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Abstract
To better understand complex systems, such as the brain, studying the interactions between multiple brain regions is imperative. Such experiments often require delineation of multiple brain regions on microscopic images based on preexisting brain atlases. Experiments examining the relationships of multiple regions across
the brain have traditionally relied on manual plotting of regions. This process is very intensive and becomes
untenable with a large number of regions of interest (ROIs). To reduce the amount of time required to process
multi-region datasets, several tools for atlas registration have been developed; however, these tools are often
inflexible to tissue type, only supportive of a limited number of atlases and orientation, require considerable
computational expertise, or are only compatible with certain types of microscopy. To address the need for a
simple yet extensible atlas registration tool, we have developed FASTMAP, a Flexible Atlas Segmentation Tool
for Multi-Area Processing. We demonstrate its ability to register images efficiently and flexibly to custom
mouse brain atlas plates, to detect differences in the regional numbers of labels of interest, and to conduct
densitometry analyses. This open-source and user-friendly tool will facilitate the atlas registration of diverse
tissue types, unconventional atlas organizations, and a variety of tissue preparations.
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Significance Statement
Wide-scale studies examining relationships between different components of biological systems are becoming increasingly prevalent to diverse scientific questions. This process often requires the registration of
biological samples to anatomic atlases. While progress has been made in the development of tools for the
registration of mouse and rat brains, these tools are often inflexible to tissue type, tissue preparation, imaging plane, and atlas organization. To answer questions outside of this limited scope, it is imperative that
analyses are flexible. To address this need, we have developed an open-source tool to register images to
custom atlas plates. This custom registration tool facilitates atlas registration of diverse tissue types, unconventional atlas organizations, and a variety of tissue preparations across many scientific questions.

Introduction
An overarching goal of behavioral neuroscience is to
determine the relationship between brain structure and
function. It has become recognized that many brain regions
contribute to multiple functional processes. Consequently,

understanding the regulation of functions by the brain requires exploration of the interactions between multiple brain
regions. Histologic analysis of these relationships often requires the registration of anatomic regions from biological images to an atlas. Brain atlases exist for many species and are
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critical guides for delineating the many different regions
of the brain. While the atlases themselves are excellent
resources their application to an individual brain is
challenging. Individual differences, as well as age,
strain, and sex differences, mean that an atlas approximates but does not exactly map to an individual brain.
Changes in brain shape and volume attributed to different tissue processing techniques further complicate
the alignment of tissue samples with an atlas.
Manual tracing of a small number of regions based on
guidance from an atlas is easily achievable but is very
time consuming with many regions of interest (ROIs). To
address this, several tools for brain atlas registration have
been developed (Renier et al., 2016; Fürth et al., 2018;
Lee et al., 2018; Claudi et al., 2020). These tools reduce
the time required to process multiple regions in a dataset
but are often limited to a specific model species, age, or
tissue type. Imaging orientation and modalities are also
often inflexibly linked to the analysis tool. Furthermore,
the hierarchical level of atlas organization in these tools is
generally fixed and for the user to register a single region
to their image, they must align all regions to their image.
This general lack of flexibility limits or complicates the application of many registration tools.
Existing studies which have applied atlas registration
have used highly variable numbers of regions (Wheeler
et al., 2013; Tanimizu et al., 2017; Abs et al., 2018; Silva
et al., 2019; Doucette et al., 2020; Scott et al., 2020;
Sun et al., 2020) tissue types (Asadulina et al., 2012;
Randlett et al., 2015; Carson et al., 2016; Vetere et al.,
2017; Asp et al., 2019; Choi et al., 2020), and labels
(Sampedro-Piquero et al., 2018; González-Pardo et al.,
2019). Flexible atlas registration facilitates analyses by
providing those who would normally use a manual approach with a framework for efficient processing.
Flexible registration is also beneficial because it allows
users to better tailor registration to unique experimental
designs.
We have developed a Flexible Atlas Segmentation Tool
for Multi-Area Processing (FASTMAP) for efficient registration of biological images to user-generated, customized atlases. Using functions native to the free image
analysis program ImageJ (Schneider et al., 2012),
FASTMAP facilitates the segmentation of labels, registration of ROIs, and analyses of label density across userdefined atlases. Here, we demonstrate the versatility
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FASTMAP and apply the tool to several biological image
sets. We show that FASTMAP can be flexibly applied to
different imaging planes, various markers and can register
higher and lower atlas hierarchies.

