1 consisting of
diffusewild-type Ab plaques that are only Ab42-immunopositive and
a second type of cored plaques that stains with Ab40- and Ab42-
specific antibodies (Lord et al., 2011). It should also be noted that
antibody 6E10, unlike an Abx-40 antibody, binds to both AbPP and
sAPPb. However, pretreatment of sections with formic acid as in the
present study,will dramatically lower signals fromAbPPand enhance
detection of aggregated and fibrillized Ab (Christenson et al., 2009;
Philipson et al., 2009b).

4.2. Impact of transgene-dependent Ab-biology on phenotypes

Our transgene mouse colony followed a breeding protocol in
which the human AbPP genewas inherited only frommalemice. The
expression of the proteins was more uniform, and phenotypes were
thus found to be less variable compared with random carriers (R.
Torp, L.N.G. Nilsson, unpublished results). Amyloid deposition will
depend on Ab-synthesis (i.e., expression and endoproteolytic pro-
cessing of the human AbPP transgene) as well as factors influencing
Ab-transport and deposition. AbPP-expression in the tg-ArcSwe
mouse model is regulated by a Thy-1 promoter cassette in which
lymphoid expression has beeneliminated bydeleting the third intron
in the murine Thy-1 gene (Vidal et al., 1990). Apart from the Arctic
mutation, ourmodel differs from the APP23-model (Sturchler-Pierrat
et al., 1997) in 2 aspects: the AbPP695 isoform was inserted and the
cDNA extended until 3252 (SmaI) instead of 3026 (HindIII) in 30UTR
untranslated sequences. A shorter 30UTR increased and widened
anatomic transgene-expression in brain (Andra et al., 1996), but the
insertion site also plays a major role in transgene expression.

4.3. On the character, morphology, and spatial distribution of Ab-
deposits

The first reports of this model (Lord et al., 2006; Philipson et al.,
2009b) described intraneuronal Ab-aggregates in the cerebral

cortex and hippocampus that were visible until 9 months, whereas
with advancing age, deposits with amyloid cores were found pri-
marily at extracellular locations. Our current findings indicate
dystrophic elements surrounding the plaque areas in tg-ArcSwe
mice, with membrane inclusions and filled core vesicles sugges-
tive of dystrophic neurites and most likely cell death. This is
noticeable considering the scarcity or absence of neurodegenera-
tive phenotypes in most AbPP transgenic mouse models.

Here we report amyloid deposits that varied considerably in size
and density, distributed in cerebral cortex, hippocampus, and
thalamus and frequently also in the olfactory bulb, striatum,
tectum, amygdala, hypothalamus, brainstem, and cerebellum. The
finding of a high plaque load in the prefrontal cortex and a low
density of amyloid plaques in the occipital cortex is interesting. We
speculate that it relates to default activity (Buckner et al., 2005), but
a different level of transgene expression could also play a role. Old
tg-ArcSwemice (aged 24months) displayed evenmorewidespread
Ab-deposition than reported here. Deposits were found in striatum
and brainstem (Magnusson et al., 2013), which were seldom
afflicted in 12-month-old mice.

Although AbPP expression is known to be low in the thalamus
(Lord et al., 2006), thalamic plaque deposits were observed in all
animals, albeit with more variance than in the cerebral cortex and
hippocampus. Axonal transport is of relevance to accumulation of
extracellular Ab deposits because fiber transection of the perforant
pathwaymarkedly reduces Ab accumulation in the limbic system of
AbPP transgenic mice (Lazarov et al., 2002; Sheng et al., 2002). The
importance of neuronal connections is illustrated in our study by
the abundance of Ab deposition in thalamus, despite low transgene
AbPP expression in this region. Reciprocal connections between the
cerebral cortex and thalamus (Hoogland et al., 1987; Welker et al.,
1988) are crucial for relay and modulation of information be-
tween these regions (Sherman and Guillery, 1996), and cortico-
thalamic oscillations are linked to absence seizures and sleep
spindles. Interestingly, enhanced seizure activity in association
with altered hippocampal circuitry was observed in transgenic
human AbPP mice (Palop et al., 2007), and AD is a known risk factor
for epileptic discharges.

We also noticed considerable amounts of perivascular amyloid
deposits in cortical areas and in the thalamus. Perivascular
drainage pathways through which extracellular and soluble Ab-
peptides transport and adhere along arteries and capillaries
resulting in amyloid angiopathy and other Ab deposits could also
have contributed to Ab deposits remote from the location of Ab
production (Weller et al., 2009). This morphologic feature makes
the model attractive for investigation of interactions between
amyloid and proteins of the vascular unit. Vascular plaques were
studied in relation to aquaporin 4 (AQP4) in a recent study
from our group (Yang et al., 2011) using an antibody recognizing
total Ab.

Table 1
Semiquantitative assessment of Abx-40 distribution across the brain in all animals investigated

F1 F2 F3 F4 M1 M2 M3 M4 M5 M6

Brain region
Olfactory bulb NA � NA þ � NA � NA NA NA
Cerebral cortex þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ
Hippocampus þþ þþ þþþ þþþ þþþ þþþ þþ þþ þþ þþþ
Striatum � � þ þ � þ þ — � �
Thalamus þþþ þ þþþ þ þþþ þþ þ þþþ þ þþþ
Hypothalamus and amygdala � � þ � � þ � þ � þþ
Tectum � � � � þþ þ þ � � þþ
Brain stem � � þ þ þ � � � � �
Cerebellum � þþ � þ þ � þþ þ þ þ

Key: F1eF4: female mice; M1eM6: male mice; NA, ¼ material not available. Density of Abx-40 labeling: �, no plaques or plaque fragments without visible core; þ ¼ 1e5
plaques; þþ ¼ 6e20 plaques; þþþ �20 plaques.
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The Ab-burden measured in this study is somewhat higher than
in other studies with tg-ArcSwe (Lord et al., 2009; Philipson et al.,
2009a), which might relate to experimental procedures (larger
area examined, better signal-noise-ratio of immunostaining, or the
threshold chosen) or genetic drift of phenotypes in this new colony
at Oslo University compared with the original one at Uppsala

University (Lord et al., 2006). The difference in age-dependent
plaque development is modest compared, for example, with the
3xTg-AD model, which has also been bred at different locations
(Mastrangelo and Bowers, 2008; Oddo et al., 2003). Senile plaque
formation is seed-dependent with an extreme kinetics and thus is
partly a stochastic process (Jarrett and Lansbury, 1993). Therefore, a

Fig. 3. Spatial distribution of Abx-40 labeling across the brain. Images of Abx-40 immunostained sagittal sections from each of the 10 mice (females F1eF4; males M1eM6)
investigated, showing the spatial distribution of Abx-40 in various brain regions. (A) The approximate plane of sectioning. (B) For comparison, an immunostained control section
from a wild-type mouse. Scale bar: 1000 mm. Abbreviations: Cb, cerebellum; CP, caudate putamen complex; CTX, cerebral cortex; H, hippocampus; Thal, thalamus.
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certain amount of variability is to be expected across brain regions,
even in siblings. Ab-deposition in thalamus, where little human Ab
is synthesized, also depends on unknown biological mechanisms
that likely differ between animals. Differences in activity of
signaling in corticothalamic connections or in Ab-drainage may
play a role in this regard.

