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Abstract

Background—uUnderstanding the neurobiological basis of cognition and behavior, and
disruptions to these processes following injury and disease, requires a large-scale assessment of
neural populations, and knowledge of their patterns of connectivity.

New Method—We present an analysis platform for large-scale investigation of functional and
neuroanatomical connectivity in the rodents. Retrograde tracers were injected and in a subset of
animals behavioral tests to drive immediate-early gene expression were administered. This
approach allows users to perform whole-brain assessment of function and connection in a semi-
automated quantitative manner. Brains were cut in the coronal plane, and an image of the block
face was acquired. Wide-field fluorescent scans of whole sections were acquired and analyzed
using Matlab software.

Results—The toolkit utilized open-source and custom platforms to accommodate a largely
automated analysis pipeline in which neuronal boundaries are automatically segmented, the
position of segmented neurons are co-registered with a corresponding image acquired during
vibratome sectioning, and a 3-D representation of neural tracer (and other products) throughout
the entire brain is generated.

Comparison with Existing Methods—Current whole brain connectivity measures primarily
target mice and use anterograde tracers. Our focus on segmented units of interest (e.g., NeuN
labeled neurons) and restricting measures to these units produces a flexible platform for a variety
of whole brain analyses (measuring activation, connectivity, markers of disease, etc.).
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discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
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Conclusions—This open-source toolkit allows an investigator to visualize and quantify whole
brain data in 3-D, and additionally provides a framework that can be rapidly integrated with user-
specific analyses and methodologies.

Keywords

connectome; immediate-early genes; Neuroimaging; Functional networks; Neural tracing; Tissue
Realignment

Introduction

A broad aim of cognitive neuroscience is to understand brain and behavior in terms of the
dynamic interaction between populations of neurons, as well as their patterns of connectivity
across wide areas of the nervous system (Alivisatos et al., 2012; Sporns, 2014; Van Essen,
2013). The development and refinement of automated methods to systematically quantify
the inputs and outputs of pathways spanning whole-brains, and in some cases across entire
nervous systems, has been a target of anatomical studies for some time (Leergaard et al.,
1995) and these approaches are now widely in use (Chung et al., 2013; Johnson and Frostig,
2015; Oh et al., 2014; Ragan et al., 2012; Watabe-Uchida et al., 2012; Wilber et al., 2015;
Zingg et al., 2014). The functional organization of identified networks can additionally be
resolved by comparing and co-localizing connectivity data-bases with discrete markers of
neuronal activity such as the induction of immediate-early gene expression (Alivisatos et al.,
2012; Guzowski et al., 2005; Kim et al., 2015; Vousden et al., 2015). Further, a number of
recent studies have combined immediate early gene markers of neural activity with
neuroanatomical tracing by using triple-label fluorescence in situ hybridization and
immunohistochemistry and imaging with distinct colors for gene, tracer, and nuclei (Clark et
al., 2013; Petrovich et al., 2005; Zelikowsky et al., 2013). These methods allow a
histological readout of the entire activation pattern for behaviorally relevant events across
distinct neural networks.

These extensive functional and neuroanatomical data sets have created a pressing need for
high throughput analysis tools, in particular, those that accommodate automated detection
and display of large-scale connectivity. Here, we describe an analysis platform written in a
Matlab framework, which conveniently combines several open-source software platforms
such that users may detect, display, and quantify input-output relationships in fluorescent
images sampled across entire brains and in 3-D. The methods presented here include image
capture and tissue collection procedures that have been previously published, however, these
methods will be summarized briefly below (Montes-Rodriguez et al., 2013; Wilber et al.,
2015). We demonstrate application of this approach to a variety of data sets including
neuroanatomical and functional single cell activation studies in the rat brain, demonstrating
that this software tool can be rapidly adapted for analysis of any nervous system marker or
stain that has been serially-sectioned and block-face imaged. This Matlab based program is
available for download (https://github.com/lilicamd/BrainSegmenterGUI).
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Methods and Results

Subjects

All experiments using neural tracer were performed on 3-15 month male and female Fisher
Brown Norway rats (n = 10, 170-430g), the subject for the immediate early gene (IEG)
detection experiment was a single 2-month-old male C57 mouse (23.3g), and the subject
from the IEG and neural tracer experiment was a 9-month old female Long-Evans rat
(2509). All experiments were carried out in accordance with the University of Lethbridge
Animal Welfare Committee and conformed to NIH Guidelines on the Care and Use of
Laboratory Animals.

