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Allen Mouse Common Coordinate Framework 

TECHNICAL WHITE PAPER: 
ALLEN MOUSE COMMON COORDINATE FRAMEWORK 
 
OVERVIEW 
 
The Allen Mouse Common Coordinate Framework (CCF) is an essential tool to understand the structure and 
function of the mouse brain at molecular, cellular, system and behavioral levels. It has been successfully used 
for large-scale data mapping, quantification, presentation, and analysis and has evolved through the creation 
of multiple versions. The first version (in 2005) of the CCF was created to support the product goals of the Allen 
Mouse Brain Atlas (Figure 1) (Lein et al., 2007). The framework was based upon the Allen Reference Atlas 
(ARA) specimen (Dong, 2008) in which a 3-D volume was reconstructed using 528 Nissl sections of a near 
complete brain. Approximately 200 structures were extracted from the 2-D atlas drawings to create 3-D 
annotations. A second version (in 2011) of a refined CCF was constructed to support the scientific objectives 
of the Allen Mouse Brain Connectivity Atlas (Oh et al., 2014) where a double-sided and more deeply annotated 
framework was needed (Figure 1). During the development, flaws in the 3-D reconstructions were corrected 
and the volume was mirrored across the mid-line to create a symmetric space. Eight hundred and sixty 
structures were extracted and interpolated to create symmetric 3-D annotations. 
 
In 2012, the Institute launched a 10 year plan to investigate how the brain works that includes cataloguing 
different kinds of individual cells in the brain, understanding the relationships between those different kinds of 
cells, comprehending how information is encoded and decoded by the brain, and modeling how the entire brain 
processes and computes information. To facilitate this effort, a next generation CCF was needed to support 
integration of data generated as part of this plan. Version 3 (v3) of the CCF is based on a 3-D 10µm isotropic, 
highly detailed population average of 1675 specimens. Currently, CCF v3 consists of 207 newly drawn 
structures in 3-D: 123 subcortical structures, 41 fiber tracts (plus ventricular systems), and 43 cortical regions, 
including primary visual and higher visual areas. The final product of CCF will consist of more than 500 gray 
matter structures, cortical layers, ~80 fiber tracts, and ventricle structures in 3-D. The ARA ontology (Dong 
2008) was utilized in the annotation and updated to include higher visual areas. 
 
Newly drawn structures currently span 50% of the brain, thus structures from CCF version 2 (v2) were used to 
create a completed interim map to support the whole brain quantification needed for the Allen Mouse Brain 
Connectivity Atlas. The 3-D annotation and Nissl volume from CCF v2 were deformably registered to the 
anatomical template of v3. Structures targeted for the final product of the CCF that have not yet been drawn 
were extracted from v2 and merged with v3. The interface between old and new structures were manually 
inspected and filled to create smooth transitions.  
 
To maintain product continuity, whole brain quantification and visualization for the Allen Mouse Brain Atlas 
(gene expression) will use the registered Nissl and CCF v2 (ARA) annotations. 
 
This technical white paper describes the methods used to generate the CCF v3, including the creation of the 
anatomical template, reference data sets, new and updated structures, and 3-D annotation and processing. 
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Figure 1. Evolution of the Allen Mouse Common Coordinate Framework.  
The first version (2005) supported the Allen Mouse Brain Atlas and was based upon the Allen Reference Atlas specimen. A second version 
(2011) supported the Allen Mouse Brain Connectivity Atlas where a double-sided and more deeply annotated framework was needed. 
Version 3 (2015) of the Common Coordinate Framework is based on a population average of 1675 specimens and has 207 newly drawn 
3-D structures and cortical layers. 

 
 
CREATION OF THE ANATOMICAL TEMPLATE  
 
The anatomical template of CCF v3 is a shape and background signal intensity average of 1675 specimens 
from the Allen Mouse Brain Connectivity Atlas (Oh et al., 2014). Specimens in the Allen Mouse Brain 
Connectivity Atlas were imaged using a customized serial two-photon (STP) tomography system, which couples 
high-speed two-photon microscopy with automated vibratome sectioning. STP tomography yields a series of 
inherently prealigned images amenable for precise 3-D spatial mapping. 
 