Materials and Methods
Animals
Mice used in the following experiments were bred in
established colonies at the University of Calgary. Male
tgCRND8 mice were used to assess the ability of
FASTMAP to detect age-related changes in amyloid
plaque distribution. Male C57BL6J mice, at either 12
weeks of age or embryonic day (e)16, were used for all
other experiments. All mice were housed under standard laboratory housing conditions with ad libitum access to water and standard laboratory diet. All animal
procedures were in accordance with the guidelines established by the Canadian Council for Animal Care and
were approved by the University of Calgary Health
Sciences Animal Care Committee.
c-Fos labeling
Brain-wide c-Fos expression was induced during the
recall of a contextually conditioned memory. One mouse
was trained in a contextual fear conditioning task in a
sound-attenuated chamber (Ugo Basile) with a grated
floor through which three shocks (0.5 mA, 2 s) were delivered. A retention test was conducted 24 h later, and the
mouse was transcardially perfused 90 min after the test.
The mouse was perfused with 0.1 M PBS followed by 4%
formaldehyde. The brain was extracted and postfixed for
24 h in 4% formaldehyde before being cryoprotected in
30%sucrose. The brain was serially sectioned in a sagittal
plane with a thickness of 40 mm on a cryostat (Leica
Biosystems) and stored at 20°C in antifreeze solution.
Every 12th tissue section was incubated in a primary antibody solution, for 48 h, consisting of 1:2000 rabbit anti-cFos (RPCA-cFOS, EnCor Biotechnology Inc.). followed by
a 24-h incubation in 1:500 donkey anti-goat Alexa Fluor
647 (AB_2338072, Jackson ImmunoResearch). Sections
were then incubated in a 1:1000 dilution of 49,69-diamidino-2-phenylindole (DAPI) for 15 min before being
mounted to slides and coverslipped using PVA-DABCO
mounting medium.
Tissue was imaged using an Olympus VS120-L100-W
slide scanner with an ORCA-Flash 4.0 camera and 10
objective. Fluorophores were imaged with DAPI and Cy5
filter cubes. Analysis was conducted on a subset of three
sections across this brain, as a proof of concept.
Vascular labeling
A FITC-albumin gelatin perfusion protocol was used to
label vasculature and was performed as previously described (Lugo-Hernandez et al., 2017). After perfusion labeling and fixation, serial sagittal sections with a
thickness of 100 mm were cut on a cryostat and stored at
20°C in antifreeze solution. Every 12th section was incubated in 1:1000 propidium iodide in 0.1 M PBS for 15 min
eNeuro.org
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before being mounted to glass slides and coverslipped
with PVA-DABCO mounting medium.
Tissue was imaged using an Olympus FLUOVIEW
FV3000 confocal microscope with 10 objective and digital zoom of 1.50 was applied to the XY imaging plane
and Z-spacing was 5.33 mm. Detailed photomicrographs
of the dentate gyrus were acquired using a 20 objective
and digital zoom of 4.89 with Z-spacing of 1.27 mm.
Amyloid labeling
CRND8 mice were used to assess the ability of
FASTMAP to detect age-related changes in the regional
density of fluorescently labeled b -amyloid across the
brain (Azhar Chishti et al., 2001). To label amyloid plaques, mice were administered 7.5 mg/kg methoxy-X04 in
10% DMSO and 0.1 M PBS (Klunk et al., 2002).
Mice [3 months old (n = 3), 5 months old (n = 3),
10 months old (n = 3)] were transcardially perfused 24 h
after methoxy-X04 injections, with 0.1 M PBS followed by
4% formaldehyde. Brains were postfixed for 24 h in 4%
formaldehyde. Fixed brains were cryoprotected in 30%
sucrose. Sagittal sections 40 mm thick were cut on a cryostat and stored at 20°C in antifreeze solution. Every 12th
section throughout the brain was incubated in 1:1000 propidium iodide in 0.1 M PBS for 15 min. Stained sections
were mounted to glass slides and coverslipped with PVADABCO mounting medium.
Slides were imaged using an Olympus BX63 automated
fluorescence microscope with a Hamamatsu ORCA-Fusion
camera, 10 objective. Methoxy-X04-labeled amyloid deposits were imaged using a GFP filter cube at an exposure
time of 110 ms while propidium iodide labeled cells were imaged using an RFP filter cube at an exposure time of 80 ms.
Image stacks with Z-spacing of 4 mm were collected and
maximum intensity Z-projections were saved as separate TIF
images for each channel.
Parvalbumin labeling
Brains from C57BL6J mice were serially sectioned in
the coronal plane with a thickness of 40 mm on a cryostat.
Every 12th tissue section was incubated for 48 h in a primary antibody solution consisting of 1:1000 guinea pig
anti-PV (195005, Synaptic Systems), followed by1:500
donkey anti-guinea pig Alexa Fluor 647 (AB_2340476,
Jackson ImmunoResearch) secondary antibody for 24 h.
Sections were then incubated in a 1:1000 dilution of DAPI
for 15 min before being mounted and coverslipped using
PVA-DABCO mounting medium.
Slides were imaged using an Olympus BX63 automated
fluorescence microscope with a Hamamatsu ORCA-Fusion
camera and 10 objective. Images were collected as 40-mm
image stacks with Z-spacing of 4 mm. Maximum intensity Zprojections were saved as separate images for each channel.
Six thalamic reticular nuclei from three coronal sections each
spaced by 480 mm along the anterior-posterior axis were
traced by an experienced rater using ImageJ.
Segmentation of fluorescent labels
Methoxy-X04-labeled amyloid plaques and FITC-labeled vasculature were segmented within FASTMAP
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Table 1: Regions included in the described lower-level
atlases
Abbreviation
AMY
CB
HB
HPF
HY
ISO

Region
Amygdala
Cerebellum
Hindbrain
Hippocampal
formation
Hypothalamus
Isocortex

Abbreviation
MB
MY
OLF
PAL

Region
Midbrain
Medulla
Olfactory bulbs
Pallidum

STR
TH

Striatum
Thalamus

List of the 12 regions and their associated abbreviations which were included
in the custom lower-level neuroanatomical atlases.

