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Amajor challenge inneuroscience is to accuratelydecipher invivo the
entire brain circuitry (connectome) at a microscopic level. Currently,
the only methodology providing a global noninvasive window into
structural brain connectivity is diffusion tractography. The extent to
which the reconstructed pathways reflect realistic neuronal net-
works depends, however, on data acquisition and postprocessing
factors. Through a unique combination of approaches, we designed
and evaluated herein a framework for reliable fiber tracking and
mapping of the living mouse brain connectome. One important
wiring scheme, connecting gray matter regions and passing fiber-
crossing areas, was closely examined: the lemniscal thalamocortical
(TC) pathway. We quantitatively validated the TC projections in-
ferred from in vivo tractography with correlative histological axonal
tracing in the same wild-type and reeler mutant mice. We demon-
stratednoninvasively that changes in patterningof the cortical sheet,
such as highly disorganized cortical lamination in reeler, led to spec-
tacular compensatory remodeling of the TC pathway.

fiber tracking validation | brain developmental plasticity

Mapping the brain’s neural architecture and its connectivity
fingerprints is essential in experimental neuroscience and

neurology because connectivity patterns constrain or even define
functional neuronal networks (1). Methods for tracing con-
nections in the animal brain have a long history and evolved from
silver impregnation (2) of degenerating fibers to the ex vivo vi-
sualization of axonally transported tracers injected in different
brain nuclei (3), and finally to high-resolution technologies using
viral and genetic tracers (4). Exploiting the active transport
mechanisms along the axons, the histological tract-tracing meth-
ods are of extreme value in addressing neuroanatomical questions
in experimental animals, especially when associated with electro-
physiological and behavioral observations (5). One challenging
and intensively investigated issue is the dynamic interplay be-
tween the formation of cortical connectivity and cortical pat-
terning (6). Because of the regional and laminar specificity of
axonal targeting, the thalamocortical projection (TCP) system is a
primary research focus (7–9); it offers the possibility of examining
the way in which cortical patterning and thalamocortical (TC)
wiring shape and constrain each other. Axonal tracer studies have
produced a large body of evidence concerning TC architecture in
experimental animals, suggesting that changes in patterning of the
cortical sheet might result in alterations of TC connectivity (10–12).
However, axonal tract-tracing is not suitable for monitoring plastic
connectivity changes over time in the same individual. Histological
visualization of the transported substance is highly invasive and
requires the sacrifice of the animal; it allows the identification of
only a limited number of pathways terminating in, or originating
from, the injection site in a single animal.
One of the most exciting recent developments in neuroimaging,

which possibly stands as a noninvasive alternative to histological
tracing methods and extends its applicability to human studies, is
diffusion tensor (DT)-MRI and consecutive fiber tractography

(FT) (13–15). Probing the tissue microstructure by means of
spatial encoding of water molecule movements, DT-MRI and FT
currently represent the only methodology capable of inferring the
ensemble of anatomical connections in the living animal or human
brain (16, 17). Several data acquisition methods and an array of
tractography algorithms have emerged in the past few years, all of
them with the aim of accurately and reproducibly reconstructing
specific neural projections. Broadly classified (16) in probabilistic
(18, 19), deterministic (20), and the latest global optimization
algorithms (21–23), these tractography approaches exploit the
assumption that the water molecules’ movement in the tissue will
be hindered to a higher extent across than along the axons. The
directions of greatest diffusion in each voxel will be then used as
estimates for fiber orientation. Despite the unique potential of
DT-MRI and FT for noninvasive longitudinal investigations in
human and animal brains, one of their limitations compared with
traditional histological tracing in animals is the spatial scale of the
obtained information. Many cellular structures or fiber pathways
of biological interest are small in comparison with the scale of the
imaging voxel. Increased signal-to-noise ratio (SNR) and further
improvement of the spatial resolution could, however, be achieved
with high (24, 25) and ultrahigh-field scanners (26), or at the ex-
pense of very long acquisition times.
Imaging the mouse brain at 9.4 T and using a postprocessing

methodological approach that is generating high-resolution spa-
tial histograms of the diffusion orientations (generally associated
with the fibers’ orientations), we provide here fine-grained maps
inferring the living mouse brain structural connectivity. Exquisite
details are revealed by combining a unique global fiber tracking
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algorithm (21) applied on high angular resolution diffusion im-
aging (HARDI) data and the above-mentioned methods for
generating highly resolved diffusion orientation histograms, re-
ferred to here as high-resolution fiber maps (hrFMs) (21, 27). The
spatial resolution of the final reconstructed maps is increased
several times compared with the scale of the originally acquired
data, by incorporating information contained in the whole-brain
fiber tracking results. This approach allows verifying and proving
the relationship between the fine-grained details captured in the
hrFM and the histology results. The outcome is an in vivo map-
ping of the living mouse brain structural connectome, compared
in wild-type and reeler mutant animals.
One particular connectivity profile is closely examined and

zoomed out noninvasively from the entire ensemble of reeler and
wild-type brain: the lemniscal TCP, originating in the ventrobasal
thalamic nucleus (VB) and terminating in the barrel field of the
primary somatosensory cortex (S1BF). The TCP was chosen for
two main reasons: (i) it is of high functional relevance in rodents
(9, 28) as well as humans (29) and (ii) it shows a complex 3D
trajectory, which is challenging for any fiber tracking algorithm
(8). Quantitative measures are also introduced to estimate with
probabilistic mapping of connectivity (18, 19), the connection
likelihood between these mouse gray matter regions. The accu-
racy of the connectional information revealed with our imaging
approaches is further rigorously assessed. Quantitative validation
of the obtained results covering all mouse brain pathways is
virtually impossible. Therefore, we provide here a unique proof-
of-principle study that validates the TC connectivity profiles
generated by using global and probabilistic tractography of the
living mouse brain, with correlative histological MicroRuby
(MiR) axonal tracing, performed in the same animals. We fur-
ther investigate noninvasively if changes in patterning of the
cortical sheet, especially gross laminar distortions, lead to par-
allel alterations of TC pathways. As a well-known developmental
pathology model with defective formation of layered structures,
the reeler mutant mouse is a suitable approach (30). In the ab-
sence of the reelin protein, a key regulator for neuronal migra-
tion and cortical development, newborn neurons fail to reach
their normal position in the cortical layers (31). The mutation
strongly affects the lamination of S1BF (32), giving rise to an
anomaly of cortical cytoarchitecture, which should be incom-
patible with the development of a normal TCP. Therefore, using
our validated tools, we directly investigate the hypothesis of
brain structural plasticity by massive remodeling of TC axonal
trees in the living reeler brain.