4.4. Gender differences

In line with previous studies with tg-ArcSwe (Lord et al., 2009;
Philipson et al., 2009a), we were not able to find gender-
dependent differences in the cerebral cortex. Our finding that
male tg-ArcSwe mice have a higher hippocampal Ab-burden may
reflect a region-dependent or random effect. Given the small group
size used for this comparison, replication is needed to confirm this
finding. Nevertheless, our findings clearly indicate that the gender-
specific tendency for development of amyloid deposits is different
in tg-ArcSwe model compared with female transgenic mice, with
only the Swedish mutation consistently having more amyloid de-
posits than male siblings (Callahan et al., 2001; L.N.G. Nilsson, un-
published data).

4.5. Variability and power analysis

AbPP transgenic models are often used to determine efficacy of
new therapeutic strategies or to evaluate value of nutritional

supplements. Studies suggest that surprisingly diverse types of
substances are able to lower Ab-deposition in AbPP transgenic mice
(Blennow et al., 2006). A CV z 25% means that groups of 7 mice
would be needed to detect altered cortical Ab-deposition of 50%
(a¼ 0.05; power (p)¼ 0.95), that is, it would be as likely that such a
study would fail to detect a true therapeutic effect of 50% as to
report an untrue effect by coincidence. A CV of approximately 25%
in tg-ArcSwe is rather low. Judging from the literature and our own
studies, CV of approximately 40%e50% in less aggressive AbPP
models such as tg2576 (Callahan et al., 2001) or tg-Swe (Lord et al.,
2011). With 40% variability, a group size of 10 animals which is
more than typically used in published intervention studies with
AbPP transgenic mice, should in theory usually lead to failure in
detecting effects of approximately 50% (p ¼ 0.80) (Jucker, 2010).
Thus, misuse and selective reporting of positive studies with AbPP
transgenic mice coupled with publication bias likely explain why
there are somany successful trials in the literature. Using tg-ArcSwe
mice, power analyses suggest that a group size of at least 16 mice
(p ¼ 0.80) or 27 mice (p ¼ 0.95) is needed to detect a difference of
25% (a ¼ 0.05).

4.6. Web-based image repository of Abx-40 burden in tg-ArcSwe
mice

Choice of appropriate animal models is critical to the outcome of
experimental investigations and requires detailed knowledge not

Fig. 5. Total and regional area fraction of Abx-40 labeling. Graphs showing plaque areas measured in the 3 regions of interest (ROI) for each case and average areas per ROI for all
animals (n ¼ 10) with SEM.

Fig. 4. Morphology and quantification of Abx-40 labeled plaques. (A) Image of a sagittal section from mouse F1 in which 3 regions of interest (cerebral cortex, hippocampus, and
thalamus) are outlined. (A0): Binarized version of the same image after applying a threshold value separating labeled Abx-40 from background. The area fraction of black pixels
within each region of interest was calculated and used as a measure of plaque load. The gray background indicates the outline of the brain. (B) Magnified images showing a
representative dense plaque from the prefrontal cortex (mouse M1). (B0) Binarized version of panel B. (C) Magnified image exemplifying a more loosely organized plaque surrounded
by scattered labeling in the prefrontal cortex (mouse M1). (C0) Binarized version of panel C. Arrows in panels B and C indicate corresponding locations in (B0) and (C0). (D) Screenshot
showing the graphical user interface of the Virtual Microscopy viewer of the online image repository (http://www.rbwb.org). Scale bars: A ¼ 1000 mm; B and C ¼ 100 mm. Ab-
breviations: CP, caudate putamen complex; CTX, cerebral cortex; H, hippocampus; Thal, thalamus.
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only about the genetic background of animals but also the
morphologic expression of disease-specific neuropathology. In this
context, the publicly available web atlas of images from the histo-
logic sections produced in this study represents a valuable source of
information that could not be communicated in journal-article
format. With the virtual microcopy tool embedded in the web
application (Fig. 4C), the user can browse section images across the
brain and select any image for detailed inspection of the Abx-40
immunolabeling. We believe that by providing comprehensive in-
formation about transgenic animal models available through this
type of neuroinformatics resource (Boy et al., 2006; Odeh et al.,
2011), it will be possible to make more informed decisions on
choice of animal model and study design.

4.7. Concluding remarks

The tg-ArcSwe mouse model is practical to use considering the
early onset of extracellular plaque formation. Senile plaques appear
in the brain at age 5 to 6 months (Lord et al., 2006) and become
highly abundant in regions where the AbPP-transgene is expressed
at 12 months, but are also present in other brain regions. Impor-
tantly, Ab deposits better resemble AD brain in terms resilience to
biochemical extractionwith sodium dodecyl sulfate (SDS; Philipson
et al., 2009a). Compared with other models, for example, the
commonly used Tg2576, phenotype variability among tg-ArcSwe
mice is modest in terms of both anatomic distribution and den-
sity of deposits in the cerebral cortex and hippocampus. This means
that fewer mice are needed to gain statistical power when evalu-
ating novel therapeutics. The smaller CV presumably relates to the
strong genetic effect of 2 AD mutations but also to tg-ArcSwe mice
being bred on a pure genetic background. The model is expected to
be suitable for behavioral studies because it can be maintained on a
pure genetic background of C57Bl/6J, which in theory should reduce
the variability of all phenotypes (including behavior). Also, many
tasks are thought to depend on vision, and thus C57Bl/6J is a
preferred inbred strain for behavioral studies because it is one of
few inbred strains that are devoid of visual deficits (Brown, 2007).
Moreover, given that the Arctic mutation results in amyloid depo-
sition around and within vessels, the tg-ArcSwe model also stands
out as a valuable tool for studying Ab drainage and clearance at an
early stage.
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The spatial pattern of transgene expression in tetracycline-controlled mouse models is governed primarily
by the driver line used to introduce the tetracycline-controlled transactivator (tTA). Detailed maps showing
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Background & Summary
Transgenic mice in which the expression of specific genes can be pharmacologically regulated are
powerful tools for studying brain disease1–10. One common approach for temporally-regulated transgene
expression allows transcription to be exogenously controlled by administration of tetracycline or its
chemical derivatives11–14. Tetracycline-responsive transcription depends on a bipartite system in which
the promoter controlling a transgene of interest is activated exclusively by an artificial fusion protein
known as the tetracycline-controlled transactivator (tTA; Fig. 1a,b). The promoter used to restrict tTA
expression therefore dictates the spatial distribution of the transgenic protein of interest.