using threshold commands in ImageJ. This command
can be modified depending on the segmentation
needs of the label of interest and could be removed entirely if the input image were already binarized using an
object segmentation tool, such as Ilastik (Berg et al.,
2019), as was the case with the images of c-Fos-labeled tissue sections.
Sagittal mouse brain atlas generation and registration
Using the 2011 Allen Mouse Brain Atlas as a reference
(Lein et al., 2007), custom atlas plates were generated.
For the lower-level atlas, which was used in the vasculature and amyloid experiments, a total of 12 regions were
drawn from sagittal reference atlas plates (Table 1). The cFos mapping experiment used a higher-level atlas with 63
regions (Table 2). Atlas plates were traced using ImageJ
and saved as ROI sets through the ROI Manager applet.
Each of the saved ROI sets corresponded to a unique
plate in the Allen Mouse Brain Atlas. To map target images to these atlas plates, target images were sequentially loaded and FASTMAP prompted the user to identify
which atlas plate most closely resembled each image.
ROI sets corresponding to each selection were loaded,
and regions were resized using a linear transform to the fit
the dimensions of the target images. Regions were then
sequentially adjusted using manual nonrigid free-form deformation to align with the target images.
Generation of additional atlases
To demonstrate atlas flexibility, images were gathered of other tissue types and orientations. Images of
sagittal, coronal, coronal tissue block, and horizontal
sections were gathered of tissue from C57BL/6 mice.
Mice were perfused, labeled with DAPI, and imaged
with an Olympus BX63 automated fluorescence microscope as described above. Images of the coronal sections were also used to assess interrater reliability.
Images of mouse embryonic tissue were collected
from an e16 C57BL/6 mouse. Tissue was cleared using
uDISCO as described previously (Li et al., 2018), and
images were collected using a fluorescent light-sheet
microscope equipped with an OLYMPUS MXV10 stereo microscope, an ANDOR Zyla 5.5 sCMOS camera,
and lasers and drivers from LaVision BioTec (LaVision
BioTec). Regions were delineated using the Allen
Mouse Brain Atlas and Embryonic Mouse Brain Atlas
as references.
eNeuro.org
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Table 2: Regions included in the described higher-level atlases
Abbreviation
ACA
ACB
AHN
AON
ATN
CA1
CA2
CA3
DG
DMH
DMX
EPI
FN
FRP
GRN
IC
ILM
IO
IRN
LDT
LS
MARN
MDRN
MED
MO
MOB
MPN
MPO
MRN
NTS
ORB
OT

Region
Anterior cingulate area
Nucleus accumbens
Anterior hypothalamic nucleus
Anterior olfactory nucleus
Anterior dorsal thalamus
Field CA1
Field CA2
Field CA3
Dentate gyrus
Dorsomedial hypothalamus
Dorsal motor nucleus of the vagus nerve
Epithalamus
Fastigial nucleus
Frontal pole
Gigantocellular reticular nucleus
Inferior colliculus
Intralaminar nucleus
Inferior olivary complex
Intermediate reticular nucleus
Laterodorsal tegmental nucleus
Lateral septum
Magnocellular reticular nucleus
Medullary reticular nucleus
Medial dorsal thalamus
Somatomotor areas
Main olfactory bulb
Medial preoptic nucleus
Medial preoptic area
Midbrain reticular nucleus
Nucleus of the solitary tract
Orbital area
Olfactory tubercle

Abbreviation
PAG
PALc
PALm
PALv
PCG
PG
PH
PHY
PMd
PMv
PRN
PRT
PVH
RCH
RN
RSP
RT
SCm
SCs
SF
SOC
SPF
SUB
TRN
TT
VENT
VERM
VI
VMH
VNC
VTA

Region
Periaqueductal gray
Caudal pallidum
Medial pallidum
Ventral pallidum
Pontine central gray
Pontine gray
Posterior hypothalamus
Perihypoglossal nucleus
Dorsal premammilary
Ventral premammilary
Pontine reticular nucleus
Pretectal region
Paraventricular hypothalamus
Retrochiasmatic area
Red nucleus
Retrosplenial cortex
Reticular nucleus of the thalamus
Motor superior colliculus
Sensory superior colliculus
Septofimbrial nucleus
Superior olivary complex
Subparafascicular nucleus
Subiculum
Tegmental reticular nucleus
Taenia tecta
Ventral group of the dorsal thalamus
Vermal regions
Abducens nucleus
Ventromedial hypothalamic nucleus
Vestibular nuclei
Ventral tegmental area

List of the 63 regions and their associated abbreviations which were included in the custom higher-level neuroanatomical atlases.

Assessment of registration reliability
The ability of FASTMAP users to reliably register ROIs was
assessed by comparing registrations conducted by four independent raters who were naive to FASTMAP but who had
prior familiarity with rodent neuroanatomy. C57BL/6 mice
were perfused, labeled with DAPI, sectioned in a coronal
plane and imaged with an Olympus BX63 automated fluorescence microscope as described above. Each independent
rater registered a subset of five coronal DAPI channel images
to a custom low-level mouse brain atlas. Area measurements
for like regions were summed for each rater, with each region
being present in two to five images. To assess the extent to
which raters produced similar results, both the summed
areas of like regions and the percent overlap for like regions
was compared across raters. Percent overlap was calculated
using ImageJ by combining corresponding traces from all
raters and assessing the percent similarity between this combined trace and each individual trace. These same images
were also registered using the commercial registration program NeuroInfo (Microbrightfield; Tappan et al., 2019).
Technical requirements
FASTMAP is supported on macOS (tested 10.15.7) and
Windows (tested Windows 10.0.19 042). It is operational
on both ImageJ (version tested 1.52a; https://imagej.nih.
March/April 2022, 9(2) ENEURO.0325-21.2022

gov/ij/download.html) and FIJI (version tested 1.53f;
https://fiji.sc). Minimum system requirements for these
programs are Windows XP and macOS 10.8 “Mountain
Lion” with Java installed on each. Memory requirements
are scaled relative to the size of the images; however, no
issues were reported on any device with 8 GB of RAM or
greater.
Software accessibility
The software described in the paper is freely available
online at https://github.com/dterstege/FASTMAP. The
code is available as Extended Data 1. The source code is
licensed under a GPLv3 license. The software can easily
be adapted to use custom atlases developed by the end
user. We have also included several premade atlases that
may be used. Instructions and tutorials for use are available online.
Statistical analysis
Statistical analyses were conducted using Prism (version 9.1.0, GraphPad Software, LLC). To detect statistical
significance, a p-value of 0.05 was set as the threshold
for significance. To assess reliability, we calculated the
Krippendorff’s a reliability coefficient, whereby values
eNeuro.org
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closest to 1 are most reliable (Shelley and Krippendorff,
1984).

raters, indicated by a Krippendorff’s a of 0.99 for these
areas.