Results
Global Mouse Brain Fiber Tracking and Generation of hrFM. To ex-
plore in vivo the ensemble of living mouse brain fiber pathways
as inferred with MR diffusion tractography, we adopted a global
fiber tracking approach (21) that processes HARDI data. The
algorithm belongs to a class of tractography methods (review in
ref. 15) that are building all fibers simultaneously instead of
reconstructing tracts one by one, as the classical approaches.
More precisely, in global tractography each fiber is formed by
small line segments that get bound together; their orientation
and number are adjusted simultaneously during optimization;
each segment tries to associate with neighboring ones to form
longer chains. This behavior is governed by an increasing match
to the measured data (21). We previously probed the method on
human diffusion data for delineation of well-known human brain
connections (21). Here we show a further significant refinement
and the first application of our global tracking algorithm for
comparative mapping of the living mouse brain structural con-
nectivity in wild-type and reeler mutant animals. To get a more
refined view of the diffusion orientations generally associated
with the orientation of the brain fibers, a further postprocessing
step was implemented; this allowed us to produce high-resolution

whole-brain histograms of diffusion orientations, i.e., hrFM
(Fig. 1; Fig. S1). The increased resolution of the reconstructed
maps was achieved by using the track information from the entire
voxel neighborhood. The source of contrast in hrFM is based on
the density of fibers generated during the global tracking opti-
mization, and passing the image voxel at specific spatial coor-
dinates (Materials and Methods). This parameter was used as
intravoxel information for increasing the resolution while also
incorporating the local fiber directionality information, coded by
color. This procedure enabled inferring the overall brain con-
nectivity (Fig. 1; Movie S1). However exquisitely defined, the
details captured in the hrFM do not actually feature individual
axons; they directly visualize diffusion orientations and, through
association, the fibers’ orientations. To further qualitatively ex-

Fig. 1. Living mouse brain connectional anatomy. High-resolution fiber
maps generated from the global fiber tracking data and their qualitative
comparison with immunofluorescent myelin staining. High qualitative re-
semblance of hrFM with myeloarchitecture is observed at three different
rostrocaudal positions across the mouse brain. (A–C) Distances from bregma
are +0.5, +0.14, and −1.94, respectively. The exemplified hrFM were recon-
structed at 15.6 × 15.6 × 50 μm3 resolution, matching the thickness of the
histological tissue slices. The magnified areas in B and C illustrate the po-
tential of the global tracking algorithm to resolve crossing fiber regions
(arrows). The fornix (fx)–anterior commissure (pars posterior; acp) in-
tersection is featured in B (magnified) and the complex fiber pathways
passing through the internal capsule (ic) from subcortical into the cortical
areas (and vice versa) are visible in the magnification of C. Various other
structures of the mouse brain connectional anatomy could be easily recog-
nized using both in vivo (hrFM) and ex vivo (myelin staining) imaging mo-
dalities: (A) aca, anterior commissure; anterior part; cg, cc, corpus callosum;
cingulum; CPu, caudate putamen; ec, external capsule; lo, lateral olfactory
tract. (B) acp, anterior commissure, posterior part; fx, fornix. (C) cp, cerebral
peduncle; ic, internal capsule. The color-coding indicates the local fiber ori-
entation: red, mediolateral; green, dorsoventral; blue, rostrocaudal.

E1798 | www.pnas.org/cgi/doi/10.1073/pnas.1218330110 Harsan et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
9,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218330110/-/DCSupplemental/pnas.201218330SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218330110/-/DCSupplemental/sm01.avi
www.pnas.org/cgi/doi/10.1073/pnas.1218330110


www.manaraa.com

plore the biological basis and the anatomical information content
of the obtained tractograms, we compared them with immuno-
histochemical myelin staining, performed in the same animals.
Fig. 1 shows hrFM of the mouse brain, scaled to reach a spatial
resolution of 15.6 × 15.6 × 50 μm3, which represents 10× higher
the resolution of the acquired diffusion data (156 × 156 ×
500 μm3) and matching the thickness of the histological sections.
Remarkable correspondence between many of the structures
visualized in hrFM of the living mouse brain and those identified
with myelin staining can easily be recognized (Fig. 1). This feature
is visible not only in areas corresponding to gross white-matter
anatomy (such as the corpus callosum, anterior commissure,
external capsule, internal capsule, and fornix), but also gray
matter regions, evidencing, for example, similarities in the
striatal texture. Notably, the tracking algorithm also proved its
capabilities to resolve fiber-crossing regions (Fig. 1 B and C,
enlarged areas). The possibility to create such highly resolved
fiber maps from in vivo diffusion data relied on the capacity of
the global tracking approach to generate a sufficiently high
number of fibers per voxel to introduce meaningful information.
Fig. S1 demonstrates the gain in contrast-to-noise ratio (CNR)
and superior delineation of mouse brain fiber tractography with
increasing spatial resolution. Fig. S1 E and F displays sharp de-
lineation of thin tracts emerging from mouse thalamic nuclei,
mapped at 11.14 × 11.14 × 35.7 μm3 resolution. We emphasize
that the results were obtained through postprocessing procedures,
without the necessary requirement of increasing data acquisition
time or at the expense of SNR.
The capability of our approach in terms of in vivo zooming

into the fiber architecture to virtually reach a microscopic level

was further probed for capturing tractographic features in the
presence of brain pathology caused by gene mutation. We there-
fore used the hrFM to investigate if the general wiring scheme
of wild-type mice is preserved in the reeler mutant mouse brain,
which is known to display severe layering defects (31) (Fig. 2;
Movies S1 and S2). Substantial differences were seen between
the normal and mutant brain structural connectome. The high-
resolution tractograms captured major remodeling features of the
sub- and intracortical fiber trajectories reconstructed from the
reeler diffusion data, (Fig. 2) as well as important modifications
within the malformed cerebellum of the reeler mutants (Movies S1
and S2). Within the cerebral hemispheres, the most prominent
remodeling was noticed inside the TC network. Fig. 2 C and D
captures in hrFM the features of fiber pathway rearrangements in
reeler. In contrast to the wild-type fiber organization, a striking
oblique trajectory linking subcortical areas with superficial layers of
the reeler cortex is clearly visible within the same plane (Fig. 2D;
Fig. S2). However, some differences in the cortical and subcortical
fiber organization are observed in the hrFM, even between animals
from the wild-type group (Fig. S2). Such interindividual variations,
potentially including changes in fiber orientations, are difficult to
assess quantitatively. We therefore further describe our approach,
leading to a quantitative evaluation of diffusion tractography
results, while focusing on one specific mouse brain pathway.