A population average was created through an iterative process, averaging many brains over multiple cycles. 
This iterative process was bootstrapped by 12-parameter affine registration of specimens to the ñregistration 
templateò created as part of the Allen Mouse Brain Connectivity Atlas data processing pipeline (Kuan et al. 
2015). The ñregistration templateò effectively provides initial orientation and size information to this process. To 
create a symmetric average, each of the 1675 specimens was flipped across the mid-sagittal plane and the 
flipped specimens were used as additional input to the averaging process. The total 3350 (= 2 x 1675) 
hemispheres were registered and averaged to create the first iteration of the CCF v3 anatomical template.  
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Following the method in (Fonov 2011), two steps were performed during each iteration: (1) each specimen was 
deformably registered to the template and averaged together; (2) the average deformation field over all 
specimens was computed, inverted, and used to deform the average image created in (1). This shaped 
normalized average was then used as the anatomical template in the next iteration. This algorithm continues 
until the mean magnitude of the average deformation field was below a certain threshold. For computational 
efficiency, the method was first applied to the data down sampled to 50µm resolution until convergence was 
reached. This result was then used as input to the 25µm processing round. In the final step, the specimens 
were resampled at 10µm resolution and averaged to create the final 3-D volume. 
 
The anatomical template possesses two properties: (a) the intensity difference between the average and each 
transformed specimen was minimized and (b) the magnitude of all the deformation fields used to transform 
each specimen was minimized. The anatomical template is thus the average shape and average appearance 
of the population of 1675 specimens and shows remarkably clear anatomic features and boundaries for many 
brain structures. 
 
REFERENCE DATA SETS 
 
Reference data sets are crucial for confirming the identification of anatomical structures visible in the anatomical 
template and also for drawing those that are not visible in the anatomical template. The following were used to 
delineate gray matter and white matter structures in 3-D.  
 
1. Allen Mouse Brain Connectivity Atlas - Projection Data (connectivity.brain-map.org): This data set shows 
the projections and projection topographies from given anatomical structures. Methods for data generation have 
been previously described in detail (Oh et al., 2014) and can be found in the Technical White Papers located in 
the Documentation tab. STP tomography imaging enables accurate registration of the data to the CCF. 
 
2. Allen Mouse Brain Connectivity Atlas - Reference Data (connectivity.brain-map.org): Reference data 
includes two histology datasets (Nissl- and AChE-stained specimens) and three immunohistochemistry 
datasets (SMI-32 and Parvalbumin, NeuN and NF-160, calbindin 1 and SMI-99 double-stained specimens). 
See the Reference Dataset white paper located in the Documentation tab for more details. Reference data were 
registered to the CCF using customized methods. Registration accuracy was limited due to the modest amount 
of deformation and tissue damage. Regardless, these datasets have great utility in providing anatomical details 
for delineating certain structures. 
 
3. Transgenic Mouse Data (data not published): Transgenic mouse brains that exhibit differential tdTomato 
labeling in genetically-defined cell types are important tools for anatomic delineation, particularly where 
structures and their borders cannot be distinguished using the anatomical template. For this version of the CCF, 
two datasets using transgenic mouse brains generated by the same perfusion and imaging procedures as in 
the Allen Mouse Connectivity Atlas were used, allowing easy integration of this data to the CCF. Newly 
generated data from 28 transgenic lines were used to provide anatomical information for completing the targeted 
3-D structural delineation for the final product. 
   
4. In Situ Hybridization (ISH) Data (mouse.brain-map.org): Molecular markers have been a powerful tool for 
the delineation of brain structures (Lein et al., 2005; Lein et al., 2007; Dong, 2008). There are a number of 
genes that exhibit remarkably regionalized expression that were used to indicate borders in the anatomical 
template as well as confirm those previously delineated. 
 