Neuroanatomical tracers and microinjection surgery

Details for the neuroanatomical data collection and analyses were presented previously and
methodological details can be found here (Wilber et al., 2015). In addition, these methods
are summarize briefly below. Each animal received a unilateral microinjection of either a
retrograde or an anterograde tracer into the parietal cortex (PC). The fluorescent retrograde
tracers, cholera toxin-B Alexa Fluor conjugate 594 (CTB; 1% in Phosphate Buffered Saline
0.1 M; Life Technologies, Burlington, ON) and Fluoro-Gold (FG; 4% in Phosphate Buffered
Saline 0.1 M; Fluorochrome, Denver, CO) were used to map inputs to dorsal and ventral
cortical regions. The injection location in dorsal cortex varied across rats to provide rostral-
caudal coverage of the areas traditionally characterized as PC (MPta and LPta, respectively;
Paxinos and Watson, 2007) and the area previously characterized as medial secondary visual
cortex (V2MM and V2ML, respectively; Paxinos and Watson, 2007), but recently shown to
be functionally similar to primate PC (Wilber et al., 2014). In ventral regions, injections
targeted the lateral entorhinal cortex (Clark et al., 2013).

Vibratome sectioning and block-face imaging

After a 14-day survival period, rats were overdosed with euthansol and perfused
transcardially with a phosphate buffer solution (pH 7.4) followed by 4% paraformaldahyde
(PFA) in Phosphate Buffered Saline 0.1 M (PBS). Brains were extracted and post fixed in
PFA 4° C for 24h, then cryoprotected in 30% sucrose (with or without 0.02% sodium
Azide). Brains were then embedded in agarose (Agarose-1B, Sigma-Aldrich Canada Co.,
Oakville, ON) and sectioned in the coronal plane at 50um using a custom vibratome (Model
VT1200 S, Leica Biosystems, Concord, ON; with modifications by Peira Scientific
Instruments, Belgium). The vibratome was equipped with a camera (mV BlueFOX 121G,
10x lens) mounted above the specimen thereby allowing the acquisition of block-face
images for the purpose of registering processed tissue sections and 3D rendering (Figure 1).
Alternatively, the same system can be implemented with frozen tissue on a sliding
microtome.

Sections were collected in parallel series in PBS. A series was processed with a NeuN
antibody conjugated to fluorescent dye (Alexa Fluor 405; Life Technologies, Burlington,
ON), mounted in PBS, and cover slipped with Vectashield (MVector Laboratories, Burlington,
ON). Tissue was mounted in PBS, dehydrated, cleared, and cover slipped.
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Image acquisition

Rapid image acquisition of entire coronal or sagittal sections was conducted using
NanoZoomer whole-slide scanning microscopy (NanoZoomer Digital Pathology RS,
Hamamatsu Photonics), which is capable of automatically capturing wide-field multispectral
fluorescent images over entire brain sections at high resolution. The objective was focused
on the middle of the section in the z-plane and image acquisition was conducted with 40x
magnification with a multi band pass filter cube (DAPI/FITC/Texas Red; Figure 2).

Automated detection of retrograde tracer

A custom software platform was developed in Matlab (Matlab2014b, Mathworks Inc.,
Natick, MA) which accommodates automated neuronal segmentation and realignment of
identified tracer filled cells with serial-section block-face imaging (Figure 3). Matlab serves
as the platform of choice for data analysis and it was used as high-level integration language
because of the GUI features allowed for efficient coordination of the processing pipeline
(Figure 3). For the purposes of detecting and computing the location of each neuron within a
section, the software first splits NanoZoomer images into large, but manageable 40x
magnification tiles using an open source tool called ndpisplit (Figure 1; http://
www.imnc.in2p3.fr/pagesperso/deroulers/software/ndpitools/). Nearly all of the steps
described here are coordinated via the Matlab interface (Figure 4). In other words, Matlab is
used to call the executables for ndpisplit, Miji and FARSIGHT (see below). The NDP
images are saved to TIF format with no compression and then processed as TIF images
thereafter. Sometimes the 40x images were preprocessed outside of Matlab in ImageJ by
selectively cropping regions of brain tissue in which the fluorescent staining and imaging
was poor. This procedure was performed because segmentation of poorly stained material
was not possible without sufficient computational resources. Second, we split images into
the appropriate color channels of interest by utilizing the open source image processing
software, Fiji (Schindelin et al., 2012; http:/fiji.sc/Fiji) which was executed using (Sage et
al., 2012; http://fiji.sc/Miji), a compatibility layer for running ImagJ/Fiji within Matlab.
Next, neurons were automatically identified within each 40x tile using (www.farsight-
toolkit.org; Bjornsson et al., 2008; Rey-Villamizar et al., 2014). A detailed description of the
algorithms behind the automated nuclei detection has been provided elsewhere (Al-Kofahi et
al., 2010), and validation of this tool was provided in our previous work by demonstrating
that segmentation was highly correlated with manual verification of neuronal nuclei (Wilber
et al., 2015). The average number of detected NeuN labeled neurons in neocortex was
50,214.5 per section and the average number of tracer filled cells per section was of 195.4.