Proof-of-Principle Study: Methodological Validation of in Vivo
Thalamocortical Connectivity with MiR Histological Tracing. To ver-
ify the in vivo fiber tracking results and to demonstrate the ro-
bustness of our approach when crossing gray matter/white matter
borders, we further carried out a proof-of principle investigation,
focusing on the somatosensory TCP. Specifically, we probed the
lemniscal TCP emerging from the VB nucleus of the thalamus
targeting the S1BF of the living mouse brain with a complex 3D
trajectory. The technical bases are summarized in Fig. 3, and
involved a qualitative assessment (Fig. 3 A–D) as well as a quan-
titative (Fig. 3 E–H) fiber tracking validation, performed in sev-
eral steps. First, by means of hrFM, we zoomed into the complex
mouse brain wiring scheme reconstructed with global tractog-
raphy and isolated the VB–S1BF lemniscal pathway (Fig. 3A).
Second, we introduced a quantitative estimation of the likelihood
of connectivity between VB and S1BF, by probabilistic mapping
(PM; Materials and Methods) of the lemniscal TCP from origin to
termination (Fig. 3B).
We further probed the accuracy of the connectional in-

formation revealed by global fiber tracking and the probabilistic
tractograms with correlative MiR histological axonal tracing of
the lemniscal TCP (Fig. 3D) in the same animals.
Therefore, the same animals examined in vivo with diffusion

tractography were further subjected to stereotactically targeted
delivery of the MiR axonal tracer into the VB (Fig. 3D). This
approach resulted in specific labeling of thalamic axons emerging
from the injection site and targeting S1BF (and for injections
including more ventral parts, as a component of the extra-
lemniscal pathway, also S2), subsequently tracing the TCP on
serial histological sections. Using coregistering procedures (Fig.
S3), the injection sites, clearly visible on the histological sections,
were transferred onto the diffusion data. These segmented areas
(Fig. S3 B–E) were used in the postprocessing steps either as
selection regions for the isolation of the TCP reconstructed with
the global fiber tracking algorithm (Fig. 3A) or as seed areas for
the generation of the probabilistic maps of connectivity (Fig. S4).
Therefore, a close comparison between in vivo fiber tractography
and histological tracing results was performed (Figs. 3–5).
Quantitative validation of the TC connectivity profiles: Probability maps
of connectivity vs. axonal density maps. We further introduced a
quantitative dimension for the validation of in vivo diffusion-
based tractography (Figs. 3 E–H and 4). Our approach relied
on voxel-wise statistical correlation methods, applied to com-

Fig. 2. Comparative high-resolution views of the thalamocortical fiber ar-
chitecture of the wild-type and reeler brain. In vivo hrFM of the wild-type (A
and C) and reeler (B and D) brain captures major features of normal (C) vs.
remodeled (D) subcortical (arrows) and intracortical (arrowheads) fiber tra-
jectories of the somatosensory thalamocortical pathway. The magnified views
(C and D) illustrate the fiber bundles emerging from the VB to target S1BF;
they cross the internal capsule (C and D, arrow) and gather beneath the
cortical gray matter before extending intracortically up to presumptive layer
IV of the wild-type S1BF (C, arrowheads). Note that in comparison with wild
type, the reeler thalamic fibers (D) are defasciculated to form a broader array
projecting diagonally (D, arrow) into the cortical areas (including S1BF) and
forming loops below the pial surface (D, arrowheads). The hrFM were
reconstructed with 15.6 × 15.6 × 50 μm3 resolution. The local fiber orientation
is color-coded: red, mediolateral; green, dorsoventral; blue, rostrocaudal.
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pare PM of TC connectivity (Figs. 3 B and F and 4A) and MiR-
labeled axonal density (AD) maps obtained by axonal tracing
performed in the same animals (Figs. 3 C and G and 4B). The
AD maps were created by counting labeled axonal profiles
crossing the plane of the histological section (Materials and
Methods; Fig. 3 F–H; SI Materials and Methods, Generation of
the Axonal Density Maps) using a stereological approach. The
spatial location of the counted axons was also registered, rel-
ative to anatomical landmarks, such as the brain contour, the
ventricular borders, and the major white matter tracts. These
landmarks were subsequently used for spatial registration of the
AD maps on the diffusion image data, allowing voxel-wise
comparison with the corresponding PM.
The quantitative analysis was conducted at two levels. First,

an overlap coefficient (r) was calculated to obtain quantitative
measures describing the spatial agreement between the TC
profiles depicted in vivo in PM and AD maps (Figs. 3H and 4C).
Second, Pearson correlation was carried out, assessing the
spatial overlap and the intensity values from the normalized
PM and AD maps (Fig. 4C; Materials and Methods, MRI–
Axonal Tracing Correlations). One has to consider that the AD
maps were generated using 50-μm-thick histological slices, and
the probability of connectivity was mapped from diffusion MRI
slices of 500-μm thickness. Regardless of this difference in the
generation of the two types of maps, we found a high average
value for the pathway overlap coefficient (>0.70) in both wild-
type and reeler animals (Table 1; Figs. 3 E–H and 4).
We next investigated the contribution of each type of map to

the obtained results by calculating the split Manders coef-
ficients. There might be cases where the AD maps spatially
overlap significantly with the PM, but parts of PM do not
overlap with the AD topography (false positive pathways when
considering the AD maps as the “ground truth”). Reversely,
false negative pathways might be identified as parts of the AD
maps not overlapping with the corresponding PM. These split

Manders coefficients (Manders MAD and MPM) gave quanti-
tative information about how well the maps overlapped. The
intersecting regions were highlighted as seen in Fig. 4C. Pixel-
wise comparison using Pearson coefficients revealed highly
significant positive correlation between the AD measures and
the PM. The highest positive Pearson correlation was obtained
for the sections encompassing the stereotypically organized
internal capsule (ic) axons (i.e., Fig. 4, slices 1 and 2 in wild-
type and reeler). Lower correlation values were calculated in the
frontal part of the thalamocortical trajectories (Fig. S5). In
these frontal areas, as a general feature, the PMs covered the
fields stained by the MiR tracer but extended deeper into striatal
regions and along the border of the corpus callosum (Fig. S5,
arrows), suggesting some false positive pathways depicted with
probabilistic tractography. Fig. 4 exemplifies comparatively the
results of the quantitative analysis along the thalamocortical
pathway of one wild-type and one reeler animal, highlighting the
overall significant positive correlation between the PM and AD
measures. No significant differences were noticed between the
results of PM vs. AD correlations, obtained within each group,
emphasizing the reproducibility of the methodological approach.
Moreover, we further asked the question of interindividual

variability in the TCP, as generated either with PM or AD ap-
proaches. We provide quantitative measures of cross-correlation
between the PMs (Fig. S6A) of each investigated animal. The
same cross-correlation approach was applied for the AD maps
(Fig. S6B). High positive Pearson correlation coefficients were
obtained when comparing the wild-type PMs, indicating a low
degree of variability in TCP topology within the wild-type pop-
ulation (Fig. S6A, blue). The same trend of significant posi-
tive correlation was noticed when cross-comparing the AD
maps of the wild-type mice (Fig. S6B, blue). A higher degree
of interindividual variability was observed when mapping the
reeler TCP, with both PM (Fig. S6A, yellow) and AD approaches
(Fig. S6B, yellow); this was reflected in the lower (but sig-