UPDATED AND NEW STRUCTURES 
 
The ARA anatomical ontology was used for the CCF to maintain continuity for multiple products that are part of 
the Allen Brain Atlas Data Portal. Updates to the ARA ontology were made that included the addition of 
structures in the higher visual areas, specifically the anterior visual area (layers 1, 2/3, 4, 5, 6a, and 6b), 
laterointermediate area (layers 1, 2/3, 4, 5, 6a, and 6b), rostrolateral visual area (layers 1, 2/3, 4, 5, 6a, and 6b), 
and postrhinal area (layers 1, 2/3, 4, 5, 6a, and 6b) to the visual and posterior parietal area branches of the 
brain structure tree. 

http://help.brain-map.org/display/mouseconnectivity/Documentation
http://help.brain-map.org/display/mouseconnectivity/Documentation
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Structures drawn in 3-D were located throughout the brain, including in the isocortex (43 structures), olfactory 
areas (5 structures), hippocampal formation (8 structures), cortical subplate (5 structures), striatum (5 
structures), pallidum (3 structures), thalamus (33 structures), hypothalamus (6 structures), midbrain (16 
structures), pons (12 structures), medulla (25 structures), cerebellum (5 structures), fiber tracts (35 structures), 
and ventricular systems (6 structures). A detailed structure list is shown in Table 1. 
 
3-D ANNOTATION AND PROCESSING 
 
3-D Annotation  
For the 3-D annotation, manual delineation of the anatomical template was a combined process of structure 
discovery and 3-D illustration carried out at various levels: as individual structures, group of local structures and 
interface between groups (Figure 2A). Using anatomical template contrast features and fiducials from select 
supporting data (described below), structures were landmarked, filled-in serially, and validated.  In certain cases 
the process was modified to include previously-drawn structures (Figure 2B), which greatly increased anatomic 
accuracy and illustrative efficiency. Once a critical mass of content was reached, a global merging of all 
individual and local structure groups was performed (Figure 2C).  At this stage, local phenomena such as 
overlaps and gaps were considered at a brain-wide level and brought into alignment.  Structures previously 
deferred on the basis of ñnegative spaceò considerations were defined and illustrated here as well.  The process 
was completed by a final evaluation of structures in the component 2-D plates as well as the rendered 3-D 
composition. 
 
ITK-SNAP (www.itksnap.org), a freeware 3-D annotation tool (Yushkevich et al., 2006), was utilized throughout 
the discovery and illustration processes. After loading the 10µm/voxel anatomical template, a region of interest 
(ROI) was identified provisionally in the given viewing planes (horizontal, sagittal, and coronal) by the chief 
neuroanatomist.  Key anatomical features present in the template were observed, researched, and visually 
enhanced by the standardized employment of image adjustment tools provided in ITK-SNAP. When additional 
evidence was necessary and available, supporting data was registered and overlaid semi-transparently or 
launched in a parallel ITK-SNAP window for voxel-to-voxel tracking. Once an ROI was thoroughly and 
satisfactorily evaluated, the neuroanatomist produced a landmark segmentation (multi-planar 2-D delineations 
at regular intervals), which was given to illustration specialists who complete the segmentation serially and 
refine surface features to an appropriate level of maximum smoothness. The resulting structure was then 
compared back to the original landmark segmentation and either refined or submitted to the chief 
neuroanatomist for final approval. These were the principle mechanics for building CCF structures in ITK-
SNAP. As additional structures were built, specialized macros for merging and splitting individual files were 
utilized to facilitate group delineations and form-fitting adjustments at local and global levels, respectively.    
 

http://www.itksnap.org/
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Figure 2. CCF annotation workflow.   
A. Structures with sufficient individual context are identified (discovery), 3-dimensionally outlined (key-framing), filled-in (construction) and 
validated (evaluation). B. Where possible, building is then performed in direct context of individually-built structures, such as the 
hippocampus (shown). This aids the fill-in process and ensures seamless interlocking of the entire local structure group. C. After building 
at the individual and local levels, structures are finally brought together for negotiation in a single, brain-wide context. Once overlaps are 
resolved and structures appropriately form-fit, a final evaluation is performed to ensure overall accuracy in 2-D and 3-D frameworks.      