Data availability
Any data generated during the current study will be
made available online at https://github.com/dterstege/
PublicationRepo/tree/main/Terstege2022B.

Regional distribution of vasculature in the adult
mouse brain
Not all labels are suited for analyses based on object
counts. It is often more useful to assess the distribution of
vasculature in terms of the percentage of each region
which it occupies. To facilitate this type of analysis, a
“Volumetric Analysis” option was included in FASTMAP.
Brain vasculature was binarized (Fig. 3A–D) and images
were registered to a custom neuroanatomical atlas. The
percentage of each region which was comprised of the
vascular label was recorded (Fig. 3E,F).

Results
Atlas registration for the mapping of brain-wide c-Fos
expression
To demonstrate the flexibility of FASTMAP, the tool was
used to map brain-wide c-Fos expression during the recall of a contextually conditioned memory (Fig. 1).
FASTMAP was directed to folders containing a subset of
images of the c-Fos channel and corresponding DAPI
channel images (n = 3). The range of images to be registered within these directories was set and an analysis
type was selected (Fig. 1A). The option “Volumetric
Analysis” could be used to assess density by percentage
of label in each region. For the c-Fos analysis, “Object
Counts” was selected to count the number of c-Fos1
cells within each region. The atlas plate which most
closely resembled each image was identified and loaded
over its target image (Fig. 1B,C). Regions were resized automatically to suit the target dimensions before users
were presented with the opportunity to manually adjust
regions in a free-form manner to account for imperfections (Fig. 1E). The registration was then applied to the cFos channel, and regional c-Fos density, c-Fos counts,
and areas were calculated (Fig. 1E–H).
Reliability of registration based on DAPI labeling
FASTMAP uses atlas-guided registration of an imaging
channel such as DAPI staining. However, cell type-specific markers can also be useful in determining the boundaries of particular regions. For example, parvalbumin
labeling may facilitate the delineation of the thalamic reticular nucleus (Fig. 2A,B). We used this approach to demonstrate the reliability of DAPI-based regional tracing in
FASTMAP. In a series of images, the DAPI channel was
first used to outline the thalamic reticular nucleus, then
the same images were outlined using the parvalbumin labeled channel and areas were compared (Fig. 2C). While
the area of the reticular thalamic nucleus expectedly varied along the anterior-posterior axis, there were no differences between sets of thalamic reticular nuclei areas
registered using these channels (two-tailed paired t test,
t(5) = 0.025, p = 0.98; Fig. 2D). The extent to which registered areas overlapped across tracing conditions was determined to be 96.7% on average (Fig. 2D).
Area measurements obtained using NeuroInfo were all
within the 95%CI of independent FASTMAP users. These
independent raters also displayed considerable interrater
reliability using FASTMAP, with a high percentage of overlap between raters (Fig. 2E). Additionally, the median difference in area measurements between methods being
only 1.59% (Fig. 2F–N). There was also considerable reliability in the measurements recorded by independent
March/April 2022, 9(2) ENEURO.0325-21.2022