Many different tTA transgenic lines with varying expression patterns have been generated for
individual experimental purposes. A database of tet-transgenic rodents lists more than a hundred mouse
lines expressing tTA or its tet-inducible counterpart reverse tTA (rtTA), and about one fourth of these are
reported to have transgene expression in the brain14. Detailed information about the expression pattern
of tTA is important for selecting a driver line suitable for the circuit or brain region of interest. Despite
this need, comparison of expression patterns reported across the myriad tTA/rtTA lines has historically
been difficult because of the varying methods used to locate transgene expression compounded by
significant variation in spatial granularity and scope of analyses. Some reports describe brain expression
patterns at the level of major brain regions15–17, while others focus on selected brain regions with limited
documentation of possible expression outside the region of interest18,19.

To the best of our knowledge, only four studies have characterized the expression pattern of tTA
driver lines in detail across the entire mouse brain. These studies have mapped reporter expression in tTA
driver lines based on the promoters for cellular prion protein (Prnp)4, neuropeptide Y receptors Y1 and
Y520, Ca2+/calmodulin-dependent protein kinase IIα (Camk2a)21, and neuropsin (Nop)22. Three of these
studies provide web-based virtual microscopy and repositories with series of histological section images
spanning the mouse brain. This information is complemented by semiquantitative analyses of expression
levels within selected subregions4,21,22 and shared via the Rodent Brain Workbench portal (www.rbwb.
org). Detailed anatomical comparison of expression patterns between driver lines nevertheless remains
challenging due to differences in the reference atlases used, the criteria for identifying anatomical
boundaries, and the plane of sectioning of histological material. Only a subset of corresponding sections
can be compared side-by-side, as shown by Odeh et al.21.

To overcome this limitation in cross-model comparison, we present a repository of serial microscopic
images showing lacZ reporter activity in five frequently used tTA-expressing transgenic lines (Prnp;
Camk2a; Nop; L7/Purkinje cell protein 2, Pcp2; and Pituitary homeobox 3, Pitx3). The repository serves
as a resource for neuroscience researchers working with tet-transgenic models. The image data and
associated metadata are made available via the web page of the EU Human Brain Project (www.
humanbrainproject.eu)23. All images have all been registered to the Allen Mouse Common Coordinate
Framework (CCF) version 224. For each tTA transgenic line, the density of lacZ reporter expression
across the brain is semi-quantitatively scored. All histological images can be interactively examined online
by virtual microscopy with superimposed atlas maps or downloaded for off-line comparison with other
experimental materials. The image repository is suitable as a benchmark reference for transgenic mouse
models with tetracycline-controlled transgene expression in the brain.

Methods
Overview of experimental design
To specify and compare where in the brain conditional gene expression occurs in the most commonly
used tTA promoter lines with known brain expression (Prnp, Camk2a, Nop, Pitx3, and Pcp2), we created
a repository of microscopic images showing the location of conditional gene expression in five promoter-
reporter crosses. In these mice, the transgenic responder line encodes the lacZ gene, allowing a β-
galactosidase reaction to reveal the spatial distribution of the tTA promoter and thereby indicate where in
the brain conditional gene expression occurs. Registration of all histological images to a common mouse
brain reference atlas makes it possible to directly compare the regional specificity and amount of
expression across the five tTA driver lines. The core workflow is outlined in Fig. 1c.

Mouse strain generation
All animal procedures were performed in accordance with the National Institutes of Health Guide for the
care and use of laboratory animals and approved by local institutional animal welfare committees
(associated with Baylor College of Medicine, University of Tübingen, or University of Oslo). The tTA
image repository holds image data from 12 adult bigenic mice, representing intercrosses between five
promoter-tTA driver lines and two tetO-lacZ reporter lines (Table 1). Experimental details about animal
constructs are provided below. Microscopic images from Prnp, Camk2a, and Nop driver lines4,21,22 were
imported from the Rodent Brain Workbench (www.rbwb.org). Data from single transgenic (tetO-lacZ)
control animals, excluding the possibility of endogenous β-galactosidase staining, have been reported
earlier22. Information on the three strains used to generate Pcp2 and Pitx3 lacZ expression data is
provided below.

tetO-nls-lac-CMK (tetO-GFP-nls-lacZ-Camk2a 30UTR). The lacZ reporter line used for detection of
tTA activity in the Pcp2, Nop, and Pitx3 driver lines encoded an in-frame fusion of the E. coli lacZ gene
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with green fluorescent protein (GFP) under control of the first-generation tetO promoter25. The reporter
construct also included the nuclear localization signal (nls) from the simian virus 40 (SV40) large T
antigen and was followed by the three prime untranslated region (30 UTR) from mouse calcium-
calmodulin kinase type IIα (Camk2a). It is unclear from the original report whether the tetO-lacZ-nls-
GFP animals were generated on a B6CBA F2 or B6SJL F2 background, but in either case the line was
eventually maintained by backcross with C57BL/6 (Dr. Mark Mayford, personal communication). This
line was obtained from Dr. Mark Mayford (Department of Neuroscience, Scripps Research Institute, La
Jolla, CA, USA) in 2010 and backcrossed to C57BL/6 J for another 4 generations before being mated with
the Pcp2-tTA and Pitx3-tTA driver lines as described below.

L7/Purkinje cell protein 2 (Pcp2)-tTA/tetO-lacZ-nls-GFP mice (Pcp2-tTA). Mice expressing tTA
under control of the mouse L7/Purkinje-cell protein 2 (Pcp2) promoter were created by Dr. Harry T. Orr
(Department of Laboratory Medicine and Pathology, University of Minnesota, USA) and obtained from a
colony derived from this stock by Dr. David Nelson (Department of Molecular and Human Genetics,

Driver line/Reporter line Animal # Gender Age (weeks) # Images Orientation

Camk2a Camk2a-tTA/tetO-lacZ 317.8 female 41 47 coronal

Nop Nop-tTA/tetO-lacZ-nls-GFP 1952 male 38,5 46 coronal

Nop-tTA/tetO-lacZ-nls-GFP 2877 male 36 23 horizontal

Nop-tTA/tetO-lacZ-nls-GFP 2849 female 31 34 coronal

Pcp2 Pcp2-tTA/tetO-lacZ-nls-GFP 1261 male 42,5 41 coronal

Pcp2-tTA/tetO-lacZ-nls-GFP 3292 female 37 23 horizontal

Pcp2-tTA/tetO-lacZ-nls-GFP 4340 male 20 33 coronal

Pitx3 Pitx3-tTA/tetO-lacZ-nls-GFP 3435 male 15 42 coronal

Pitx3-tTA/tetO-lacZ-nls-GFP 5154 female 12,5 16 horizontal

Pitx3-tTA/tetO-lacZ-nls-GFP 6513 male 9 15 horizontal

Pitx3-tTA/tetO-lacZ-nls-GFP 6517 female 9 32 coronal

Prnp Prnp-tTA/tetO-lacZ 388.12 female 5 57 coronal

Table 1. Overview of materials.