Fig. 3. Quantitative correlation of in vivo fiber tracking (A and B) and ex vivo histological tracing (C and D) methods combined with statistical coregistration
(E–H) in the same animals to study the somatosensory thalamocortical projection. (A) A 3D reconstruction of wild-type thalamic fiber bundles emerging from
the VB nucleus of the thalamus and superimposed on the corresponding morphological MR images (as in B and C), originating at the precise location of the
MiR axonal tracer injection site (see encircled area in D) and projecting into S1BF. The fibers were selected from whole-brain connectivity data generated
using our global optimization algorithm. (B) PM of connectivity (scaled from 0 to 1) between VB and S1BF. The same PM is represented using the red color
channel (scaled from 0 to 1) in F. Dashed lines denote the pial surface (external) and the cortical depth corresponding to the layer III/IV border (internal). (C)
AD maps generated after counting the MiR-labeled axons in histological sections (normalized scale from 0 to 1: 0, no axonal labeling; 1, maximum density of
labeled axons obtained in each individual). Compare with G, where the same AD map is represented using the green color channel. (D) Histological axonal
tracing results showing the MiR tracer injection site localized in VB, and the cortical target regions (S1BF and S2). The exemplified histological section was
used for the generation of the AD map from C and G. (E and H) Statistical coregistration of the PM (F) and the AD maps (G) of thalamocortical connectivity
obtained from the same animal. Merged PM/AD maps (E) were produced showing extensive overlap of the pathways generated using the in vivo and ex vivo
methodologies. Colocalized area is highlighted in H (overlap coefficient of 0.81).
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nificant) positive correlation when comparing reeler PMs (or
AD maps).
To quantitatively assess the remodeling of the reeler TCP, we

additionally performed an interindividual comparison of the PM
and AD results, assessing the correlations between animals of
different groups (individual wild-type PMs vs. individual reeler
PMs; and individual wild-type AD maps vs. individual reeler AD
maps; Fig. S6 A and B, green). This approach revealed lower
wild-type vs. reeler correlations in mapping the TCP, probably
reflecting the altered topology of this important sensory pathway
in the mutant animals.
In vivo origin-to-ending reconstruction of mouse somatosensory TCP
reveals extensive remodeling in the reeler mutant brain. The pro-
jection pattern of wild-type mouse thalamic axons, from the VB to
the barrels in cortical layer IV of S1BF (Fig. 5 B and G), allowed
not only testing the in vivo global and probabilistic tractography
along the rostrocaudally and mediolaterally contorted subcortical
(Fig. 5 E and F) and cortical pathway sections (Fig. 5 B and G),
but also enabled verification of the terminal fields of this pro-
jection (Fig. 5 A and E, dotted line) against the ground truth
provided by the histological tracing (Fig. 5 B, dashed lines andG).
These target fields of thalamic axons are amazingly altered in the
reeler mutant brains, spanning over nearly the entire thickness of
the somatosensory cortex (Fig. 5 D and J), probably due to the
highly disorganized cortical lamination induced by the reelin gene
mutation. This finding is very much in contrast to earlier studies

but in good agreement with recent molecular and functional
imaging (32, 33). We therefore focused our investigation on in
vivo comparison of the wild-type and reeler TCP to get a better
understanding of the dynamic interplay between cortical pat-
terning and thalamic axon guidance.
Subcortical section of the somatosensory TCP: Defasciculation of reeler
axonal projections. Distinctive TC profiles were selectively isolated
from wild-type brain tractograms reconstructed with the global
fiber tracking algorithm (Fig. 5E). Within the subcortical section,
tightly clustered fiber bundles emerged from the VB of wild-type
mice to form a rostrolateral loop through the ic (Fig. 5E). This
feature was also obvious in the hrFM (Fig. 2C, arrow). After
passing the ic, the fibers continue to run tangentially beneath the
cortical plate before finally invading the appropriate gray matter
regions. The subcortical path, seeded in the MiR tracer injection
site, is also very obvious in the PMs of connectivity, emphasizing
the high anisotropy along the emerging wild-type thalamic tracts
(Fig. 4A). A close topographic correspondence was obtained
between TC profiles generated in vivo with global tractography
and probabilistic mapping as well as axonal tract tracing. TheMiR
tracer was transported through parallel axonal bundles originat-
ing at the injection area (VB), passing through the striatum via
the internal capsule to reach the subcortical white matter (Figs.
3D and 5F).
By contrast, our fiber tracking methods identified a repro-

ducible pattern of defasciculation of the reeler thalamic fibers.

Fig. 4. Quantitative comparison between TCPs derived from in vivo probabilistic mapping (A) and ex vivo histological axonal density mapping (B) in the same
animal demonstrates statistically significant positive correlation throughout all sections (C). (A) Wild-type (Left) and reeler (Right) TCP representations using in
vivo probabilistic mapping. (B) Wild-type (Left) and reeler (Right) TCP representations using histological axonal density mapping. (C) Statistical coregistration of
the PM and ADmaps along the TCP (three contiguous slices) in a wild-type (Left) and a reeler (Right) mouse. (Top) Merged PM and ADmaps and the correlation
coefficients. R, Pearson coefficient; r, overlapping coefficient; P < 0.001 and P < 0.01 express the significance levels for the comparison of the two mapping
results. (Middle) Colocalized area for each slice in white. (Bottom) Overlay of the merged PM and AD maps on morphological T2-weighted brain images.
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Distorted and poorly organized bundles originated from the VB
of the reeler thalamus (Figs. 2D and 5H; Fig. S2); they crossed
the ic in a widespread array, ascending directly toward the
cortical regions in the same plane, i.e., without extensive looping
in the rostrocaudal direction. Furthermore, reeler PMs revealed
lower indices of connectivity between VB and S1BF compared
with the wild-type (Fig. 4 A, wild type vs. reeler) pathway, sug-
gesting less compact (i.e., more disorganized) thalamocortical
bundles passing the reeler ic and ascending into the subcortical
white matter. This marked feature of defasciculation of the reeler
subcortical component of the TCP, captured in vivo with diffusion
tractography (Fig. 5H), was validated by the MiR axonal staining
pattern (Fig. 5I).
Cortical section of the somatosensory TCP: Remodeling of the reeler
intracortical terminations. Tracing cortical fibers has been notori-
ously difficult even when investigating the human brain with dif-
fusion tractography. As fibers approach the gray matter, diffusion
anisotropy reduces, and the uncertainty of the principal eigen-
vector direction increases (34). A global fiber tracking approach
allowed for reconstruction of the brain structural connectivity
without the use of an anisotropy threshold, and therefore access
to the cortical fields with low anisotropy. These areas were also
consistently mapped with the probabilistic approach that estimated
the probability distribution of the principal diffusion direction and
operated remarkably well in the presence of uncertainty. With both
methods, clear differences were revealed between the wild-type
and the reeler cortical connectivity pattern (Fig. 2 C vs. D, arrow-
heads; Fig. 5 A vs. C). When examined with global tractography,
the cortical component of the wild-type TCP showed radial pro-
jections traversing the cortex and reaching middle layers. Notably,
a pattern of clustering of the target points roughly matching layer
IV of the S1BF (Fig. 5E) was observed. The origin–target specificity
of the thalamic axons was evidenced by plotting the starting and
ending points for each reconstructed projection (Fig. 5E). The
PMs, too, indicated terminal fields of the TCP (Fig. 5A). High
probability connectivity indices were assessed within wild-type
S1BF, extending approximately up to neuronal layer IV (i.e., Figs.
3B, below lower dashed line and 5A, arrow), and this was very much
in agreement with the histological tracing pattern (Fig. 5B). While

penetrating the cortex, the MiR-labeled axons turned pialward to
reach their target neurons in layer IV (Fig. 5B, arrow). At the
bottom of layer IV, the thick thalamocortical axons started to
display many collaterals, forming an isotropic cloud that occupies
the barrels, and a less-dense upper division reaches the supra-