Finally, the automated segmentation of neurons allows for measurement of the precise x-y-
position of each neuron, as well as the intrinsic neuronal features including the integrated
intensity, i.e., the sum of the pixel intensity values within the segmented boundaries of a
neuron for DAPI, FITC, and Texas Red, and the maximum and minimum pixel intensity for
each segmented neuron. Based on these measures, we classified neurons as containing
retrograde tracer if the total integrated intensity exceeded 250,000, and had a maximum
pixel intensity exceeding 150 (individual pixel intensity ranged from 0-255). The user has
the option to specify their own parameters in order to optimize the process for their specific
application and stains. The Figure 4 shows a snapshot of the Matlab GUI with example from
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processing a whole brain section. The accuracy of this criterion was validated by correlating
estimates of the number of tracer positive cells within a tissue section, with measures
obtained from manual) in Fiji (p < 0.01; see Wilber et al., 2015). The Matlab interface
allows users the option to validate their own data by applying identical contours for
automatic cell counts as were used for manual cell counts in Fiji (Figure 2; http://fiji.sc/
Cell_Counter).

In addition to the segmentation methods described above, the software produces a wide-field
(2.5x magnification) image of the entire tissue section. This low-resolution image can be
used to identify specific neuroanatomical boundaries for analyses based on regions of
interest (ROIs). Identification of ROIs is facilitated by additional series of tissue sections
stained with Cresyl violet and parvalbumin (see Figure 1). The user also has the option to
create whole brain cortical flat maps as described previously (Wilber et al., 2015) and briefly
summarized here. To generate cortical flat maps, first 2D maps are generated. Our aim with
these flattened cortical maps is to conveniently illustrate the anatomical position of identified
cells positive for a marker of interest for the entire cortical mantle. Following marker
positive cell identification, the matlab interface allows the user to automatically map the
position of labeled cells onto a reference line manually drawn through the cortical boundary
between layers IV and V. The reference line is automatically smoothed using the “runline’
function of the Chronux data analysis toolbox in Matlab (www.chronux.org; Mitra and
Bokil, 2007), which implements a moving-window line regression with a window size of 5
pixels (1.15 um) and a step size of 1 pixel (0.23 m). Each reference line can be automatically
aligned to two user-defined points of interest. We used the lateral border of the cingulate
cortex and the location of the rhinal sulcus. These files are marked in ImageJ and saved as a
line that is loaded using our Matlab interface to provide cortical reference points for
normalizing the position of data. The user can mark additional anatomical boundaries in the
same manner as the rhinal sulcus.