Figure 1. Principle of the tTA/Tet-Off system and workflow. (a,b) Principle of the tetracycline-dependent

regulatory (tTA/Tet-Off) system. A tissue-specific promoter drives spatially restricted expression of the

tetracycline transactivator protein (tTA) in the desired tissue. In the absence of tetracycline (Tet), the tTA

protein binds to a tetracycline responsive element (TRE) which in turn drives expression of the transgene of

interest. (b) If tetracycline (Tet) is administered, it prevents tTA from binding to the TRE and activating

transgene expression. (c) Outline of the workflow used for collection, analysis and presentation of

experimental data.
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Baylor College of Medicine, USA). The original line was created by injection into FVB/N embryos and
maintained on an FVB background. It was received in 2011 and backcrossed to FVB/NJ for another 5
generations before outcrossing to the tetO-lacZ-nls-GFP reporter (see above) for the current studies. The
line is available through Jackson Laboratories under strain name FVB-Tg(Pcp2-tTA)3Horr/J, stock #5625.

Pituitary homeobox 3(Pitx3)-tTA/tetO-lacZ-nls-GFP mice (Pitx3-tTA). Pitx3-tTA mice were
generated in the laboratory of Dr. Huaibin Cai (Laboratory of Neurogenetics, National Institute of
Aging, Bethesda, MD, USA) by targeted insertion of an IRES2-tTA-loxP-neomycin-loxP cassette in exon
4 of the mouse Pitx3 gene19. 129/SvJ ES founder males were generated and their offspring were mated
with a Cre line to remove the neomycin cassette from the transgene. The line was backcrossed to produce
congenic C57BL/6J animals. Animals were obtained from Dr. Mark Mattson (Laboratory of
Neurosciences, National Institute of Aging, Baltimore, MD, USA) in 2013 that had been derived from
Dr. Huaibin Cai’s original colony at the NIH. The mice were bred at Baylor College of Medicine,
Houston, TX, USA for one generation with C57BL/6J before outcrossing the offspring with the tetO-lacZ-
nls-GFP reporter line for the current study.

Prnp-tTA/tetO-lacZ (Prnp-tTA), Camk2a-tTA/tetO-lacZ (Camk2a-tTA) and Nop-tTA/tetO-lacZ-nls-
GFP (Nop-tTA) mice. Description of the construction of Prnp, Camk2a, and Nop-tTA lines are
provided in previous publications4,21,22. In brief, Prnp-tTA/tetO-lacZ and Camk2a-tTA/tetO-lacZ mice
were generated by crossing a Prnp promoter line (Prnp-tTA, line F95925) or Camk2a promoter line26

with a responder line transgenic for a bidirectional reporter gene construct containing the E. coli derived
LacZ reporter gene encoding β-galactosidase27,28, and the Luciferase gene from Photinus pyralis (not used
in the present study) (Luc-tetO-lacZ). Nop-tTA mice were generated by backcrossing the Nop-tTA mouse
line provided by Dr. Mark Mayford (Line tTA-EC29; also known as Klk8-tTA; MMRRC strain # 031780)
to C57BL/6 J for 1–3 generations before outcrossing to the responder E. coli lacZ and green fluorescent
protein (GFP) responder line listed above (tetO-lacZ-nls-GFP)26.

Tissue fixation
The procedures described below pertain to tissue from the Pcp2-tTA, and Pitx3-tTA, and tetO-lacZ-nls-
GFP mice. The histological procedures used for previously published strains are very similar, but for
details see the original publications (Prnp-tTA4; Camk2a-tTA21; Nop-tTA22).

The animals were overdosed with pentobarbital and transcardially perfused with cold phosphate-
buffered saline (PBS) containing 10 U/ml of heparin followed by 4% paraformaldehyde (PFA) in PBS.
Brains were extracted and post-fixed by immersion for 3 h at 4 °C in 4% PFA/PBS before being cryo-
protected by immersion in 30% sucrose/PBS for 48 h at 4 °C.

Brain dissection and sectioning
After removal of the skull, brains were rinsed in PBS before being incubated for 2 h in PBS containing 5%
gelatin at 37 °C (Sigma, G2500) followed by 2 h in 11% gelatin/PBS at 37 °C. Tissue blocks were placed
flat-face down onto a 3–4 mm thick layer of solidified 11% gelatin inside a plastic mold and flooded with
liquid 11% gelatin solution until the tissue was completely submerged. Blocks were allowed to harden at
room temperature for 30–60 min. Gelatin blocks were then released from their molds and immersed in
4% PFA/PBS for 4 h at 4 °C. The blocks were then placed in PBS containing 10% sucrose for 24 h at 4 °C,
followed by 30% sucrose/PBS for at least 48 h (and up to 7 d) at 4 °C before they were sectioned.

Cryoprotected gelatin blocks were marked with a razor blade to indicate orientation and placed in a
peel-away plastic mold (Polysciences, Inc., 18646A-1) filled with pre-warmed 37 °C PBS containing 3%
gelatin. The block was then flash frozen by slowly lowering the mold into isopentane (Sigma, M32631)
that had been chilled to −60 °C. After 30 min in isopentane, the block was recovered and the plastic mold
removed so that the tissue could be mounted with PBS onto the stage of a freezing-sliding microtome and
sectioned at 45 μm. Sections were stored in cryoprotectant (0.1 M phosphate buffer pH 7.4, 30% ethylene
glycol, 25% glycerol) at −20 °C until use. Sections were sampled to cover the entire brain; from each brain
32–61 coronal sections or 16–23 horizontal sections were sampled.

β-galactosidase staining and counterstaining
The lacZ gene product (β-galactosidase) was identified using X-gal (5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside) as a substrate. Enzymatic cleavage of X-gal gives rise to an insoluble indigo-blue
compound30,31. Sections were mounted onto Superfrost Plus slides (Fisher, 12-550-15) from tris-buffered
saline (TBS) and air-dried for 48 h before use. Slides were rehydrated in running tap water for 5 min and
rinsed for 15 min at room temperature in PBS containing 2 mMMgCl2. The slides were then incubated in
pre-warmed 0.1 M phosphate buffer containing 2 mM MgCl2, 0.2% NP-40, and 0.1% sodium
deoxycholate for 10 min at 37 °C before being transferred to a solution of the same composition plus
5 mM ferrocyanide (Sigma, P3289), 5 mM ferricyanide (Sigma, 455946), and 1.5 mM of 5-bromo-4-
chloro-3-indolyl-β-D-galactoside (X-Gal, 5Prime, 2500040) for 90 min. The reaction was stopped by
washing 3 times at room temperature with 1x HEPES buffered saline containing 0.1% Triton X-100 and
1 mM EDTA. Sections were then fixed for 1 h at 4 °C in 4% PFA/PBS and washed several times in PBS
before being counterstained as described below.
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After stopping the β-galactosidase stain, the slides were defatted by dehydration into xylene and then
rehydrated in tap water. Slides were counterstained for 1 min at room temperature with a 1-to-3 dilution
of nuclear fast red stock solution (0.1% nuclear fast red Kernechtrot; Fluka, 60700) and 5% aluminum
sulfate hydrate (Mallinckrodt, 3208) until the sections attained a light pink color. The slides were then
rinsed in running tap water and dehydrated into xylene before being coverslipped with Permount
(Fischer Scientific, S70104). Sections from Prnp-tTA mice were counterstained with Neutral red, while
the sections from Camk2a-tTA mice were counterstained with Cresyl Violet, as described in the original
publications4,21.