 
 
Creating a Curved Cortical Coordinate System 
As part of the construction of CCF v3, a curved cortical coordinate system was developed to enable the 
integration of information from different cortical depths. The construction started with a manual delineation of 
the isocortex. Definition of the isocortex used here was adapted from the ARA ontology (Dong, 2008). According 
to that definition, the isocortex is bordered rostroventrally by the main olfactory bulb (MOB), the accessory 
olfactory bulb (AOB) and the anterior olfactory nucleus (AON), laterally by the AON, the piriform area (PIR) and 
the entorhinal area (ENT), medially by the dorsal peduncular area (DP), the subiculum (SUB) and postsubiculum 
(POST), and caudally by the medial entorhinal (ENTm) area, and parasubiculum (PAR). Although the 
boundaries of isocortex were recognizable in the anatomical template itself, manual delineation was greatly 
facilitated by the addition of transgenic mouse brain data registered with the anatomical template. In this case, 
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calbindin expression was used (visualized by crossing the Calbindin1-2A-dgCre mouse line with the Ai14 
reporter to label calbindin positive cells with tdTomato (red) fluorescent protein). Calbindin is strongly expressed 
throughout the isocortex, except in the ventral portion of the retrosplenial area (RSPv), and is weakly expressed 
in the paleocortex, including the entorhinal area (ENT) and the piriform area (PIR).    
 
Figure 3 shows the anatomical template with overlaid reference data at select coronal levels, from rostral to 
caudal. Rostral isocortex (orbital area and agranular insular area) was separated from the olfactory bulb (MOB 
and AON) on the basis of differential fluorescent signal (Figure 3A). Lateral isocortex (agranular insular area 
and perirhinal area) was separated from the AON, PIR, and ENT in a similar fashion (Figure 3 A-D). Compared 
to the lateral isocortex, medial isocortex has strong fluorescent signal only in the rostral part. Rostromedial 
isocortex (infralimbic area) was also separated from dorsal peduncular areas (DP) by fluorescent signal 
differences (Figure 3B). For the caudomedial portion of isocortex (RSPv), separation from SUB and POST was 
indicated by dramatic laminar differences observed in the anatomical template itself (Figure 3D). Fluorescence 
differences were again used in the caudal part of the isocortex (posterolateral visual area and RSPd) for 
separation with ENTm and PAR.  
 
After the borders of isocortex were defined, Laplaceôs equation was solved between pia and white matter 
surfaces resulting in intermediate equi-potential surfaces (Figure 4A). Streamlines were computed by finding 
orthogonal (steepest descent) path through the equi-potential field (Figure 4B). Information at different cortical 
depths can then be projected along the streamlines to allow integration or comparison. Streamlines were used 
to facilitate the annotation of the entire isocortex, including higher visual areas. 
 

 
Figure 3. Delineation of the isocortex. 
The transgenic reference data (Calbindin1-2A-dgCre) were overlaid with the anatomical template. Structures expressing tdTomato (a red 
fluorescent protein) were labeled in red. A-D. Examples show the boundaries of the isocortex at different levels from rostral to caudal. The 
border of the isocortex was indicated by sticks and the isocortex was painted in light yellow. Abbreviations: AI, agranular insular area; AON, 
anterior olfactory nucleus; C, caudal; D, dorsal; DP, peduncular area; ENT, entorhinal area; ILA, infralimbic area; L, lateral; M, medial; MOB, 
main olfactory bulb; ORB, orbital frontal area; PERl, perirhinal area; PIR, piriform area; POST, postsubicullum; R, rostral; RSPv, ventral 
part of the retrosplenial area; V, ventral.  
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Figure 4. Curved cortical coordinate system. 
A. Laplaceôs equation is solved between pia and white matter surfaces to generated intermediate equi-potential surfaces as analog to 
cortical depth. B-C. Streamlines are computed by finding a curved ñorthogonalò path through the equi-potential field. Abbreviations: M, 
medial; L, lateral; R, rostral; C, caudal. 
 