Registration to Block Face Image

Next, we set out to implement methods that allow re-alignment of detected tracer positive
cells to a corresponding block-face image (Figure 2) taken during tissue sectioning. Because
segmentation is conducted on tissue that has been processed with free-floating
immunohistochemistry, the sections are typically distorted when mounted onto slides, and
the segmented neuronal coordinates fail to align to their precise anatomical position on the
block-face series. To accomplish re-alignment, we first used ImageJ to apply a mask to the
block-face series to prevent interference from material that is visible through the agarose and
below the section of interest. Next, we took the reduced resolution image of each
fluorescently processed tissue section (which is automatically generated by our Matlab GUI)
and performed a vector field based registration to map this image onto the block face image
using ANTS (Avants et al., 2008; Klein et al., 2009; http://stnava.github.io/ANTSs/). The
steps described in this section are completed in ANTS using the code posted to github (see
Figure 3; https://github.com/lilicamd/MethodsSpace/). ANTs allows for high-dimensional
registration with error metrics like mutual information that are well-suited to images with
highly varying contrast profiles (Figure 6). The ANTs code converts all images to Nifti
format (with virtually no lag) and performs all image processing in this format. This method
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performed well when registering the edges of tissue section; however, we occasionally
observed mis-alignment of internal areas of each section, especially within the hippocampus
and near ventricular regions. Thus, in order to improve registration of these internal areas of
the section, on an ‘as needed’ basis we manually selected points in each section using
ITKsnap (http://www.itksnap.org/). The registration then began with an affine based solely
on the points to provide an initial alignment and continued with a vector-based registration
that integrated both grayscale intensity mutual information and point spread estimate error
metrics. For sections with missing tissue, or where one hemisphere was mounted in the
flipped orientation, we applied a mask to process the appropriate tissue individually. Finally,
a pixel based scaling transformation was used to map the tracer positive cell positions from
the high-resolution image to the corresponding point on the lower resolution block face
image. Anatomical data were then represented on the block face image in two ways: 1) each
tracer positive cell was represented as a single colored pixel, which is useful for quantitative
analyses (Figure 6 top), and 2) each tracer positive cell was represented as a large symbol
that could be easily visualized (Figure 7 bottom). The larger marker format allows users to
more easily scroll through the data for subjective assessment of the distribution of labeled
cells. The single colored pixel method is ideal for data analyses and quantification because
both the precise location of a “positive” cell and the number of positive cells (as pixels) are
all directly available in high resolution and in the single image file for the tissue section. For
example, a count of the number of red pixels corresponds to the number of tracer positive
cells. Further, for functional connectivity analyses, counts of green pixels could correspond
to immediate early gene positive cells and counts of yellow pixels could correspond to the
number of cells that were positive for both immediate early gene activation and tracer.

3D Rendering

Finally, individual sections were extruded in the z-plane to match the section thickness
(50um) and allow rendering of data in 3D using Vaa3D, an open source visualization and
analysis software package (http://home.penglab.com/proj/vaa3d/home/index.html; Peng et
al., 2014a; Peng et al., 2014b). This toolkit allows 3D rendering and analysis of very large
data sets. We chose to subsample (i.e., processed a subset of the sections for tracer or IEG),
therefore we randomly distributed the tracer or IEG markers across a range of sections
(though in the case of the IEG data this range did not cover the entire subsampling range
which was quite large). For the present analyses anatomical data labeled sections with
quantified counts (1:6; Movie 1; https://github.com/lilicamd/MethodsSpace) were
interspersed with Cresyl violet stained, parvalbumin immunostained and non-quantified
tracer labeled sections. Any configuration of stained and/or quantified material could be
reconstructed using this method.

Whole Brain Immediate Early Gene Detection

As a proof of principal for functional connectivity, we performed two additional analyses.
First, we conducted an experiment for the detection of the IEG Homerla on a data set of
serial images from a mouse brain. Homerla and other IEGs (e.g., Arc, Narp, c-Fos) are
transcribed rapidly following neuronal firing, and can therefore be used as markers of
behaviorally driven ensemble activity following a specific event (Guzowski et al., 1999;
Guzowski et al., 2005; Montes-Rodriguez et al., 2013). In the present study, we used
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environmental exploration to drive Homerla expression. The mouse was placed in 3
different novel environments (6min in the first environment and 4min in each of the second
and third environments) that differed in visual landmarks and environmental geometry.
Following behavior, the mouse was returned to its home cage for approximately 20 minutes
in order for sacrifice to coincide with the optimal expression time-point for the IEG
Homerla from the first behavior (Vazdarjanova et al., 2002). Animal sacrifice, vibratome
sectioning and block face imaging was done as described above, with the exception that
sections were cut at 40um. Fluorescence in situ hybridization (FISH) tissue processing for
the detection of Homerla was performed on one series (every 5th brain section) though
hippocampus. Details on the IEG FISH method have been described elsewhere (Guzowski et
al., 1999; Montes-Rodriguez et al., 2013; Vazdarjanova et al., 2002). Briefly, tissue was
mounted in PBS and dehydrated. A digoxigenin (DIG; Roche) labeled antisense riboprobe
targeting the 3’ untranslated region (UTR) of mouse Homerla mRNA was generated in
house using PCR. Following probe hybridization (3ng/ul), DIG labeled probes were
amplified using a peroxidase-conjugated DIG antibody (1:300; Roche), followed by biotinyl
tyramide (1:100; Perkin Elmer) and visualized using a streptavidin Texas-red conjugate
(1:200; Perkin Elmer). Sections were then counterstained with 4',6-diamidino-2-
phenylindole (DAPI). Image acquisition was done with a NanoZoomer as described above,
with the exception that 20x magnification was used. Automated detection of IEG positive
cells was performed as described for automated detection of retrograde tracer. Threshold
measures to classify cells as Homerla positive were a total integrated intensity exceeding
57,000, and a maximum pixel intensity exceeding 75. Registration to block face image and
3D rendering were performed as described for tracer experiments (Movie 2; https://
github.com/lilicamd/MethodsSpace). The average number of detected DAPI labeled cells
was 77,339.8 per section and the average number of IEG foci detected per section was
1251.8. The approximate amount of time for processing each section was 5.5h (Note the
amount of time can vary dramatically with different computer specifications and in our
experience machines with < 40GB of memory did not perform well for these analyses).