Table 1. Quantitative correlation between the PMs derived
from diffusion MR data and the AD maps generated from
histological axonal tracing in wild-type and reeler mice

Mice Correlation

Wild type
WT 1 R = 0.71** ; r = 0.83; MAD = 0.97; MPM = 0.85
WT 2 R = 0.70** ; r = 0.78; MAD = 0.90; MPM = 0.83
WT 3 R = 0.73***; r = 0.75; MAD = 0.97; MPM = 0.77
WT 4 R = 0.67** ; r = 0.70; MAD = 0.97; MPM = 0.72
WT 5 R = 0.69** ; r = 0.80; MAD = 0.82; MPM = 0.98

Reeler
Reeler 1 R = 0.70** ; r = 0.81; MAD = 0.96; MPM = 0.83
Reeler 2 R = 0.77***; r = 0.89; MAD = 0.97; MPM = 0.91
Reeler 3 R = 0.76***; r = 0.83; MAD = 0.97; MPM = 0.85
Reeler 4 R = 0.65** ; r = 0.71; MAD = 0.98; MPM = 0.70
Reeler 5 R = 0.75***; r = 0.84; MAD = 0.95; MPM = 0.87

R, Pearson’s linear correlation coefficient ranges from −1 to 1 (if 1, perfect
positive correlation; if −1, negative correlation, exclusion; if 0, no correla-
tion). The correlation was considered statistically significant when P < 0.05
(**very significant correlation for 0.001 < P < 0.001; ***extremely significant
correlation for P < 0.001). r, Overlap coefficient ranges from 0 to 1: this
represents the ratio of the intersecting area to the total nonzero area of
both maps. Only nonzero values in each map were included in the analysis.
MAD, Manders coefficient representing the fraction of AD overlapping the
PM; MPM, Manders coefficient representing the fraction of PM overlapping
the AD.

Fig. 5. Intracortical in vivo diffusion-based fiber mapping (A, C, E, and H)
and histological tracing (B, D, F, G, I, and J) show remodeling of the thala-
mocortical terminal field in reeler mutant compared with wild-type mice.
(A–D) Probability maps of connectivity (A and C) depicting fine details of the
intracortical portion of the wild-type (A) and reeler (C) TCP, similar to the
staining pattern seen in the cortical areas of the same mice after MiR tracer
injections (B and D). Note the distribution of the termination field of the
wild-type pathways (A and B) at the level of cortical layer IV and the ex-
tended columnar representation in reeler animals (C and D, arrows). (E and
H) Selective 3D reconstruction of wild-type (E) and reeler (H) thalamic fibers
originating in the VB (MiR injection site) and reaching S1BF. The recon-
structions reveal subcortical defasciculation and oblique intracortical tra-
jectories of the reeler somatosensory thalamocortical projections (H)
compared with wild-type mice (E). The origin and the target points of the
identified pathway were plotted for each fiber. The target points of the
reeler trajectories are distributed across the whole cortical thickness (H),
contrasting to their clustering at the level of cortical layer IV (upper border
depicted by lower dashed line) in wild-type mice (E). (F–J) Representative
subcortical (F and I) and intracortical (G and J) MiR tracing of the wild-type (F
and G) and reeler (I and J) TCP. Note the pattern of reeler subcortical axons
(I), reaching the cortex in oblique trajectories, very similar to the pathway
identified with global fiber tracking. In S1BF, the main terminal field of the
wild-type thalamic projections (G) is layer IV. The reeler axons are spanning
nearly the entire cortical thickness, forming a peculiar columnar pattern (J).
(Scale bars, 250 μm.)

E1802 | www.pnas.org/cgi/doi/10.1073/pnas.1218330110 Harsan et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
9,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218330110/-/DCSupplemental/pnas.201218330SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1218330110


www.manaraa.com

granular layers (Fig. 5 B and G). The MiR tracer is known to be
transported to some extent retrogradely, too, and therefore the
medial lemniscus and some layer VI pyramidal cells (Fig. 5G) were
labeled, further verifying the correct placement of the injection into
the VB. Such a reciprocal connection provides a better compara-
bility with in vivo tractography, because the diffusion tractography
pattern cannot distinguish between thalamocortical and cortico-
thalamic connections. Diffusion fiber tracking is only sensitive to
the orientation of the fibers but not to their anatomical polarity.
Further examining reeler brains, we demonstrated with our in

vivo fiber tracking approaches a striking remodeling of the cor-
tical terminal fields. Global tractography and hrFM show the
widespread array of reeler thalamic axons piercing the cortical
plate in an oblique fashion and running diagonally up toward the
surface of the cortex (Figs. 2D and 5H); there they form a loop
and descend to different levels in the deeper cortical portions
(Fig. 2D, arrowheads). Comparative cortical hrFM of wild-type
and reeler animals are provided in Fig. S7 A and B, demonstrating
that remodeling of intracortical reeler connectivity is a general
effect observed in all of the investigated animals. Unlike the layer-
specific clustering pattern described in wild-type brains, the reeler
TCP terminals (Fig. 5H; Fig. S7D) were distributed across the
entire depth of S1BF, mirroring the spots where the putative layer
IV target neurons erroneously ended their migration. Such effects
could not be clearly observed if generating hrFM from tracking
results obtained using a local deterministic fiber tracking ap-
proach, the fiber assignment by continuous tracking (FACT) al-
gorithm (Fig. S8). The low densities of fibers mapped with FACT
do not supply sufficient information for clear differentiation of
wild-type vs. reeler TC fiber architecture.
We further assumed that the cortical observation described

using the global tracking algorithm should be concurrent with
divergent modifications of cortical anisotropy indices in wild-type
and reeler mice. Therefore, we introduced a quantitative di-
mension to the hrFM results by plotting the fractional anisotropy
(FA) values across the whole thickness of the wild-type and reeler
cortical areas from averaged maps (for each group of mice; Fig.
S7 E and F). These plots showed increased anisotropy at the level
of cortical layer IV (where the fiber terminals were clustered) in
wild-type animals and a drop of anisotropy indices at the outer
edge of this cortical layer. The effect could not be observed in
the reeler cortex; there, constant FA values were assessed, with
a sharp increase in the outmost part of the cortex. The above-
described observations were mirrored in the PMs. TC fiber
pathway mapped through the reeler cortex displayed an oblique
columnar appearance and nearly spanned the entire cortical
thickness (Figs. 4A, reeler, and 5C), unlike the wild-type pattern
with a radial path and a focused termination in layer IV (Fig. 5A,
arrow). The fine columnar details of thalamocortical connectivity
depicted in the PMs (Fig. 5C, arrows) were similar to the labeling
pattern as seen with the MiR tracer (Fig. 5D, arrows). The MiR-
labeled axons ascended in irregular profiles through the cortex,
approaching the pia, but turning down at the most external cor-
tical surface and unraveling in irregular-formed, columnar clus-
ters (Fig. 5 D, arrows and J). Taken together, these results
demonstrate that the development of the TCPs does not require
intact cortical lamination. However, abnormal cortical patterning
leads to a parallel alteration of the trajectory and terminal field
placement of the thalamocortical axons.