Immunohistochemistry for validation of Pitx3 and Pcp2 staining
To validate the cellular identity of X-gal positive cells in the midbrain of Pitx3-tTA and cerebellum of
Pcp2-tTA animals, a limited selection of sections adjacent to those used in the primary X-gal analysis
from Pitx3-tTA (Mouse 6513) and Pcp2-tTA (Mouse 4340) animals were co-immunostained for β-
galactosidase alongside specific markers for tyrosine hydroxylase or calbindin (see below). Prior to
immunostaining, brain tissue from each section was carefully separated from the gelatin matrix with
iridectomy scissors before being washed in TBS. Sections were blocked for 1 h at room temperature with
TBS containing 0.1% Triton-X and 5% normal goat serum before being incubated overnight at 4 °C in
blocking solution containing chicken anti-GFP (1:500, Abcam, ab13970) and either rabbit anti-tyrosine
hydroxylase (TH; 1:500, Millipore, AB152) or mouse anti-calbindin D-28K (1:2,000, Swant, McAB 300).
Sections were washed before incubation in secondary antibody diluted in blocking solution (Alexa 488-
conjugated goat anti-chicken; 1:500, Invitrogen, A-11039) and either Alexa 568-conjugated goat anti-
rabbit (1:500, Invitrogen, A-11011) or Alexa 568-conjugated goat anti mouse (1:500, Invitrogen,
A-11031). Sections were then washed, mounted, and coverslipped using Vectashield mounting medium
containing DAPI (40,6-diamidino-2-phenylindole) counterstain (Vector Laboratories, Burlingame,
CA, USA).

Brightfield microscopic imaging
Brightfield microscopy images from Camk2a-tTA21 and Prnp-tTA4 mice were acquired using an
automated Olympus Bx52 microscope, equipped with a motorized stage (LEP MAC5000, LUDL
Electronic Products Ltd., Hawthorne, NY, USA), an Optronics MicroFire digital camera (Optronics
Goleta, CA USA), and Neurolucida v6.0 Virtual Slice software (MicroBrightField Inc., Williston, VT,
USA) with a 20x objective yielding images with a resolution of 1.4 pixels/μm. All other images were
acquired using a Zeiss Axioscan Z1 slide scanner running Zeiss Zen Software (Carl Zeiss MicroImaging,
Jena, Germany) with a 20x objective yielding images with a 0.22 μm/pixel resolution. Images were
exported in Tagged Information File Format (TIFF).

Fluorescence microscopic imaging
Fluorescence microscopy images of selected immunostained sections from one Pitx3-tTA and one Pcp2-
tTA animal (see above) were imaged with a Zeiss Pascal laser scanning microscope (Zeiss, Germany)
using a Plan Neofluar, 40x immersion objective (n.a. 1.3, oil). Images were acquired sequentially, with a
pinhole size of about 1 airy unit, and a scan speed of 12–13 μs/pixel. Laser wavelengths for the green and
red channels were 488 and 543 nm, respectively. The Z-stacks were obtained according to the Nyquist
theorem with an optical slice of 0.9 μm, using a slice thickness of 0.45 μm. Excited with the appropriate
laser, the fluorophores were captured sequentially, i.e. in green (goat anti-chicken 488) and red (goat anti-
rabbit 568).

Registration with anatomical reference atlas
All images were registered to the Allen Mouse CCF v.224 using the QuickNII software tool32. This
semiautomatic tool provides custom atlas maps cut at angles of orientation matching the experimental
images, which can compensate for deviations in data collected from standard cutting planes. The atlas
maps are superimposed and registered to the experimental section images (Fig. 2) by use of affine
transformations (scaling, panning, and rotation) to achieve a global match of multiple anatomical
landmarks (Fig. 3). For the semi-quantitative analysis (see below), the number of atlas structure
delineations was reduced by grouping regions that were smaller than ~200 μm in diameter.

Web-based interactive display of images
For evaluation of β-galactosidase labeling, images were organized in the Navigator3 web-based image
management system developed and hosted by the University of Oslo, Norway. This system provides
access to an interactive web-microscopy viewer tool that allows users to display microscopic images with
atlas overlay atlas maps, annotate points of interest in reference atlas space, and view annotated points of
interest together with three-dimensional (3-D) surface models of the Allen Mouse Brain Atlas.

Semi-quantitative scoring of labeled cells
To provide comparable measures of the X-gal-labeled cells across different brain regions in all animals
(Data Citation 1), the density of labeling was assessed by two independent researchers using a semi-
quantitative grading system from 0–4, introduced in Yetman et al.22 (Fig. 2e). Here grade 0 represents
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absence of labeled cells (less than 1 per 0.01 mm2), grade 1 - low density (few cells, possible to count),
grade 2 - medium density (several cells that can be individually discerned, but not readily counted), grade
3 - high density (many labeled cells with large degree of overlap), and grade 4 - very high density (where
individual cells cannot be discerned). The comparison is based on semiquantitive scores of labeling in one
representative case for each tTA line (Data Citation 1), with all results verified in the other cases (Fig. 4).
Scores did not vary more than 1 grade between cases or researchers in any regions. The highest numbers
were reported. If the density of labeling was found to vary substantially within a region, the highest
observed score was recorded.

Code availability
The image data are shared in standard TIFF format that can be viewed and analyzed with a range of tools.
The software used to register images to the references atlas (QuickNII) is shared via NITRC (www.nitrc.
org/projects/quicknii). The software tools (LocaliZoom, MeshView) used here for visualization and
analysis are embedded in the Navigator3 image management system, developed and hosted by the Neural
Systems Laboratory at the University of Oslo, Norway. These tools are available from the Human Brain
Project web page (www.humanbrainproject.eu) upon user registration.

Registration and curation of data in the Human Brain Project infrastructure
Image data and metadata were made publicly available through services for data storage, management,
and professional data curation offered by the EU Human Brain Project (www.humanbrainproject.eu).