The methods and results described above provide support for the use of this software for
functional connectomics—that is, 3D maps of retrograde tracer and immediate-early gene
expression can be co-registered between brains or within brains (i.e., serial-sections can be
processed for IEG or tracer and co-registered). In a second proof-of-principal demonstration,
we also show that the FARSIGHT toolbox can accommodate detection of both immediate-
early gene expression and tracer within the same tissue sections (i.e., triple fluorescent
labeled material; see Figure 8 for experimental design; data from Clark et al., 2013). For
instance, individual nuclei (DAPI stain) or neuronal cell bodies (NeuN stain) can be
segmented and the integrated intensity for other fluorophores can be measured within or
surrounding the segmented objects (see Figure 8B, inset). Thus, experimental procedures
combining both IEG with neuroanatomical tracer could make use of the methods described
above. Further, because the FARSIGHT can be utilized to segment both NanoZoomer and
confocal z-stack images (Fig. 8), it is possible that the procedures above can be flexibly
utilized for a diverse set of imaging applications (e.g., wide-field fluorescent images or
single layer confocal mosaics). We do not, however, provide a comparison of imaging
applications in the present manuscript.
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Conclusions

We describe a custom software platform that accommodates an automated analysis pipeline
in which neuronal boundaries are identified and segmented, co-registered with
corresponding serial images acquired during tissue sectioning, and a platform for 3-D
visualization and analysis of whole brain connectivity data. We illustrate the functionality of
this new system with brains collected from rats and mice. It is important to note that our
software platform allows for the integration of additional functionality, for example, metrics
could be added addressing the informatics problem of dealing with data from a large number
of serial sections. Although our framework is focused on the detection of neuronal cell
bodies and retrograde tracer, the open-source segmentation software used here (FARSIGHT)
can also detect axonal projections and small biological features (Kulkarni et al., 2015;
Megjhani et al., 2015; Narayanaswamy et al., 2011). However, our intention was to develop
a toolkit that will allow an extension of the analysis pipeline to detect multiple immediate
early gene products, which are found within neuronal nuclei, and if tagged with distinct
fluorophores, could potentially be co-registered with retrograde tracer allowing an
investigator to explore the functional relationships within identified circuits. In addition, the
resulting 3D data model can easily be exported to NineML format, a language for efficient
model sharing (http://software.incf.org/software/nineml). A final consideration is that most
of our work was conducted on cortical tissue and CA subregions of the hippocampus, in
large part, due to the nature of the tightly packed neurons in the thalamus and dentate gyrus,
thereby increasing the number of segmentation errors and manual effort required to correct
these errors. In future refinements of our software platform, additional work could be
integrated improving the quality of segmentation of NeuN tagged cell bodies, or possibly by
testing using other antibody and fluorophore combinations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. A novel software platform is presented for the large-scale assessment of gene
expression and neural connectivity in the rodent brain.

. The presented toolkit was developed in Matlab and utilizes open-source and
custom platforms to accommodate a largely automated analysis pipeline in
which an investigator can visualize and quantify whole brain data in 3-D, and
can be rapidly integrated with user-specific analyses and methodologies.
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Block Face images

Brain after tracer injection

Tissue processing (NewN) & Whole
slide imaging (Hammamatsu
NanoZoomer)

Morph processed images back to block face
coordinates and transfer data
pointsRegistered Neurons

Nuclear segmentation and
characterization
Figure 1.