Amyloid distribution in CRND8 mice at different ages
Most label segmentation and atlas registration tools are
used to determine the regional densities of a label.
FASTMAP segmentation binarizes the labeled image
using a pixel intensity threshold. Segmentation can be refined by restricting the range of accepted pixel intensities
and the size range of accepted objects.
To demonstrate the ability to efficiently calculate the regional density of a label of interest, we registered photomicrographs from groups of 3-, 5-, and 10-month-old
CRND8 transgenic Alzheimer’s disease model mice to 12
major neuroanatomical regions and calculated amyloid
density across the whole brain. We chose this experiment
because the best demonstration of a tool such as
FASTMAP is to show an ability to detect changes in
marker expression in multiple regions across the entire
brain. In these mice, the amyloid load is known to (1) become denser at a regional level over time, and (2) also becomes distributed throughout more regions across the
brain with age. The contrast between native autofluorescence and the methoxy-X04-labeled amyloid was sufficient
for the segmentation of the label of interest by ImageJ
thresholding parameters. This comparison yielded insight
into changes in plaque distribution and density (Fig. 4). Twofactor repeated measures ANOVA revealed significant main
effects of age (F(2,6) = 26.05, p = 0.0011) and region
(F(2.880,17.28) = 66.45, p , 0.0001). A significant interaction
between age and region factors (F(22,66) = 16.85, p , 0.0001)
indicated age and region dependent changes in amyloid
plaque density in CRND8 mice. This is consistent with anticipated age-related changes in both amyloid deposition
density and distribution in this transgenic line, supporting
the application of FASTMAP to studies examining the regional densities of labels of interest.
Atlas flexibility
Most tools for mapping tissue align images to standardized reference atlases of adult mouse, rat, or human
brains. Standardized atlases are a useful tool for producing reproducible datasets. However, there are situations
in which only a subset of regions is required, such as
when analyses are being limited to a small collection of regions or when standard atlases have subdivided ROIs to
a higher hierarchical level than necessary. In these cases,
eNeuro.org
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Figure 1. A tool for the flexible atlas registration of biological images and brain-wide mapping of a label of interest. When
running the analysis pipeline, the user is presented with the opportunity to limit the range of images and to define whether to
count labels of interest or apply a densitometry-based approach (A). The user will then be prompted to select which atlas
plate most closely aligns with the image they are currently registering (B, thumbnail reference atlas images credited to the
Allen Institute and the Allen Mouse Brain Atlas; Lein et al., 2007). The selected atlas plate then loads over the target image
and individual regions resize sequentially to suit size of the target image (C). Regions are manually moved and adjusted to
align with the target image (D). Once the alignment is correct, the registration is then applied to a binarized label of interest,
in this case c-Fos-expressing cells (E). The regional density of c-Fos-expressing cells (F), the number of c-Fos-expressing
cells (G), and the area of each region (H) can all be obtained as outputs using this analysis type. For program source code
and user guides, see Extended Data 1.
Figure Contributions: Dylan J. Terstege prepared the tissue, collected photomicrographs, and conducted the analysis.
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Figure 2. DAPI provides sufficient contrast for accurate and reliable neuroanatomical registration. A, Representative photomicrograph of parvalbumin and DAPI staining from a coronal section of adult mouse brain. Overlay shows traced regions for each channel
(parvalbumin = cyan, DAPI = magenta) B, The thalamic reticular nucleus was traced across multiple sections based on parvalbumin
(cyan) and DAPI (magenta) labeling. C, There were no significant differences in area measurements of thalamic reticular nuclei
traced from each imaging channel. D, Areas traced using DAPI labeling as a reference overlapped with areas traced based on parvalbumin labeling by an average of 96.66%, with a range of 6.172% (92.84–99.012%). E, Using a DAPI channel, independent raters
(n = 4) used FASTMAP to record the areas of the amygdalar areas (AMY), hippocampal formation (HPF), hypothalamus (HY),
March/April 2022, 9(2) ENEURO.0325-21.2022
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continued
isocortex (ISO), midbrain (MB), olfactory cortex (OLF), pallidum (PAL), striatum (STR), and thalamus (TH) from a subset of images
(n = 2–5 per area) across an adult mouse brain. The extent to which the individual tracings overlapped with a summed composite
trace was calculated to have median values of 93.83% for AMY, 92.85% for HPF, 92.07% for HY, 94.41% for ISO, 95.46% for MB,
91.82% for OLF, 89.41% for PAL, 92.34% for STR, and 93.89% for TH. Areas recorded from these tracings, summed across images for each region (F–N), did not differ from areas collected using the commercial registration tool NeuroInfo. Representative
NeuroInfo registrations (colored outlines) and FASTMAP registrations (white outlines) are provided for each region. Representative
FASTMAP registrations were selected for visualization based on which of the independent raters produced a summed area measurement (across all regions) closest to the median value among independent raters. The measurement that corresponds to the
sample trace is indicated in each plot with an octothorpe (#). Data presented as individual matched datapoints (C), median 6 max/
min (D, E), and mean 6 95%CI (F–N).
Figure Contributions: Dylan J. Terstege prepared the tissue, collected photomicrographs, and conducted the analysis.

it becomes more efficient to register only the desired subset of regions, rather than the entire standardized atlas.
We developed a tool which allows the user to curate their
ROIs. This allows analyses to be efficiently tailored to specific
experimental needs and facilitates the study of nontraditional
tissue types, orientations, or regional organizations.
Custom atlas plate generation is a user-friendly process
outlined step-by-step in the FASTMAP User’s Guide
(Extended Data 1). Using reference images from existing
atlases, users are instructed to trace ROIs in ImageJ before adding regions to the ROI Manager applet. Once all
regions in the image have been traced, they are saved as
an ROI set. This process is repeated until all desired atlas
plates have been generated. Compiled custom atlases
can then be shared during publication, and/or submitted
to the FASTMAP GitHub repository for use by other

researchers supporting transparency and replicability in
image registration.
To demonstrate flexibility, we applied FASTMAP to a
variety of tissue types and orientations (Fig. 5). Many
other open-source tools only allow for tissue mapping in
the canonical sagittal and coronal sectioning planes and
most require a complete intact section as registration
often involves an initial transformation based on the outline. In this demonstration, we covered these planes and
extended on them by registering a mouse brain imaged in
a horizontal plane. We also demonstrate here that partial
sections, such as those that might be obtained as postmortem brain blocks from a brain bank can still be used
with FASTMAP as the outline of the section is not required. Tools for the registration of mouse brains, and to a
smaller extent rat brain, are becoming increasingly

Figure 3. Assessing regional density of brain vasculature. Representative photomicrographs of vasculature in the adult mouse brain
(A) and the dentate gyrus (B). FITC-perfused vasculature is labeled in cyan, while propidium iodide is displayed in magenta.
Vasculature was segmented from background and binarized using Ilastik (C, D). The image was registered to a custom atlas plate
consisting of the isocortex (ISO), hippocampus (HPF), amygdala (AMY), olfactory bulbs (OLF), pallidum (PAL), cerebellum (CB), midbrain (MB), striatum (STR), thalamus (TH), hypothalamus (HY), medulla (MY), and hindbrain (HB; E). Using a densitometry-based
analysis approach, the regional density of vasculature was determined as a percentage of the overall region area (F).
Figure Contributions: Dylan J. Terstege prepared the tissue, collected photomicrographs, and conducted the analysis.
March/April 2022, 9(2) ENEURO.0325-21.2022
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Figure 4. Mapping of age-related changes in amyloid plaque deposition density. Representative photomicrographs of amyloid pathology in 3-month-old (A), 5-month-old (B), and 10-month-old (C) CRND8 mice. Propidium iodide is displayed in magenta while the
fluorescently labeled b -amyloid is labeled in cyan. D, Amyloid density across the isocortex (ISO), hippocampus (HPF), amygdala
(AMY), olfactory bulbs (OLF), pallidum (PAL), cerebellum (CB), midbrain (MB), striatum (STR), thalamus (TH), hypothalamus (HY), medulla (MY), and hindbrain (HB). High-resolution photomicrographs of the somatosensory cortex (E–G) and the reticular nucleus of
the thalamus (H–J) further illustrate differences in amyloid pathology progression at 3 (E, H), 5 (F, I), and 10 (G, J) months. Data presented as mean 6 SEM.
Figure Contributions: Dylan J. Terstege prepared the tissue, collected photomicrographs, and conducted the analysis.