Figure 2. Registration of images to the Allen Mouse CCF v.2 reference atlas. Illustration of the principle

used for spatial registration of microscopic mouse brain images to a three-dimensional reference atlas (a–d)

and semi-quantitative scoring system used for analysis of labeling (e). (a) Image of a X-gal labeled horizontal

section from the brain of a Pcp2-tTA mouse. (b) Slice from the Allen Mouse CCF v.2 reference atlas with

position and angle of orientation matching the experimental section in (b). Insets indicate the virtual sectioning

plane in coronal, sagittal, and horizontal views. (c) 3-D rendering of the Allen Mouse CCF v.2 atlas showing the

virtual cutting plane used in (b) with delineations of major brain structures. This custom atlas diagram is

superimposed and spatially aligned with the original section image (d). (e) A semi-quantitative grading scale

from 0 to 4 is used to score the density of labeled elements in different brain regions (see methods section for

details). Cb, cerebellum; Ctx, cerebral cortex; HF, hippocampal formation; Mb, midbrain. Scale bars, (a–e)

1 mm (e) 100 μm.
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The data are Findable, Accessible, Interoperable, and Reusable, in accordance with the FAIR guiding
principles33. The Human Brain Project curation service provides DataCite Digital Object Identifyers
(DOIs) for each data set, structured metadata describing basic parameters on data provenance,
compliance with regulations on ethical conduct, conditions for use, license for sharing, and validated
location metadata defining the location of data in a common anatomical reference atlas.

Data Records
The image files and associated metadata are shared via the web page of the Human Brain Project (www.
humanbrainproject.eu; Data Citation 2–13). The tTA image collection comprises series of microscopic
images from five tTA-expressing transgenic mouse lines (n = 1–4 animals/line). Each data set consists of
series of uncompressed high-resolution TIFF images and a data descriptor file (TXT format) and has been
given a DataCite DOI. For each data set, a link is provided to a web-microscopy viewer tool featuring
functions for exploring and analyzing data, including 1) interactive zooming and panning of images, 2)
toggling of customized atlas delineations registered to each image, 3) hover-activated display of
anatomical names, and 4) annotation and exact spatial coordinates for points of interest defined in the
Allen Mouse CCF v.2 reference atlas. The comparative overview of labeling density for each of the tTA
lines is provided as a derived data set with a separate DOI (Data Citation 1). Table 1 provides an overview
of the materials included. The ‘usage notes’ below provide suggestions about how the interactive web-
microscopy viewer can be engaged.

The images are also shared in the Navigator3 image management system accessible from the Rodent
Brain Workbench (www.rbwb.org; select “Brain atlas of tTA driver lines”). This web resource gives 1)
overview of the data sets included in the present collection, 2) links to the Human Brain Project web-
microscopy viewer system, and 3) options for downloading collections of original TIFF images with
spatially matching low resolution Portable Network Graphics (PNG) atlas maps.

All image series include coronal brain sections, with horizontal sections available for the Nop, Pitx3,
and Pcp2 driver lines (Table 1; Data Citation 2–13). Each series contains between 15 and 57 images,

Figure 3. Precision of image registration to atlas. (a) X-gal stained coronal section from a Prnp-tTA/tetO-

lacZ mouse (case #388.12). (b) A corresponding custom virtual atlas map from the Allen Mouse CCF v.2.

(c) Semi-transparent atlas map superimposed on the section image. (d,e) Higher magnifications from framed

areas indicated in (c), with dashed lines indicating anatomical boundaries derived from the atlas. Note the

spatial correspondence between atlas delineations and the underlying cytoarchitecture in the hippocampal

region (see, e.g. CA1, CA3, DG, SUB) and midbrain (e.g. SNc, SNr), and the partial mismatch of the atlas

delineations with the ventral part of the brain (arrowheads in c,e). CA1, cornu ammonis area 1; CA3, cornu

ammonis area 3; cc, corpus callosum; Ctx, cerebral cortex; COA, cortical amygdalar area; DG, dentate gyrus ;

GENd, medial geniculate complex; HF, hippocampal formation; MB, midbrain; MRN, midbrain reticular

nucleus; PA, posterior amygdalar nucleus; PAG, periaqueductal gray; RN, red nucleus; PP, peripeduncular

nucleus; RSP, retrosplenial area; SC, superior colliculus; SNc, substantia nigra compact part; SNr substantia

nigra reticular part; SPF, subparafascicular nucleus; SUB, subiculum; VIS, visual cortex; VTA, ventral tegmental

area. Scale bar, 1 mm.
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sampled to cover all major brain regions. The file names encode the animal number (first four digits),
genotype, staining (X-gal), serial number (_s followed by three digits), and pixel dimensions (extension
_1.4 or _0.22, indicating μm/pixel). For each microscopic image, an atlas map is provided as a 1024 pixel-
wide PNG image that represents the same physical space as the higher resolution microscopic images.
Each atlas map is named to match its corresponding TIFF image with an additional extension
(_segmentation). The total folder size for each series ranges between 4 and 11 gigabytes.

The microscopic images of coronal sections range in size from 25,000 × 30,000 pixels to 35,000–
55,000 pixels (file size 42–230 megabytes, LZW compressed TIFF), while horizontal images range in size
from 35,000 × 35,000 to 50,000 × 70,000 pixels (file size 100–350 megabytes, LZW compressed TIFF). It
should be noted that several of the original TIFF files exceed the maximum limit that can be opened in
some common image processing software. These images can, however, be viewed using open-access
software tools like e.g. GIMP (https://www.gimp.org/).

Technical Validation
Data quality was ensured for each step of data collection and processing. The histological material was
prepared to preserve morphological integrity and to cover all major brain regions. Counterstaining was
used to highlight anatomical boundaries. Care was taken to define the orientation of section planes, and
to ensure proper serial order of the sections. All section images were registered to a common mouse brain
reference atlas. This facilitates comparison across specimens, even when the plane of sectioning differs.
The accuracy of registration was validated by two independent researchers. The density of cellular
labeling was scored by two independent researchers. Consistency of labeling was validated by analysis of
X-gal labeling in multiple animals from each line.

Sensitivity and specificity of X-gal staining
X-gal staining is based on the enzymatic cleavage of a colorimetric substrate that continues until the
reactants are fully depleted. This stain thus provides a sensitive readout of β-galactosidase localization,
but does not offer a quantitative measure of tTA expression levels. Since lysosomal β-galactosidase is
present in all tissues, and some tissues have endogenous enzyme activity34, background labeling should be
evaluated and excluded. For three of the five tTA lines examined (Nop, Pitx3, and Pcp2), this could be
done by directly comparing the overlap between X-gal labeling and GFP fluorescence co-expressed in the
reporter construct. The GFP signal was overall less intense compared to X-gal, but the expression pattern
largely overlapped. Additionally, no X-gal labeling could be detected in single transgenic control animals
(tetO-lacZ-nls-GFP) stained alongside the bigenic samples22.

Since the same protocol was used to visualize X-gal staining in all of the models, the semi-quantitative
assessment of labeling density should be comparable across lines. It should be noted, however, that tissue
sections differ in thickness and were processed in different laboratories.