Annotation of the Isocortex in 3-D Space  
The isocortex was annotated from surface views using the curved cortical coordinate system described above. 
The curved cortical coordinate system has an advantage in that it allows the translation of any point from 2-D 
surface views into 3-D space or vice versa. Thus, mapping isocortex from surface views is a different approach 
compared with conventional 3-D mouse brain atlases that are built from a series of 2-D coronal sections, such 
as the ARA (Figure 1, version 2). To guide annotation of cortical areas, three data sets were used: the average 
template, transgenic data and connectivity data. First, the higher visual areas were delineated by overlaying 
virtual callosal connections and the visuotopic map with the anatomical template. The transgenic and 
connectivity data were then used to delineate the rest of the isocortex. Finally, delineation of cortical layers was 
based on a combination of information in the anatomical template and selected transgenic markers. Using this 
supporting evidence, a total of 43 cortical areas and associated cortical layers were constructed in 3-D space 
(Figure 1, version 3). 
 
Higher Visual Areas  
In the ARA (Dong, 2008), the visual cortex consists of six visual areas drawn on a single, Nissl-stained 
specimen. Recent studies using tract-tracing and intrinsic signal imaging methods (Wang and Burkhalter, 2007; 
Marshel et al., 2011; Garrett et al., 2014) have shown however, that there are at least ten visual areas that 
contain complete visuotopic maps. These studies use flattened cortex surface views to exhibit distinguishable 
topographies of higher visual areas. Since higher visual areas are impossible to distinguish in the anatomical 
template itself (Figure 5A), a similar surface mapping approach was taken to delineate higher visual areas in 
the CCF.  
 
Since various angles provide different information regarding surface views, seven angles were chosen to cover 
the full extent of visual cortex and its closely related areas: top, bottom, rotated, medial, side, front and back. 
An example, top view, is shown in Figure 5. To generate surface views of the anatomical template, the highest 
intensity (brightest) voxel along a streamline was projected to its surface voxel counterpart. Additional reference 
data can be incorporated into the surface views by registering the data into the CCF and similarly projecting 
maximum intensity information to the surface using these streamlines. 
 
Inspection of the anatomical template surface view revealed distinctly bright domains putatively representing 
the primary visual, somatosensory, auditory, and the retrosplenial areas (Figure 5A). Overlaying transgenic 
(Nr5a1-Cre) and SMI-32 stained reference data (a neurofilament antibody assay previously reported to stain 
heavily in these regions (Wang et al., 2011)), confirmed their presence and location, which were landmarked 
(Figure 5B).  The darker regions between four landmarked areas contain higher visual areas.  
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To reveal higher visual areas, 26 injections located throughout retinotopic space in primary visual area were 
selected from the Allen Mouse Brain Connectivity Atlas. Images for each of the 26 injections were segmented 
and registered (Kuan et al., 2015) to obtain 3-D volumes of projection signal density. The 26 density volumes 
were combined to create a color-coded weighted source location map. For each injection, a ñcenterò 3-D location 
was computed. At each voxel on the 3-D map, a weighted source location was computed as the weighted sum 
of injection center locations with the weights being the projection density value at the voxel arising from each of 
the different injections. Additionally, summed projection density over all injections was also computed for each 
voxel. To create a surface view, only signal within 0.1 to 0.5 normalized cortical depth was considered. The 
maximum summed projection density voxel for each streamline was identified and the weighted source location 
of the maximum density voxel was projected to the surface. To aid visualization, a weighted location was color-
coded as follows: the HSV (hue-saturation-value) color wheel was embedded into primary visual area such that 
magenta corresponds to the nasal visual field, cyan for temporal visual field and blue for lower visual field. Color 
at any intermediate location was interpolated from the HSV formula. A color-coded top view is shown in Figure 
5C. This result recapitulates the previous finding in which higher visual areas were delineated based on their 
visuotopic maps (Wang and Burkhalter, 2007).  
 