prevalent, these tools focus on adult brains. To demonstrate the register of other tissue types, the gross anatomy
of an embryonic mouse was registered to custom atlas
plates.
March/April 2022, 9(2) ENEURO.0325-21.2022

Discussion
With the recent advances in imaging of brain-wide datasets comes the requirement for advances in the processing of these datasets. While considerable progress has
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Figure 5. Compatibility of the registration tool with different tissue types, sample preparations, and imaging planes. Application of
the registration tool to coronally sectioned adult mouse tissue (A), sagittally sectioned adult mouse tissue (B), horizontally sectioned
adult mouse tissue (C), coronally sectioned tissue blocks of adult mouse tissue (D), and uDISCO-cleared e16 mouse embryo (E).
Figure Contributions: Dylan J. Terstege prepared the tissue and collected the photomicrographs. Daniela O. Oboh prepared the
custom atlas plates.

been made in the development of tools for the mapping
adult rat and mouse brains, many of these tools have specific applications with respect to tissue preparations, atlas
organizations, and imaging plane orientations. To address
the need for a simple yet flexible atlas registration tool, we
have developed FASTMAP.
FASTMAP prioritizes flexibility and ease-of-use by allowing
users to create atlas plates with custom region organization
to suit the tissue type, preparation, and orientation used in
their experiment. No advanced computing skills are required
as the tool is fully integrated into a graphical user interface.
The minimum technical specifications required to use
FASTMAP are also considerably less than those of other
registration tools, eliminating the need to purchase expensive
workstations. Users are guided through the registration of
their atlas plates to images which they have collected. Basic
linear transforms scale the ROIs to the tissue section and
then free-form manual transformations allow the user to correct regions individually to ensure registration accuracy in the
face of nonuniform tissue expansion or shrinkage during
processing or sectioning imperfections. User-friendly documentation, including atlas generation walk-throughs; image
registration tutorials; low level (12 region) whole-brain mouse
atlases in coronal, sagittal, and horizontal orientations; and a
high level (63 region) whole-brain sagittal mouse atlas have
been provided to help facilitate the application of this tool to
datasets regardless of the user’s computational background
(https://github.com/dterstege/FASTMAP/tree/main/Plates).
Any additional user generated atlas plates developed in the
future can also be hosted on the FASTMAP GitHub site.
To demonstrate the range of FASTMAP applications, we
quantified c-Fos-positive cells and the densitometry of brain
vasculature across custom neuroanatomical atlases. We
March/April 2022, 9(2) ENEURO.0325-21.2022

then applied the tool to quantify age-related changes in amyloid density and distribution in CRND8 Alzheimer’s disease
transgenic mice. Brain-wide quantification of amyloid plaque
deposition across 12 neuroanatomical regions revealed both
age and region dependent changes in plaque density. We
found that the distribution of amyloid pathology increased
with age, as regions with very little or no amyloid pathology at
three months could show increased amyloid pathology
in five-month-old mice. This increase was greater still in the
10-month-old group. These results align with existing understanding of the age-related development of amyloid pathology in this transgenic line, supporting the functionality of
FASTMAP in the detection of labels of interest and the registration of images to a neuroanatomical atlas.
Segmentation and registration are instrumental to any
atlas registration tool. In each example shown here,
FASTMAP was able to align a reference atlas to the sample through linear transforms and minimal manual adjustments. Given the user-defined nature of the custom
atlas plates, our tool can be applied to any image set. We
have focused on registration of mouse brain images.
FASTMAP, because of the ability to create custom atlas
plates, can also be used with any species of interest.
Other species commonly used in neuroscience such as
rats, voles, hamsters, degus, marmosets, and zebrafish
will work equally well with FASTMAP provided that a set
of ROIs can initially be identified. This may be through the
use of existing published atlas images or from de novo
synthesis of atlas plates as needed. Additionally, our primary description of FASTMAP relates to brain registration
but other biological systems may also be used.
FASTMAP has numerous potential uses but also some
limitations. These limitations relate primarily to efficiency
eNeuro.org
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relative to some other tools in the processing of datasets
with a high number of regions. Many atlas registration
tools will fit hundreds of regions into their reference atlases. The manual adjustment of the same number of regions will take longer than the grouped transforms which
are often applied in other tools. Many studies only require
a handful of ROIs; these types of experiments will benefit
most from the use of FASTMAP. While there is no maximum number of regions that can be registered with
FASTMAP, there may be a maximum number that are feasible for a user to perform efficiently. This number will vary
depending on the particular ROIs, their size and complexity as well as the users comfort level with and access to
more complex analysis tools.
FASTMAP accuracy is ultimately dependent on the ability of the user to recognize neuroanatomical features for the
ROIs. We reported high interrater reliability when assessing
neuroanatomical region areas traced by independent raters
who were familiar with rodent neuroanatomy. To achieve similar results, it is recommended that end users are well-versed
in the anatomic features of their ROIs or refer to a reference
atlas during atlas registration. Furthermore, while free-form
manual correction allows the user to accommodate for imperfections during tissue processing, it is recommended that
users use best practices when processing all tissues before
image collection. Atlas familiarity and the quality of the histologic preparation are also limitations of most commercially
available and open-source tools. Even automated registration
tools must be checked for accuracy and an experimenter’s
ability to do so is dependent on their aptitude to manually
identify the ROIs. FASTMAP automatically saves fitted registration plates for later re-loading, providing the opportunity for
quality control checks and for multiple cell type-specific
markers to be used during repeated registration.
A limitation of many registration tools is the ability to
segment labels based on morphology. Many tools refine
segmentation based on combinations of pixel intensity,
object size, and object sphericality. FASTMAP does not
directly incorporate segmentation tools but instead interfaces with other tools in a flexible way that allows for enhanced and variable segmentation options. For example,
the open source software Ilastik applies supervised machine learning to segment objects of interest based on
properties of the pixels and objects in the images (Berg et
al., 2019). This tool can be used to segment objects with
complex morphologies and generate a binary output of
these labels. These binary images can then be registered
in FASTMAP. Other tools such as CellProfiler (McQuin et
al., 2018) may also be used for this initial segmentation.
Given that manual adjustments are performed with
FASTMAP there exists a possibility for experimenter bias to
be introduced. However, scientific best practices of blinding
experimenters to animal and group Identifications should
prevent such problems. We have also incorporated into
FASTMAP an option to export all generated ROIs projected
on top of their registration channel. This allows for post hoc
quality control checks and aligns with principles of open science as the entire registration data set can be uploaded to a
data repository.
As the use of whole-tissue imaging to address diverse scientific questions becomes increasingly prevalent (Renier et
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al., 2014; Epp et al., 2015; Jing et al., 2018; Li et al., 2018;
Pinheiro et al., 2021), it is imperative that analyses can flexibly
meet the demands of these questions. Having noted
the lack of a user-friendly and highly flexible registration tool, we developed an open-source tool to register
images to custom atlases. We anticipate that the ease
of use, versatility, and accessibility of our tool will facilitate many scientific questions.