Figure 4. Consistency of labeling across animals. Images of spatially corresponding sections from Pcp2-tTA/

tetO-lacZ-nls-GFP (a,b), Nop-tTA/tetO-lacZ-nls-GFP (c,d) and Pitx3-tTA/tetO-lacZ-nls-GFP (e,b) animals

showing highly consistent patterns of X-gal labeling in animals of the same strain. 4 V, fourth ventricle; Cb,

cerebellum; CPu, caudate putamen; HF, hippocampal formation; IO, inferior olive; MB, midbrain; OB,

olfactory bulb; Pn, pontine nuclei, SC, superior collicle; Th, Thalamus; TN, trigeminal nerve; V1, primary visual

area. Scale bars, 1 mm.
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Variability in ages and sexes
The present repository provides the first comprehensive comparison of brain-wide expression patterns in
tTA driver-reporter lines. It furthermore demonstrates that it is possible to build repositories of
comparable image data originating from different laboratories. Both male and female mice are included
in the present data collection and animals span a range of ages from 5–42 weeks at harvest. (Table 1).
While expression patterns in these lines are not known to vary with age or sex in adulthood, this
possibility cannot be excluded and should be taken into consideration when interpreting the data. Since
the data repository is hosted in an infrastructure allowing addition of data sets, the present collection can
be expanded with future data sets that may clarify whether expression varies in any of the lines as a
function of age or sex.

Accuracy of image registration
The registration of custom atlas maps to each section image is achieved by considering multiple
anatomical landmarks for each section image, as well as for its adjacent images. The approach used here
was to match the atlas map globally to the image, i.e. most landmarks will have a correct position. The
anatomical accuracy of image registration to the common reference atlas was validated by two
independent researchers. Overall, most brain regions aligned well with the atlas (Fig. 3), but registration
was less precise in some brain regions that were displaced or distorted during histological processing, or
different in shape relative to the atlas used (Fig. 3c,e). Such registration errors are difficult to quantify, but
may vary from tens to hundreds of micrometers. Comparison of 3-D distributions of labelled cells
between four cases sectioned in different planes of orientation (see below), confirms that the registration
of images to the reference atlas was sufficiently accurate to yield consistent results across cases.
Nevertheless, in regions where differences in shape could not be compensated by affine transformations,
the position of the atlas overlays were temporarily adjusted during the semi-quantitative evaluation of
expression density, to achieve a better match between local anatomical landmarks and ensure appropriate
structural assignment.

Validation of the morphological phenotype of Pitx3 and Pcp2 lines
Pitx3 is a transcriptional regulator important for differentiation and maintenance of meso-diencephalic
dopaminergic neurons during development, and the Pitx3-tTA line was created to investigate degeneration
of these cells in Parkinson’s disease19. Purkinje cell protein 2 (Pcp2) is expressed in cerebellar Purkinje cells
and retinal bipolar cells, and the Pcp2-tTA line was created to investigate neural degeneration in a mouse
model of spinocerebellar ataxia type 135. In these lines, the cellular identity of X-gal-positive cells was
confirmed by immunostaining against tyrosine hydroxylase for dopaminergic cells or calbindin for
Purkinje cells.

In sections from Pitx3-tTA brains, dense populations of X-gal labeled cells were found in the
substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA), corresponding well with
earlier publications (Fig. 4e,f and Fig. 5a,b)19,36. Confocal microscopic examination of sections
immunostained for tyrosine hydroxylase confirmed earlier reports that the expression of Pitx3-tTA was
restricted to a subset of dopaminergic neurons in the SNc and VTA (Fig. 5c–e). Some X-gal labeling was
also observed in the midbrain raphe nuclei, inferior colliculus, midbrain reticular nucleus, and
periaqueductal grey, indicating some Pitx3-tTA promoter activity also occurs outside the SNc and VTA.
This is illustrated in Fig. 6, showing a 3-D co-visualization of the location of labeled cells. In two of the
four animals investigated, a few scattered X-gal labeled cells were also found in the main and accessory
olfactory bulb.

In sections from Pcp2-tTA brains, X-gal labeling was exclusively observed in cerebellar Purkinje cells
(Fig. 4a,b and Fig. 7a–c), consistent with previous reports35,37. Confocal microscopy of sections
immunostained for calbindin confirmed that tTA dependent expression was restricted to Purkinje cells
(Fig. 7d,e). The labeled cells were distributed across the entire cerebellum, including most, but not all
Purkinje cells.

Usage Notes
Accessing and viewing images from tTA driver lines
Each data set can be directly accessed via DOIs (Data Citation 2–13), or query tools provided via the
Human Brain Project web page. For each data set, a landing page provides access to downloadable high-
resolution image files, basic metadata with data provenance and license information, and a link to an
interactive viewer tool. The viewer provides a “filmstrip” overview of serial images from one animal, and
features panning and zooming of individual high-resolution images, with a semi-transparent graphical
overlay images showing the custom atlas mapped to fit the images. The atlas diagrams provide a
reasonable starting point for anatomical analyses, but additional methods may be necessary to make more
precise statements about anatomical locations.

Examples of use
Below, we outline three example scenarios in which the present collection of images from tTA driver lines
may provide a useful resource.

www.nature.com/sdata/
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Example 1: Comparing tTA expression patterns to find a driver line suitable for conditional
transgene expression in a specific region of interest. A researcher investigating Parkinson’s disease
wants to create a conditional mouse model in which she can specifically regulate the expression of a gene
of interest in the substantia nigra. She chooses to use the tet-transactivator system, and therefore needs a
tTA-expressing line active in her region of interest. She queries the Human Brain Project database for
tTA driver lines, and finds several collections of image data and a derived data set providing an overview
of promoter expression (Data Citation 1). The tabular overview shows that two tTA driver lines are active
in the substantia nigra. The Prnp-tTA line features widespread X-gal labeling in numerous brain regions,
including the substantia nigra, while the Pitx3-tTA line has more spatially restricted labeling in the
substantia nigra, ventral tegmental area, and a few other regions. She clicks on the link to launch the
online virtual microscope viewer, in which she can inspect and compare serial images and corresponding
atlas maps from these two lines (Fig. 8), or download original images for use with other tools. Since
sections from both lines are registered to the same reference atlas, she can easily find and compare
corresponding sections. Using the online image viewer she can also identify the coordinates of a point of
interest in one section and compare this to coordinates extracted from other image series (Fig. 6). In this
way she can quickly examine the spatial pattern and specificity of reporter expression in the two relevant
driver lines, and consider whether this is compatible with her desired experimental paradigm. Inspecting
corresponding sections from the two lines, she discovers that within the substantia nigra, the Prnp
promoter line mainly drives transgene expression in the reticular part, while Pitx3 promoter activity is
restricted to the compact part (Fig. 8a–d). For the Pitx3-tTA line she can look up additional
documentation confirming that the labeled cells are positive for tyrosine hydroxylase and therefore
dopaminergic neurons. The Prnp-tTA line drives transgene expression in the reticular part of the
substantia nigra (Fig. 8a,c), but also in many other brain regions (Fig. 3a), while the Pitx3-tTA line drives
transgene expression selectively in dopaminergic neurons of substantia nigra pars compacta and ventral
tegmental area (Fig. 8b,d). With this information, she can choose the tTA line best suited for her
purposes. Finally, to compare the spatial distribution of labeling among cases from one tTA line, she can
also use the manual annotation function in the online image viewer tool to record the positions of labeled

Figure 5. Validation of the cell-type specificity in the Pitx3-tTA line. (a) X-gal stained coronal section from

a Pitx3-tTA/tetO-lacZ-nls-GFP mouse brain, with atlas derived annotations shown in the left hemisphere.