In addition to visuotopic maps, a virtual callosal projection pattern was generated using cortical injection data 
from the Allen Mouse Brain Connectivity Atlas. A virtual callosal map was created using 108 injections spanning 
the isocortex. A max projection density map was created by finding, at each voxel, the maximum density value 
over all injections. Since all injections in the Allen Mouse Brain Connectivity Atlas were in the right hemisphere, 
to create a callosal map, each dataset was flipped across mid-sagittal plane and treated as virtual left 
hemisphere injections. A surface view was then generated by considering only signal within 0.1 to 0.5 
normalized cortical depth and projecting the largest maximum value to the surface. This projection pattern was 
employed for fixed landmark referencing, which is important because higher visual areas have unique spatial 
relationships with callosal projections from the opposite hemisphere. As shown in Figure 5D, callosal 
projections terminate at the borders between the primary visual area and the lateral and anterolateral visual 
areas, and at the border between the primary somatosensory area and the supplemental somatosensory area, 
while avoiding the rest of the primary visual area and barrel fields of the primary somatosensory area.  A large 
acallosal zone is located on the lateral side of the primary visual area and a small acallosal ring is located 
rostrolateral to the primary visual area and caudal to the primary somatosensory cortex. Overall, this surface 
callosal projection pattern is similar to what has been shown in flattened cortex (Wang and Burkhalter, 2007). 
Figure 5E shows that overlaying virtual callosal projections with the anatomical template further restrict 
boundaries of the higher visual areas.  
 
Based on topography and the relationship to callosal projections, individual higher visual areas were drawn 
from surface views. In Figure 5, the lateral visual area located in the caudal part of the large acallosal zone on 
the lateral side of the primary visual area has a visuotopic map that mirrors the primary visual area. The lateral 
intermediate area on the lateral side of the lateral visual area and on the caudal side of the anterolateral visual 
area, which falls in the caudolateral part of the large acallosal zone, has a visuotopic map that mirrors the lateral 
visual area. The postrhinal area, which falls in the callosally labeled region, has a visuotopic map that mirrors 
the posterolateral visual area located caudally to the lateral and primary visual areas. The anterolateral visual 
area, which falls in the rostral part of the large acallosal zone on the rostrolateral side of the primary visual area, 
has a visuotopic map that mirrors the lateral visual area. The rostrolateral visual area located between the 
rostrolateral part of the primary visual area and the caudal part of the primary somatosensory area has a 
visuotopic map that mirrors the anterolateral visual area. The visuotopic map of the anteromedial visual area is 
a mirror image of the posteromedial visual area.  
 
It is noteworthy that the anterior visual area receives weaker input from the primary visual area compared to 
other higher visual areas and its visuotopic map is coarse. The boundary of the anterior visual area was drawn 
between the rostrolateral and the anteromedial visual areas mediolaterally and between the rostral tip of the 
primary visual areas and the caudal part of the primary somatosensory area rostrocaudally. In total, nine higher 
visual areas were drawn from the surface views. These 2-D surface drawings were transformed into 3-D by 
extrapolating surface annotation into the 3-D isocortex by copying the annotation along the streamlines. 
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Figure 5. Delineation of higher visual areas using surface views. 
A. The anatomical template. B. Overlaid image from transgenic line Nr5a1-Cre and SMI-32 stained data set with the anatomical template. 
C. Composite visuotopic maps of striate and extrastriate visual areas. D. Virtual callosal projections. E. Overlaid visuotopic maps and virtual 
callosal projections with the anatomical template.. F. Higher visual areas and their closely-related cortical areas (color coded). Solid lines 
indicate areal borders. Structure abbreviations listed in Table 1. A, anterior; L, lateral. 

