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Technical White Paper: Mouse Brain Architecture Project 
 

Project Overview 
 

The Brain Architecture Project is an ongoing effort to assemble and integrate information about 
connectivity in the vertebrate brain. As part of this effort, we previously  prepared a position 
paper[1] that argues for a systematic effort to map neural connectivity brainwide, starting with 
the mouse. The paper called for comprehensive connectivity assessment using light microscopy, 
and argues for the use of existing methods rooted in classical neuroanatomy, scaled up, 
standardized, and modernized for high throughput usage in an experimental and data analysis 
pipeline. We stressed the importance of integration with existing resources including the Allen 
Brain Atlas (ABA)[2], and open access to project data, following the model of genome projects. 
Based on these principles, the Mouse Brain Architecture (MBA) project was started in fall of 
2009. 
 

The technical goal of the MBA project is to generate brain-wide maps of neural connectivity in 
the mouse, which will specify the inputs and outputs of major brain regions. Our approach uses 
standardized methods to label neuronal projections, followed by light microscopic visualization, 
and finally computational methods to integrate the results. These steps are integrated into a 
pipeline for performing experiments with high throughput and fidelity, including quality control 
steps at each stage. 
 
Support 
 
The planning stage of the project, including meetings at the Banbury conference center at CSHL 
as well as initial informatics work, was made possible by an award from the Keck Foundation. 
Major funding for the Mouse Brain Architecture project comes from a Challenge Grant from the 
National Institutes of Health (RC1MH088659) and a Transformative Award from the Office of 
the NIH Director (R01MH087988). Additional sources of funding include internal funding at 
Cold Spring Harbor Laboratory.  
 
Process Overview 
 

To determine the outputs of a brain region (i.e., the other regions it projects to), it is injected with 
a small amount of anterograde tracer[3] that is taken up by neurons locally and transported down 
the axons to the "target" (output) regions. After an appropriate transport period, the brain is 
perfused, sectioned, suitably stained, and each section digitally imaged. These 2-D images are 
co-registered into a 3-D computer stack that is subsequently registered to a common reference 
atlas. The resulting 3-D brain image is largely unlabeled (i.e., contains no signal of interest), 
except for the connections between the injected region and its target regions. Thus the labeled 
connections are clearly identifiable. A given region is injected in multiple animals to account for 
individual variability. 
 

To determine the inputs to the same brain region as above, a retrograde tracer (taken up by 
axonal terminals and transported to neuronal cell bodies[3]) is injected in the same stereotaxic 
location and the process is repeated.  
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A systematic grid of injections spanning the brain is used to generate a brainwide connectivity 
map. Each injection is placed in a different individual mouse and the resulting 3D image 
volumes co-registered in order to obtain the connectivity atlas.  
 

Pipeline Overview 
 

The MBA histology pipeline is used for all tissue processing in the MBA project. The pipeline 
consists of several discrete stations, as shown in the figure:  
(A) C57BL/6 mice are screened to match specific age and weight requirements. Each selected 
animal then receives injection of a neuronal tracer (classical or viral) into a predetermined brain 
region. After the incubation period (tracer specific, but typically 3-21 days), the animal is 
perfused, and the brain is extracted and frozen in a customized mold that allows for two brains to 
be frozen side by side (B). The block containing two brains is then serially cryosectioned (C) 
using the tape-transfer method (specifically engineered for the MBA pipeline), and all sections 
are mounted directly onto slides. Alternating sections are separated to form two distinct series 
per brain. One series is processed for conventional cell body staining (D). The alternate slide 
series is either processed for tracer detection through histochemistry (E) or is directly 
coverslipped for fluorescent imaging (in the case of viral tracers). Whole-slide digital imaging is 
performed using a Hamamatsu/Olympus Nanozoomer HT system that is capable of scanning in 
brightfield (8 bits per color channel) and in fluorescence (12 bits per color channel) modes. The 
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resulting raw data (G) are processed through a custom MATLAB program (H), in which the 
individual sections are cropped and converted into a specialized file format that is conducive to 
downstream processing. The result of the experimental pipeline is a large data stack of several 
hundred sections per brain. Raw image data (0.5µm pixel dimensions) are stored online without 
lossy compression (I and J). All process metadata, along with investigator observations, are 
stored in an integrated custom-designed Laboratory Information Management System (LIMS), 
which helps keep track of all samples and pipeline activities (K). 
 

Inclusion Criteria 
 

The MBA project uses mice purchased from Jackson Labs (Catalog# 664): (1) Strain = C57BL/6; 
(2) Sex = Male; (3) Age= 53±4 days; (4) Weight= 18.8 - 26.4 grams and (5) Quarantine Period = 
7-14 days.  
 