(b) Enlarged detail from (a) showing part of the midbrain containing the substantia nigra. (c–e) Confocal

microscopic images with increasing magnification of a green fluorescent protein (GFP), tyrosine hydroxylase

(TH) and DAPI stained section adjacent to the section in (a,b). TH immunohistochemistry is used to identify

dopaminergic cells in the brain, and TH positive cells appear red in (c–e). Cells co-labeled with GFP and TH

(arrows) in the SNc are shown in (d) and a single co-labeled cell in (e). Note that GFP, and thus also lacZ, is

expressed only in a subset of TH positive cells. SNc, substantia nigra compact part; SNr, substantia nigra

reticular part; VTA, ventral tegmental area. Scale bars, (a) 1 mm (b,c) 100 μm (d) 20 μm (e), and 2 μm.
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cells in the reference atlas space for all sections from the Pitx3-tTA cases, and co-display these in a 3-D
viewer tool (Fig. 6).

Example 2: Interpreting findings from a disease model using a tTA driver line. The Nop-tTA
driver line has been described as primarily restricted to the medial entorhinal cortex and pre- and
parasubiculum29, but brain-wide examination of reporter expression has revealed activity in many
additional brain regions22. A researcher investigating possible axonal spread of pathological protein
aggregates in a conditional mouse model of Alzheimer’s disease based on the Nop-tTA line would like to
know which cells initially express the transgenic protein of interest. The researcher expects pathological
aggregates will appear in regions where the responder gene is transcribed and possibly also in regions to
which these cells project axonal connections. The interpretation of findings thus requires specific
knowledge of where the Nop-tTA driver is active and the axonal connections of those regions. The
researcher can use the tabular overview of the online tTA atlas to identify where X-gal labeling occurs in
Nop-tTA mice (Data Citation 1). Subsequently he can inspect the detailed labeling patterns in coronal
(Fig. 4c,d) and horizontal sections. He can then enlist other resources such as the Allen Mouse Brain
Connectivity Atlas to examine neural connections made by the identified regions24. The interactive
Connectivity Atlas provides access to a large number of volumetric images showing anterograde axonal

Figure 6. 3-D representation of data from different Pitx3-tTA cases. (a–d) Section images showing X-gal

labeling in four Pitx3-tTA cases, two sectioned coronally (a,b) and two sectioned horizontally (c,d), with atlas

overlay shown on one side. The positions of labeled cells were manually recorded from all section images by

placing point coordinates on each labeled cell using the annotation tool in the LocaliZoom viewer (exemplified

in the enlarged inset in a). (e–h) The point coordinates were color-coded and co-visualized together with atlas

structures in a 3-D viewer. Views from anterolateral (e), dorsal (f), lateral (g), and anterior (h) are provided. In

(e), the outer boundaries of the substantia nigra and ventral tegmental area are shown as transparent pink

surfaces. The 3-D visualization allows comparison of data derived from coronal and horizontal section images,

and demonstrates that labeled cells are similarly distributed in the four Pitx3-tTA cases, with high densities in

the substantia nigra and ventral tegmental area, but also with labeling in more dorsal parts of the

mesencephalon. Scale bar, 1 mm.
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labeling across entire mouse brains. Using the tabular overview of brain regions with X-gal labeling in
Nop-tTA mice as a starting point, the researcher can systematically cross-check the outcome of tracer
injections to corresponding locations in the Allen Mouse Brain Connectivity atlas (http://connectivity.
brain-map.org). Such comparisons are readily done since all images in the Brain atlas of tTA driver lines
are spatially defined using the common reference atlas.

Example 3: Comparing transgene expression in tTA driver lines with gene distribution patterns
from other repositories. A researcher studying gene expression in the mouse brain wants to compare
the spatial distribution of promoter activity in a tTA transgenic line with that of a particular transcript in
the normal mouse brain. The Allen Institute hosts data from in situ hybridization experiments showing
gene expression in the adult mouse brain for> 20,000 independent transcripts (http://mouse.brain-map.
org). The Allen Institute repository can be queried for genes of interest, and expression patterns can be
viewed in serial section images. The researcher can then perform side-by-side comparisons of
corresponding sections from the Brain atlas of tTA driver lines and the Allen Institute repository
(Fig. 8e,f), or download images for more detailed analysis using other tools.

Future use and expansion of the image repository
All images shared in the present data collection have been spatially integrated by registration to a
common reference atlas and made publicly available. This facilitates integration of data not only within
the collection, but also makes it possible to relate our tTA data with the growing collection of
heterogeneous data accumulated by the Human Brain Project. The Human Brain Project database is open
for new data, and provides data curation services and tools for registering image data to the Allen Mouse
Common Coordinate Framework24. The present collection of tTA image data is now available for new
data to be added: should other investigators conduct similar intercrosses on new driver-reporter lines,

Figure 7. Validation of cell-type specificity in the Pcp2-tTA line. (a) X-gal stained horizontal section from a

Pcp2-tTA/tetO-lacZ-nls-GFP mouse brain. The left hemisphere has annotations corresponding to a virtual

atlas map from the Allen Mouse CCF v.2. The cartoon drawing of a sagittal section shows the approximate

cutting plane as a red line. (b) Enlarged detail from the section in (a) showing part of the cerebellum.

(c) Further magnified detail from the section in (a,b) showing labeling between the cerebellar granular layer

and the molecular layer. (d) Confocal microscopic image of a green fluorescent protein (GFP), calbindin, and

DAPI stained section adjacent to the section in (a–c). Calbindin is a marker for Purkinje cells, and with high

magnification one can clearly identify cells co-labeled for GFP and calbindin (e). Since expression of GFP and

lacZ are both driven by the Pcp2 promoter, this verifies that the X-gal labeled cells in (a–c) are also Purkinje

cells. AUD, primary auditory area; Crus 1, cerebellar crus 1, GL, granular cell layer; ML, molecular cell layer;

MO, primary motor area; PAG, periaqueductal gray; PC, Purkinje cell; PCL, Purkinje cell layer; SS, primary

somatosensory area; Sim, simple lobule. Scale bars, (a) 1 mm (b,d), and 200 μm (c,e) 20 μm.
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their microscopic image data can leverage the workflow developed here to integrate new data sets with the
existing collections. Inclusion of data from additional tTA lines or from other ages/sexes of the tTA lines
presented here will substantially increase the scientific value of the repository. Researchers working with
tTA animals are therefore encouraged to share their data and expand this public collection of tTA
promoter expression data.
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