Pipeline for whole-brain assessment of neural connectivity. Block-face images provide an
un-distorted whole brain reference coordinate system.
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Block-face image NeuN

Parvalbumin Cresyl Violet

Figure 2.
Histological processing. An image was taken of each section just prior to sectioning (Block-

face image). Then each section was processed for either the neuronal marker (NeuN) for
neuronal segmentation and automatic detection of tracer filled cells, or with a stain to aid in
identification of regional boundaries (Parvalbumin or Cresyl Violet).
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v

Select Brain
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Load Block Face
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Load the point cloud
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Expression point cloud ) Generate 3D Volume
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Figure 3.
Workflow diagram. Processing is orchestrated with the Matlab GUI (in green). High-

resolution whole section images are processed in two divided segments, allowing the user to
run Image Analysis on the tiles and extract data from the image and then perform Data
Analysis on very large datasets. ANTS permits registration computations and
transformations which are applied to the point cloud. Finally the points cloud and block face
image are used to generate the 3D volume rendering in Vaa3D. Vaa3D, is the only efficient
software currently available for rendering very large datasets of this type. Note this
workflow illustrates the process for a single section. This is repeated for each section, then
all registered points data is assembled into a single CSV file.
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Figure 4.

Overview of the Matlab Graphical User Interface. The platform allows the user to run the
analysis steps in two separate modes (see Figure 3). The analysis workflow is broken down
into manageable groups (see green boxes on Figure 3) and then into manageable steps
within the groupings (step 0-5 and 6-8). Tiles are by default processed in batch mode. In
this example, section 106 has the first analysis group (Image Analysis) completed and the
user can proceed with ‘Data Analysis’. All the processing progress is saved in the
background to a XML Metadata file, which streamlines and automates progress tracking.
The Matlab GUI accommodates the problems inherent when working with large data sets by
extracting information from the image tiles, then assembly and work only with the extracted

data.
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Neuronal segmentation using
Farsight Toolkit

Single layer dot plot

Subplot 2: distOfRed inRight
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Figure 5.

05

L°

Tools for automated tracer detection and semi-automatic whole brain cortical flat maps.
High resolution images are tiled to a manageable size (top left), then individual neuronal
marker stained neurons are automatically segmented on each cortical tile (top right). Next
cells with enough tracer to cross the user specified threshold (middle) are automatically
identified. Finally, the user has the option to either quantify data for a region of interest or
generate a cortex wide flat map automatically by marking off two reference points (e.g.,
rhinal sulcus and cingulum border) and drawing a line through a specific cortical layer.
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Finally data are automatically classified by distance along the cortex line and separately for
the labeled cells that reside above versus below the cortex line.
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Figure 6.
Example of fully automated registration for a rat brain (top) with automated quantification

of a retrograde tracer (red) and for a mouse brain (bottom) with automatically identified IEG
expressing cells (red). Automated registration alone was sufficient to produce good
alignment of histologically processed tissue (grey for rat brain or purple for mouse brain) to
the block face image. However, for a small number of sections in the region of the
hippocampus an additional step of points based registration was necessary (not shown).
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Figure 7.
Data visualization and analysis formats.. Registered data can be stored in one of two

formats, either with a single pixel colored to represent a “positive” cell (top) or with a large
marker covering many pixels and indicating the location of “positive” cells (bottom). The
larger markers are easier to see and thus ideal for subjective viewing of registered data. The
single colored pixel method is ideal for data analyses and quantification because both the
precise location of a “positive” cell and the number of positive cells (as pixels) are all
directly available in high resolution and in the single image file for the tissue section.
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Figure 8.
A. lllustration showing protocol for retrograde tracer injection into the entorhinal cortex

(left) and assessment of labeled cells in the perirhinal cortex (right). B. Left panel shows
injection site within the lateral entorhinal cortex and the right panel shows double-labeled
cells with retrograde tracer (red) and stained cell nuclei with DAPI (blue), and H1a labeling
(green). Imaging was produced using NanoZoomer (B, left) and confocal microscopy (B,
right) as described previously (Montes-Rodriguez et al., 2012). The inset shows an example
nuclei segmented using FARSIGHT. Cells with both tracer and H1a labeling can be
automatically detected by measuring the red channel integrated intensity just outside the
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segmented boundary of the cell and measuring the green channel integrated intensity within
the segmented nuclei.
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