Animal Care 
All experiments and procedures were discussed and approved by the CSHL Institutional Animal 
Care and Use Committee, and conform to all federal regulations, including the NIH Guidelines 
for the Care and Use of Laboratory Animals. Part of our motivation in this project is to generate 
a community-wide digital database of neuronal circuitry in mouse. Ultimately, therefore, this 
should result in fewer animals being needed in other experimental protocols, throughout the US 
(and internationally). 
 

Injection Coordinates 
The target injection coordinates for the connectivity dataset were based on the Allen Reference 
Atlas (ARA). A total of 250 targets were placed in the left-hemisphere of the brain. These 
injections were volumetrically divided across the structures in the ARA. Regions defined in the 
atlas that occupied less than 0.4% of the left-hemisphere were subsumed into larger structures (of 
which they are subdivisions according to the ARA). For each resulting structure, a sphere 
packing schema was assumed to ensure uniformity of injection spacing, and one injection site is 
targeted at the center of each sphere. In order to separate the regions, the injection sites are 
constrained not to be too close to the boundary of the targeted region. For neocortex, we placed 
injections in a columnar line (normal to the cortical surface).  
 

Classical Neuronal Tracers 
Cholera Toxin subunit B (CTB)[4] is used for retrograde tracing and biotinylated dextran amine 
(BDA)[5] is used for anterograde tracing. CTB (1%) is prepared from a stock solution (List 
Biological Laboratories) and BDA (10%) is used in the 10,000 MW form (Invitrogen) to ensure 
primarily anterograde tracing[3].  
 

Viral Neuronal Tracers 
Both rabies and adeno-associated (AAV)[6] viral tracers are used as part of the connectivity 
project. The AAV viral tracers are obtained from the Virus Core Facility at the University of 
Pennsylvania, in two principle forms: (1) AAV2/1.CB7.CI.EGFP.WPRE.RBG, which expresses 
green fluorescent protein (EGFP) and (2) AAV2/1.CAG.tdTomato.WPRE.SV40, which expresses 
red fluorescent protein (tdtomato). For cortical injections, both colors are used, per animal, to 
target different cortical layers. Modified rabies viruses are used for retrograde tracing (RV-
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4GFP(B19G)) as well as for anterograde tracing (RV-1E5nB6SR(VSVG)). These viruses were 
produced by Ian Wickersham (MIT)[7, 8]. 
 

Tissue Sectioning 
 

All samples processed 
through the MBA pipeline 
are sectioned using a 
cryostat (Microm HM 
550/560) at 20µm thickness, 
in the specified plane of 
sectioning. Sectioning is 
performed using a modified 
tape-transfer system. The 
system allows for 
collections of alternating 
slides, across two slides. 
Sections and slides are 
maintained in the cold 
stream of the cryostat, to 
ensure consistency in 
temperature of the sections. 
Each brain block is 
sectioned entirely, and every 
section is collected onto the 
slide. Three segments of 
tape are placed per slide; 
each segment contains 
sections from two brains 
(unless otherwise noted), 
for a total of six brain sections mounted on each slide. Post-sectioning, all samples are placed in 
a slide box and maintained at 4°C until staining.  
 

Glass Slides, Slide Coating, Slide Labeling, and Section Order Schema 
Standard, uncoated Starfrost slides are used throughout the project. The slides are cleaned and 
pre-coated in-house. The coating is specific to the intended use of the slides. All slides are 
barcode labeled (data matrix) with appropriate metadata for each experiment.  
 

Conventional Staining & Coverslipping 
 

Cell Body Staining 
Cell body staining is performed using the Tissue-Tek Prisma, Automated Slide Stainer (Sakura). 
Staining is performed in groups of 60 slides. A Nissl (thionin) staining protocol is used. Staining 
times were standardized for all samples. All reagents are routinely tested for lot-to-lot 
consistency.  
 

Dehydration 
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Fluorescent samples that have undergone immunofluorescence or similar enhancement are 
dehydrated using the Tissue-Tek Prisma system. Dehydration is performed by passing the slides 
through a linear ethanol gradient (70%→95%→100%) for several minutes for each step. The 
slides are then coverslipped.  
 

Giemsa Counterstain 
For slides that have undergone enzyme histochemical processing (HC), a Giemsa based 
counterstain is performed, followed by dehydration of the slides and coverslipping. Giemsa is a 
cell body stain and also acts to enhance the HC label.  
 

Coverslipping 
Slides are coverslipped using the Tissue-Tek Glas g2, Automated Slide Coverslipper (Sakura). A 
xylene-based mounting medium is used for all samples. After coverslipping, slides are manually 
unloaded onto a drying rack and examined to ensure that the coverslip does not overhang the 
edges and that mounting media covers all sections. Slides are allowed to dry for 24 hours before 
further use.  
 