 
Remaining Isocortex 
Similar to higher visual areas, the remaining isocortex was annotated from seven surface views using the curved 
cortical coordinate system. All transgenic data used for annotation is listed in Table 2. Several examples of 
these transgenic data are shown in a dorsal view (Figure 6) and reveal enriched gene expression patterns in 
particular isocortical areas. These unique gene expression patterns were used as a guide to delineate isocortex, 
in addition to those areas readily discernable without any histological staining or immunohistochemical staining 
in the template itself (Figure 6A). These template-distinguishable isocortical areas include the primary visual, 
primary auditory, primary somatosensory and retrosplenial areas, and are corroborated by the transgenic and 
reference data (Figures 5B, 6B-H). This confirmation suggests that the transgenic data were almost perfectly 
registered and aligned with the anatomical template in 3-D space. Overlaying the transgenic data clearly reveals 
subdivisions of the primary somatosensory area in Figure 6B and 6C. Diminished gene expression signal was 
found in the retrosplenial area and the primary and secondary motor areas in Figure 6B-F. In contrast, enriched 
gene expression was found in the retrosplenial area (Figure 6G and H), the primary and secondary motor areas 
(Figure 6H-J), the higher visual areas VISal, VISrl, VISa, VISam and VISpm that belong to the dorsal stream 
(Figure 6I) (Wang et al., 2012), and the agranualar retrosplenial area (Figure 6K). The frontal pole of cerebral 
cortex was delineated differently between the two mouse brain atlases of Dong (2008) and Paxinos and Franklin 
(2001). In the Paxinos and Franklin atlas, the frontal association cortex was drawn more than 600 microns along 
the anterior-posterior axis. In the Dong atlas, however, the frontal pole was drawn in only two plates (200 micron 
in the anterior-posterior direction). Physiological recordings performed by the Karel Svoboda laboratory shows 
that the anterior lateral motor cortex (equivalent to the secondary motor area in the CCF) extends extensively 
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into the frontal association cortex indicated by Paxinos and Franklin, indirectly demonstrating that only a small 
portion of the frontal cortex is possibly devoted to the frontal pole. Here we delineated the frontal pole similar to 
that in the ARA (Figure 6L). Thirty one of the annotated 43 cortical areas are revealed in the dorsal view (Figure 
6L). It is important to note that while some transgenic data reveal clear cortical areal borders, others do not 
(Figure 6). Therefore, the transgenic data have been used in combination with the connectivity data as 
supporting evidence for structure delineations.  
  
Connectivity data (including both cortical and subcortical injections from the Allen Mouse Brain Connectivity 
Atlas) were used to support delineation of the isocortex in addition to the transgenic data described above. All 
cortical-relevant injections selected are listed in Table 3; a few of which are shown in the top panel of Figure 
7. Overlaid cortical projections and transgenic data are shown with an annotated cortical map in the middle and 
bottom panels of Figure 7, respectively. The injection of the primary visual area resulted in projections to ten 
higher visual areas, including VISal, VISrl, VISa, VISam and VISpm where enriched gene expression is present 
in Glt25d2 transgenic data (Figures 6I, 7A, 7E, 7I). The injection of the anteromedial thalamic nucleus shows 
weak projections to the higher visual area medial to the primary visual areas and strong projections to the 
agranular retrosplenial area where enriched gene expression is present in Calb2 transgenic data (Figures 6K, 
7B, 7F, 7J). The injection of the laterodorsal thalamic nucleus shows strong projections to the retrosplenial 
area, the higher visual areas including VISal, VISrl, VISa, VISam and VISpm, the barrel fields of the primary 
somatosensory area and secondary motor area where enriched gene expression is seen in Syt6 transgenic 
data (Figures 6H, 7C, 7G, 7K). Injection primarily into VAL (with secondary infection in VPM) resulted in 
projections to the primary motor area as well as trunk, lower limb and upper limb subdivisions of the primary 
somatosensory area. Enriched gene expression in the secondary motor area is complementary to the primary 
motor area of VAL projections (Figures 6J, 7D, 7H, 7L). As demonstrated, connectivity and transgenic data are 
essential to delineate the isocortex but not without caution. For connectivity, two considerations must be 
especially accounted for: injection size and spread of infection across multiple areas. Small injections result in 
projections occupying only a fraction of a given targeted cortical region. On the other hand, injections that result 
in infection in multiple brain areas can make it difficult to confidently assess the source of labeled axons in a 
given cortical region. The key to accurate isocortical delineation comes from the integration of multiple lines of 
evidence. Based on these data sets, a total of 43 cortical areas and their subdivisions were annotated in 3-D 
space (Figures 5-7). 
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Figure 6. Delineating isocortex with transgenic data. 
Cortical areas are revealed by overlaying transgenic images with the average template. A. A dorsal view of the average template. B-K. 
Dorsal views of the transgenic data show unique and enriched gene expression patterns (red signal) in certain cortical areas and 
subdivisions. L. Delineated cortical area map. Abbreviations are listed in Table 1. A, anterior; L, lateral. Scale bar = 1mm. 

 