Discussion
Deciphering Connectional Blueprints Across the Living Mouse Brain
with Global Tractography. Generating brain-wide maps of human
and animal neural connectivity is a major challenge in the basic
neuroscience and neuroimaging field (35, 36). Deciphering these
connectivity patterns in the mouse is one of the principal aims of
the Brain Architecture Project (37). A number of authors (24–
27, 38) have elegantly demonstrated the value of MRI diffusion-

based tractography in understanding the microstructural mouse
brain organization and its intricate connectional anatomy. These
ex vivo investigations were performed using ultra- (26, 27) or
high-field magnets (24, 25, 38), and revealed brain anatomical
details with a resolution of reconstructed fiber density maps
reaching 20 μm3 (27). By using a unique combination of global
tractography and fiber-mapping methods, we tailored our hrFM
to reach the optical microscopy level, identifying with high def-
inition connectional networks across the whole living mouse
brain. The rich anatomical details unveiled biologically mean-
ingful features qualitatively assessed against myelin staining.
Using a global tractographic algorithm to process HARDI data
provided an important advantage over the common local fiber
tracking methods (18, 20)—namely, the ability to reconstruct
axonal fibers simultaneously across the whole brain (21). The
local algorithms, deterministic (20) or probabilistic (18), construct
fibers independently, path by path, and the fibers do not influence
each other; their reconstruction is done in small successive steps
by following the locally defined distribution of fiber directions.
Minor imperfections in the determination of local steps can ac-
cumulate and significantly affect the final result (see review in ref.
16). Global tractography infers the orientation information by
using a larger field of view, making the estimation of the fiber
orientations in ambiguous areas more accurate (21, 22, 39), and
better solving the problem of crossing fibers. The algorithm that
we used here previously demonstrated its strength by achieving
the most accurate results in terms of position, tangent, and cur-
vature of the fibers when quantitatively assessed on a physical
phantom, among 10 different tracking approaches (39). An ad-
ditional benefit of this approachwas the exclusion of any boundary
conditions prescribing the location of the ends of reconstructed
tracts (21). This aspect of the technique was very important be-
cause it eliminated a major source of subjectivity and the re-
quirement for any prior knowledge to define seed/target regions
for tracking. When combined with hrFM, the method allowed us
to evaluate the congruence between tractography results and ac-
tual structural connectivity not only for the fiber “highways” but
also for the fiber terminations that are generally far below the
resolution of current MR hardware.
However, a quantitative validation of diffusion tractography

results at a large-scale level, across the whole brain, is particularly
difficult to design and perform. The main challenge is to find the
most suitable type of histological assessment, which best reflects
the fibers’ density and spatial orientation. The myelin staining,
as used for our qualitative comparison, cannot be considered a
ground truth for quantitative validations. Though a majority of
axons in the brain are myelinated, the myelin content, as reflected
in the histological images, do not have an exact equivalent in
diffusion tractography, especially in the gray matter areas. Inte-
grating the results from complementary neuroimaging methods,
such as the recently introduced 3D polarized light imaging (36)
technique or the Fourier analysis of stained tissue sections (40),
holds promise for future comparisons, aiming at the quantitative
validation of whole-brain tractography.
Comparatively portrayed for wild-type and reeler animals, the

large-scale wiring diagrams shown in this study allow a better
understanding of the impact of the reelin mutation in the for-
mation of the neuronal circuitry. Involved in the guidance of
neuronal migration during development, reelin has a tremen-
dous implication in the organization of laminated structures
(31). In rodents, reelin mutation results in the reeler phenotype
(30, 32), characterized by a major laminar disorganization in the
cerebral and cerebellar cortical areas, as well as the hippo-
campus. Reelin mutations in humans have been described and
cause lissencephaly with severe mental retardation (41). Recent
data (42) have also implied a role for reelin in axonal branching
and synaptogenesis, further suggesting possible more-subtle
modifications of the reeler wiring. So far, these important aspects
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of the reeler phenotype could not be explored in vivo. Therefore,
our animal model represents the ultimate test to reveal, in
a noninvasive manner, meaningful connectional information
using global fiber tractography and high-resolution fiber map-
ping. Despite a preservation of the general connectional pattern
in reeler animals, we identified less-defined or remodeled wiring
schemes in the reeler brain, with the most prominent mod-
ifications being found along the TC pathway. Our results dem-
onstrate the feasibility of noninvasive investigations for
detecting brain plasticity in mouse models, which opens up great
possibilities for high-throughput screening of transgenic mice
designed to explore the pathophysiological causes of major
human brain diseases (38). It was, however, crucial to introduce
a quantitative dimension in our analysis and thus validate our
qualitative observations, focusing on a major fiber remodeling
observed along the reeler TCP.

Probabilistic Mapping of the TCP. Probabilistic tractography (18, 19,
43) assigned confidence to the identified TCP pathways. Multiple
possible trajectories emerging fromVB and S1BF were calculated
and the most probable direct pathway linking the two regions of
interest was extracted by using a multiplication approach that
suppressed false connecting trajectories (19). No prior assump-
tions regarding the fiber course were required. The PMs reliably
depicted the routes taken by thalamic axonal branches to and
within the mouse somatosensory cortex, showing connectivity
patterns similar to the MiR axonal tracing results. Moreover, we
quantitatively demonstrated, using Pearson correlation, a consis-
tent topology of the TCP derived with PM or AD mapping within
the group of wild-type mice. In reeler mutants, despite the pres-
ence of massive pathology, PMs were able to show cortical plas-
ticity features, such as the barrel-like equivalents spanning, in
a columnar pattern, over much of the cortical thickness. A certain
degree of interindividual variability in the formation of the reeler
TCP was quantified. Such variations were reflected in both PMs
and AD maps. A consistent estimation of the pathway’s termi-
nations was also achieved. The correct identification of the ter-
mination area of a specific pathway has long been a critical
problem in tractography (15, 16). Here we obtained high values of
connection probability in the wild-type cortex up to the level of
layer IV, matching well the termination points of theMiR-labeled
axons. The reeler probabilistic pathways extended inside the cor-
tex up to the outer layers, reaching the pial surface, thereby
reflecting the disturbed cortical architecture. We also demon-
strate a relationship between pathway termination and increased
anisotropy indices in layer IV of wild-type brains and outer cor-
tical layers of reeler mice.