Enzyme and Immuno-Histochemical Staining 
 

Both enzyme histochemistry (HC) and immunohistochemistry (IHC) are performed on the slide. 
Staining is performed using a modified LabVision720 (Thermo Scientific) or two parallel Dako 
Autostainers. Modifications were made to the slide holders of both instruments to facilitate slide-
to-slide consistency. A closed-system, forced air, steam humidifier is also connected to the 
chamber of each unit, and this provides important direct humidity control of the staining 
chamber.  
 

IHC Detection of Cholera Toxin Subunit B (CTB) 
For CTB, the detection protocol consists of a short protein block, prolonged incubation in 
primary antibody, incubation in secondary antibody, incubation in Avidin-Biotinylated solution 
(Vector "ABC" Kit), and finally through a DAB histochemical reaction. Slides are hydrated in 
PBS prior to staining and washed with PBS between each incubation step (with the exception of 
protein block → 1º Antibody).  
 

HC Detection of Biotinylated Dextran Amines (BDA) 
BDA is already conjugated with biotin, therefore the detection protocol calls for a prolonged 
incubation in Avidin-Biotinylated solution (Vector "ABC" Kit), followed by a final DAB 
histochemical reaction.  
 

Diaminobenzidine (DAB) Histochemical Reaction 
The principal form of DAB (Thermo Scientific) used throughout the project is heavy metal 
enhanced DAB. The solution is prepared fresh, with H2O2 added no more than 5 minutes prior to 
immersion of the slides. Following the incubation, slides are thoroughly washed with PBS to 
stop the reaction. For some early datasets, an alternative version of DAB was used (Invitrogen).  
 

Image Acquisition 
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The Nanozoomer HT Virtual Microscopy system (Hamamatsu/Olympus) is used to digitally 
image all tissue samples resulting from the pipeline. All scanning is performed using a 20X 
objective (0.46µm per pixel). Brightfield scanning is used for Nissl, IHC, and HC stained slides. 
Fluorescence scanning at 12-bit depth per pixel, per color channel, using a tri-pass filter cube 
(FITC/TX-RED/DAPI), is used for all other samples (Rabies and AAV injections). A Lumen 
Dynamics X-Cite exacte light source is used to produce the excitation fluorescence. Cropping 
boxes are individually positioned around each section and 9-12 focus points are placed per 
section. Image file names are derived from the barcoded slide name.  
 

Data Conversion and Data Storage 
 

Shortly after image acquisition, the whole-slide data are cropped into individual sections and 
converted into a custom image data structure. Quality control is performed to ensure that the 
cropping was done correctly. All data are subsequently transferred to a high-performance storage 
cluster, through an integrated 10G copper network. Daily backups of the data are created. Data 
are subjected only to lossless compression; we perform lossy compression for purposes of web 
display, but raw data is retained in uncompressed form.  
 

Data Presentation Pipeline 
 

Following data conversion, individual brain sections are registered to one another using a rigid-
body transformation, and then, using a deformable transformation, are registered to a 3-D digital 
version of the ARA by custom software developed in MATLAB. Registered 2-D images are 
placed in a standard bounding box and converted into the JPEG2000 (ISO/IEC 15444-1) image 
format using custom scripts based on the Kakadu toolkit[9].  
 

The project website has been developed using a combination of technologies, and allows for 
browsing and viewing high resolution images. The JPEG2000 images are served over the web 
using a modified version of the Djatoka Image Server[10] and a custom image viewer based on 
the aDORe Djatoka / IIPMooViewer, which allows for fully interactive zoom and pan, supports 
online adjustment of RGB dynamic range, as well as gamma adjustment.  The website also 
contains educational units based on the image data and integrates with a variety of other online 
web tools, such as the Brain Architecture Management System (BAMS)[11]. 
 

Laboratory Information Management System (LIMS) and Quality Control 
 

Sample metadata and process-related information are stored in an intranet accessible LIMS 
system. The system is designed specifically for the pipeline and has dedicated sections for each 
pipeline station, with multiple fields - each encapsulating an important variable of the process. 
Status of a sample within the pipeline, priority of processing, reagent control, quality control, and 
overall pipeline management is performed via LIMS. Investigator observations and general notes 
are recorded at each pipeline station. Specimens are first entered into the system at the step of 
stereotaxic injection.  
 
 A formal quality control procedure is employed to assess the quality of materials at different 
stages. This is in order to: (A) Determine possible need to re-inject, re-coverslip, re-image; (B) 
Correct or improve the pipeline process in an evolutionary operation (EvOp) methodology and 
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(C) Flag unusable sections or materials to reduce unnecessary post-processing. Major QC stages, 
including examination of slides immediately after coverslipping and after scanning, are 
formalized into a number of attributes to be checked to ensure consistency across operators and 
for record keeping. 
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