References
Abs E, Poorthuis RB, Apelblat D, Muhammad K, Pardi MB, Enke L,
Kushinsky D, Pu DL, Eizinger MF, Conzelmann KK, Spiegel I,
Letzkus JJ (2018) Learning-related plasticity in dendrite-targeting
layer 1 interneurons. Neuron 100:684–699.e6.
Asadulina A, Panzera A, Verasztó C, Liebig C, Jékely G (2012)
Whole-body gene expression pattern registration in Platynereis larvae. Evodevo 3:27.
Asp M, Giacomello S, Larsson L, Wu C, Fürth D, Qian X, Wärdell E,
Custodio J, Reimegård J, Salmén F, Österholm C, Ståhl PL,
Sundström E, Åkesson E, Bergmann O, Bienko M, MånssonBroberg A, Nilsson M, Sylvén C, Lundeberg J (2019) A spatiotemporal organ-wide gene expression and cell atlas of the developing
human heart. Cell 179:1647–1660.e19.
Chishti MA, Yang DS, Janus C, Phinney AL, Horne P, Pearson J,
Strome R, Zuker N, Loukides J, French J, Turner S, Lozza G, Grilli
M, Kunicki S, Morissette C, Paquette J, Gervais F, Bergeron C,
Fraser PE, Carlson GA, et al. (2001) Early-onset amyloid deposition
and cognitive deficits in transgenic mice expressing a double mutant form of amyloid precursor protein 695. J Biol Chem
276:21562–21570.
Berg S, Kutra D, Kroeger T, Straehle CN, Kausler BX, Haubold C,
Schiegg M, Ales J, Beier T, Rudy M, Eren K, Cervantes JI, Xu B,
Beuttenmueller F, Wolny A, Zhang C, Koethe U, Hamprecht FA,
Kreshuk A (2019) ilastik: interactive machine learning for (bio)
image analysis. Nat Methods 16:1226–1232.
Carson JP, Rennie MY, Danilchik M, Thornburg K, Rugonyi S (2016)
A chicken embryo cardiac outflow tract atlas for registering
changes due to abnormal blood flow. Conf Proc IEEE Eng Med
Biol Soc 2016:1236–1239.
Choi JY, Jang HJ, Ornelas S, Fleming WT, Fürth D, Au J, Bandi A,
Engel EA, Witten IB (2020) A comparison of dopaminergic and
cholinergic populations reveals unique contributions of VTA dopamine neurons to short-term memory. Cell Rep 33:108492.
Claudi F, Petrucco L, Tyson A, Branco T, Margrie T, Portugues R
(2020) BrainGlobe Atlas API: a common interface for neuroanatomical atlases. J Open Source Softw 5:2668.
Doucette E, Merfeld E, Leblanc H, Monasterio A, Cincotta C, Grella
SL, Logan J, Ramirez S (2020) Social behavior in mice following
chronic optogenetic stimulation of hippocampal engrams.
Neurobiol Learn Mem 176:107321.
Epp JR, Niibori Y, Liz Hsiang HL, Mercaldo V, Deisseroth K, Josselyn
SA, Frankland PW (2015) Optimization of CLARITY for clearing
whole-brain and other intact organs. eNeuro 2:ENEURO.002215.2015.
Fürth D, Vaissière T, Tzortzi O, Xuan Y, Märtin A, Lazaridis I, Spigolon
G, Fisone G, Tomer R, Deisseroth K, Carlén M, Miller CA,
Rumbaugh G, Meletis K (2018) An interactive framework for
whole-brain maps at cellular resolution. Nat Neurosci 21:139–149.
González-Pardo H, Arias JL, Vallejo G, Conejo NM (2019)
Environmental enrichment effects after early stress on behavior
and functional brain networks in adult rats. PLoS One 14:
e0226377.
Jing D, Zhang S, Luo W, Gao X, Men Y, Ma C, Liu X, Yi Y, Bugde A,
Zhou BO, Zhao Z, Yuan Q, Feng JQ, Gao L, Ge WP, Zhao H (2018)
Tissue clearing of both hard and soft tissue organs with the
PEGASOS method. Cell Res 28:803–818.
eNeuro.org