Validation of in Vivo Probabilistic TCP with Correlative Axonal
Tracing: Quantitative correlation of PM and AD Maps. Our unique
approach of comparative analysis involved a demanding quanti-
tative estimation of the number of MiR-labeled axons necessary
for the generation of AD maps. This is a unique pixel-wise
analysis carried out between the PMs of connectivity and the
corresponding AD maps generated from the same animal. De-
spite abundant literature reporting validation of several tracto-
graphy methods applied in human (22, 44–46) and animal (17,
47–49) brains or nervous tissue samples (50, 51), we provide here
a quantitative evaluation of a framework for fiber tracking and
mapping of the living mouse brain, both in normal and patho-
logical conditions. Different from any previous approach com-
paring diffusion tractography data and histological tract tracing
(22, 47, 49), our quantitative comparison relied not only on the
estimation of pathway congruence (calculation of the overlapping
fraction between PM and AD maps) but also tested the corre-
spondence in the intensity values of the two types of maps. The
trajectories overlapped extensively (high r values ranging from 0.7
to 0.89 across the examined mice; Table 1) and a very significant

positive correlation between intensity signals in each type of maps
was verified (Pearson’s R; Table 1) without statistically significant
interindividual or intergroup (wt vs. reeler) variations. An im-
portant point in our methodological process was the quantitative
assessment of the tractography results in terms of false positive or
false negative pathways, measuring the contribution of each map
to the overlapping fraction, which showed a few isolated false-
positive areas in more rostral regions of the brains in both wt and
reeler mice (SI Quantitative Correlation: Probabilistic vs. Axonal
Density Maps). Our results therefore allowed estimating the po-
tential of the probabilistic tractography for accurate and reliable
mapping of living mouse brain connectivity. We showed the
strengths and limitations that are likely to be typical of many
of the available tractographic approaches (52). The mouse brain
TC projections chosen for investigation provided a three-
dimensionally complex trajectory, emerging from the thalamic
gray matter, passing white matter/grey matter transitions, and
sprouting into the cortical gray matter (7). Hence, the validation
benchmark established in this paper will have a high degree of
translational value for many other similar rodent brain connec-
tion pathways, but also across species.

Developmental Plasticity in the reeler Thalamocortical Pathway.
Probing the reeler brain with diffusion tractography represented
an ideal approach for answering a fundamental biological question:
Is intact cortical lamination necessary to enable correct wiring with
specific thalamic nuclei? Our origin-to-termination TCP mapping
clearly demonstrated that changes in patterning of the cortical
sheet in reeler mutants lead to parallel alterations in the pattern
of thalamocortical connectivity. Thalamic fibers from VB are
developing alternate routes but finally reach the target neurons
spread out across the entire thickness of S1BF (32). This finding
suggests the existence of highly specific cell-autonomous target
selection mechanisms that control synapse formation in this
strongly topographic pathway, and is not compatible with a singular
concept based on gradients of attractive and repulsivemolecules (7,
53). These results further support our notion that the reeler cortex
is not simply inverted, and question findings of a concomitantly
inverted thalamocortical projection (33, 54). Moreover, probabi-
listic mapping of the TC projections in subcortical and cortical
areas and the MiR axonal tracing revealed a striking feature of the
reeler cortex: the formation of a unique columnar-like termination
pattern of the TCP. This columnar blueprint suggests that although
the laminar organization is lost, there is concomitant remodeling of
the wild-type barrel equivalents and their afferent thalamic axons
to find their target cells within the cortical fields. Although much
different in their arborization pattern, the reeler TCPs preserve
their functional properties, as we previously demonstrated (32).
Behavioral stimulation of defined whiskers led to corresponding
activation of their columnar modules. We therefore suggest the
existence of an active structural and functional plasticity mecha-
nism in the formation and remodeling of the reeler TC pathways
that needs further study to be disclosed.

Materials and Methods
Animals. Nine adult wild-type female mice and 11 reeler mutant female mice
(strain B6C3Fe; 7 mo old) were used for whole-brain HARDI, carried out
under isoflurane [3% for induction and ∼1.5% (vol/vol) for maintenance]
mixed with oxygen (1 L/min) anesthesia. The same mice were subsequently
used for the histological tracing experiments as described below. The ani-
mals were bred and maintained at the University of Freiburg animal facili-
ties, and the breeding and experiments were performed with the approval
of the Animal Ethics Committee of the University of Freiburg. For the MRI
experiments, the animals were placed in a stereotaxic device to immobilize
the head. A heating pad maintained the body temperature at 37 °C. The
anesthetic’s concentration was permanently adjusted in accordance with
changes in respiratory rate, which was constantly monitored.
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MRI Data Acquisition and Postprocessing. Acquisition. MRI was performed with
a 9.4-T small-bore animal scanner, a transmit/receive 1H mouse quadrature
birdcage resonator (35 mm inner diameter), and the ParaVision 5 software
interface (Biospec 94/20; Bruker). The magnetic field homogeneity was op-
timized by performing a localized shimming procedure on a volume of in-
terest (4.8 × 5.3 × 9 mm3) placed inside the mouse brain. This step of the
imaging protocol was designed to correct the distortions and signal intensity
dropout caused by local susceptibility differences between adjacent struc-
tures (particularly observed in border regions). For this optimization, we
used the press waterline spectroscopy protocol as well as FastMap proce-
dures provided with the Bruker ParaVision 5 system.