Open Source Tools and Methods
Klunk WE, Bacskai BJ, Mathis CA, Kajdasz ST, McLellan ME, Frosch
MP, Debnath ML, Holt DP, Wang Y, Hyman BT (2002) Imaging
Abeta plaques in living transgenic mice with multiphoton microscopy and methoxy-X04, a systemically administered Congo red
derivative. J Neuropathol Exp Neurol 61:797–805.
Lee BC, Tward DJ, Mitra PP, Miller MI (2018) On variational solutions
for whole brain serial-section histology using a Sobolev prior in the
computational anatomy random orbit model. PLoS Comput Biol
14:e1006610.
Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, Boe
AF, Boguski MS, Brockway KS, Byrnes EJ, Chen L, Chen L, Chen
TM, Chin MC, Chong J, Crook BE, Czaplinska A, Dang CN, Datta
S, Dee NR, et al. (2007) Genome-wide atlas of gene expression in
the adult mouse brain. Nature 445:168–176.
Li Y, Xu J, Wan P, Yu T, Zhu D (2018) Optimization of GFP fluorescence preservation by a modified uDISCO clearing protocol. Front
Neuroanat 12:67.
Lugo-Hernandez E, Squire A, Hagemann N, Brenzel A, Sardari M,
Schlechter J, Sanchez-Mendoza EH, Gunzer M, Faissner A,
Hermann DM (2017) 3D visualization and quantification of microvessels in the whole ischemic mouse brain using solvent-based
clearing and light sheet microscopy. J Cereb Blood Flow Metab
37:3355–3367.
McQuin C, Goodman A, Chernyshev V, Kamentsky L, Cimini BA,
Karhohs KW, Doan M, Ding L, Rafelski SM, Thirstrup D,
Wiegraebe W, Singh S, Becker T, Caicedo JC, Carpenter AE
(2018) CellProfiler 3.0: next-generation image processing for biology. PLoS Biol 16:e2005970.
Pinheiro T, Mayor I, Edwards S, Joven A, Kantzer CG, Kirkham M,
Simon A (2021) CUBIC-f: an optimized clearing method for cell
tracing and evaluation of neurite density in the salamander brain. J
Neurosci Methods 348:109002.
Randlett O, Wee CL, Naumann EA, Nnaemeka O, Schoppik D,
Fitzgerald JE, Portugues R, Lacoste AMB, Riegler C, Engert F,
Schier AF (2015) Whole-brain activity mapping onto a zebrafish
brain atlas. Nat Methods 12:1039–1046.
Renier N, Wu Z, Simon DJ, Yang J, Ariel P, Tessier-Lavigne M (2014)
iDISCO: a simple, rapid method to immunolabel large tissue samples for volume imaging. Cell 159:896–910.

March/April 2022, 9(2) ENEURO.0325-21.2022

12 of 12

Renier N, Adams EL, Kirst C, Wu Z, Azevedo R, Kohl J, Autry AE,
Kadiri L, Umadevi Venkataraju K, Zhou Y, Wang VX, Tang CY,
Olsen O, Dulac C, Osten P, Tessier-Lavigne M (2016) Mapping of
brain activity by automated volume analysis of immediate early
genes. Cell 165:1789–1802.
Sampedro-Piquero P, Álvarez-Suárez P, Moreno-Fernández RD,
García-Castro G, Cuesta M, Begega A (2018) Environmental enrichment results in both brain connectivity efficiency and selective
improvement in different behavioral tasks. Neuroscience 388:374–
383.
Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to
ImageJ: 25 years of image analysis. Nat Methods 9:671–675.
Scott GA, Terstege DJ, Vu AP, Law S, Evans A, Epp JR (2020)
Disrupted neurogenesis in germ-free mice: effects of age and sex.
Front Cell Dev Biol 8:407.
Shelley M, Krippendorff K (1984) Content analysis: an introduction to
its methodology. J Am Stat Assoc 79:240.
Silva BA, Burns AM, Gräff J (2019) A cFos activation map of remote
fear memory attenuation. Psychopharmacology (Berl) 236:369–
381.
Sun P, Wang J, Zhang M, Duan X, Wei Y, Xu F, Ma Y, Zhang YH
(2020) Sex-related differential whole-brain input atlas of locus coeruleus noradrenaline neurons. Front Neural Circuits 14:53.
Tanimizu T, Kenney JW, Okano E, Kadoma K, Frankland PW, Kida S
(2017) Functional connectivity of multiple brain regions required
for the consolidation of social recognition memory. J Neurosci
37:4103–4116.
Tappan SJ, Eastwood BS, O’Connor N, Wang Q, Ng L, Feng D,
Hooks BM, Gerfen CR, Hof PR, Schmitz C, Glaser JR (2019)
Automatic navigation system for the mouse brain. J Comp Neurol
527:2200–2211.
Vetere G, Kenney JW, Tran LM, Xia F, Steadman PE, Parkinson J,
Josselyn SA, Frankland PW (2017) Chemogenetic interrogation of
a brain-wide fear memory network in mice. Neuron 94:363–374.
e4.
Wheeler AL, Teixeira CM, Wang AH, Xiong X, Kovacevic N, Lerch JP,
McIntosh AR, Parkinson J, Frankland PW (2013) Identification of a
functional connectome for long-term fear memory in mice. PLoS
Comput Biol 9:e1002853.

eNeuro.org