Diffusion MRI data were acquired using a four-shot DT-echo planar
imaging sequence [repetition time, 7,750 ms; echo time, 20 ms; time (Δ)
between the application of diffusion gradient pulses, 10 ms; diffusion gra-
dient duration (δ), 4 ms; gradient amplitude (G), 46.52 mT/m]. The acquisi-
tion protocol included the use of 30 gradient diffusion directions (Jones 30
encoding scheme), as previously described by us (43), using a b-factor of
1,000 s/mm2. The high angular resolution of the diffusion weighting direc-
tions improves the signal-to-noise ratio and reduces the directional bias
during fiber tracking, extracting local information at fiber-crossing regions.
The in-plane image resolution was 156 × 156 μm at a field of view of 20 × 20
mm and an acquisition matrix of 128 × 92. Partial Fourier with an acceler-
ation factor of 1.35 and 31 overscan lines were used. Morphological T1- and
T2-weighted images of the whole mouse brain were also acquired with
RARE T2- and T1-weighted sequences (78 × 78 × 500 μm3 resolution). These
investigations resulted in a total imaging time of ∼2 h for each animal (99
min for HARDI acquisition; 21 min for T1- and T2-weighted images).
MRI data postprocessing. Diffusion data postprocessing was performed using
the FiberTool package (www.uniklinik-freiburg.de/mr/live/arbeitsgruppen/
diffusion/fibertools_en.html) developed in-house. Two fiber tracking ap-
proaches were used comparatively to define the mouse brain neuronal
networks. The first approach used a global fiber tracking algorithm that
processes HARDI data, proposing globally optimized solutions for the whole-
brain fiber pathways to be obtained (21). The second approach was based on
a probabilistic algorithm (19) capable of estimating the probability distri-
bution of the principal diffusion direction in each voxel and generating
probability maps of connectivity that define the TCP.
Global fiber tracking. The method used in our study (detailed in SI Materials
and Methods, Global Fiber Tracking) is reconstructing all fiber bundles si-
multaneously, for the whole brain, without the requirement of defining
seed or target regions. The principles of the approach were published in
a previous study (21). The reconstructed fibers are built with small line
segments (particles) described by a spatial position and orientation; their
orientation and number are adjusted simultaneously, and the connections
between segments are formed based on a probabilistic hopping that retains
features of the known probabilistic tracking algorithms. The reconstructions
contain several hundred of these segments per voxel; their behavior is
governed by certain parameters, classified in two categories: (i) cylinder
parameters–geometrical parameters of the fiber model and (ii) parameters
concerning the iteration process. For the global reconstruction of the mouse
brain fibers, the optimization was based on previous application to the
human brain diffusion data (21) and on preliminary visual assessment of the
tracking results. Histological myelin staining of mouse brain tissue sections
was used for comparison during this empirical tuning.
Generation of hrFM. To generate the hrFM, the number of tracts in each el-
ement of a grid (defining the desired resolution of the maps) was calculated
from whole-mouse brain fibers in a manner very similar to previously pub-
lished methodology (21, 27). The grid size used for comparatively mapping
the global wild-type and reeler brain connectivity was tailored to match the
thickness of the tissue sections (50 μm) used for revealing the MiR axonal
tract-tracing (see below). Therefore, the final map had a resolution 10×
higher than the actual resolution of the acquired diffusion data (Figs. 1 and
2; Fig. S1). The method used the continuity information contained in the
fibers reconstructed during the global tracking procedure, to introduce
subvoxel information based on supporting information from neighboring
voxels. After the generation of sufficient number of fibers passing a voxel at
different spatial locations, their density was used as intravoxel information
to construct the hrFM. The directionality of the fibers was incorporated into
the hrFM by assigning red/green/blue color to different spatial directions:
red: mediolateral, green: dorsoventral; and blue: rostrocaudal orientation.
Therefore, our hrFM represent highly resolved spatial histograms of diffu-
sion orientations, where the orientations are fitted to the diffusion data. In
the visualization of the data, a single reconstructed fiber should not be as-
sociated with the representation of a single axon but rather with a fiber
tract gathering an unknown multiple of axons.

Reconstruction of the thalamocortical projections. For specific identification of
the thalamocortical pathway from the ensemble of mouse brain fiber tracts
reconstructed with the global tracking algorithm, we selected exclusively the
fibers crossing both the MiR tracer injection site (VB) and the target region
(S1BF; Fig. S3). Defined origin-to-termination tractography of the thalamo-
cortical projections was performed by additionally mapping the starting and
the ending points of the selected fibers (Fig. 5 E and H). For more in-
formation, see SI Materials and Methods, Reconstruction of the Thalamo-
cortical Projections, and Fig. S3.
Generation of probabilistic maps of connectivity. A fiber tracking probabilistic
approach (19) capable of determining the most probable pathway connecting
two seed regions was used (19, 43). The procedure was applied for depicting the
connectivity pattern between two seed points, the VB (MiR tracer injection site)
and the S1BF (target region) in wild-type and reeler animals. The method re-
quired two processing steps (19, 43) exemplified in Fig. S4 and detailed in SI
Materials and Methods, Generation of Probabilistic Maps of Connectivity. The
final PM represents a voxel-wise estimationof the probability indices that a voxel
is part of the VB–S1BF connecting fiber bundle. The minimum and maximum of
all of the maps were scaled between 0 and 1. For quantitative comparison, the
PMs of connectivitywere further coregisteredandquantitatively correlatedwith
the AD maps generated from the MiR axonal tracing experiments (see below).

MiR Tracer Injections, Tissue Processing, Visualization, and Reconstruction of
MiR-Labeled AD Maps. Several days after the mouse brain diffusion data ac-
quisition, the same animals were subjected to axonal tracing experiments.
Precise iontophoretic delivery (55) of MiR (Invitrogen) axonal tracer into the VB
was performed (SI Materials and Methods, MiR Tracer Injections). This nucleus,
similar to other subcortical structures and in contrast with the cortical areas, is
not ostensibly influenced by the reelin mutation (32). Due to the small size of
the mouse VB, the number of successful injections was smaller than the MRI
scans. Nevertheless, five wild-type and five reeler injections were completely
restricted to the VB, resulting in accurate axonal tracings suitable for evalua-
tion. The animals were further kept alive for 48 h to enable the transport of the
tracer over the whole length of the thalamic axons, followed by brain har-
vesting and histological detection (56) of MiR-labeled axons, revealing the TCP
(SI Materials and Methods, Histological Detection of the MiR-Labeled Axons).
Generation of the AD maps. With the aim of performing a quantitative cor-
relation between the MRI tractography results featuring the TCP and the
classical anatomical tracing, density maps of the MiR-labeled axons were
created. Each 10th 50-μm-thick histological section was evaluated using an
Eclipse 80i microscope (Nikon) and Neurolucida 3D reconstruction software
(MBF Biosciences) by counting the labeled axonal profiles crossing the probe
plane (57, 58). At the same time, the 3D position of the axonal profiles was
also registered, and axonal density maps were further generated (Figs. 3 C
and G and 4B) and saved as ASCII files. For further information, see SI
Materials and Methods, Generation of the Axonal Density Maps.

MRI–Axonal Tracing Correlations. The ASCII files (obtained with Neurolucida
software) containing the MiR tracing-derived information about the labeled
axons’ density were processed using MatLab scripts and transformed in
a map format similar to the probabilistic maps (Fig. 4B). An average of the
axonal density in each 156 × 156 μm2 of brain tissue (50-μm section thickness)
was calculated and intensity values were assigned, ranging from 0 to 1 (0: no
labeled axons; 1: highest axonal density/voxel obtained from all of the sec-
tions analyzed per animal). Together with the axonal density information,
the generated maps also contained the spatial landmarks (the brain contour,
the white matter, and the ventricular borders). These landmarks were further
used to register the AD maps over the corresponding non–diffusion-weighted
A0 images (using the same ImageJ plug-ins previously used for coregistering
theMRI and histological sections) (59), and therefore allowing the quantitative
pixel-wise comparison with the PMs of connectivity generated from the same
animal. Pearson’s linear (R coefficient) correlation algorithms were applied for
each pair of AD–PM (ranging from −1 to 1: if 1, perfect positive correlation; if
−1, negative correlation, exclusion; if 0, random localization). The statistical
analysis was performed pixel by pixel, and the P values were calculated to
evaluate the significance of the correlation. The overlap coefficient (r: ranging
from 0, no overlap, to 1, perfect overlap) and the Manders split coefficients
(60) (if 1, perfect colocalization; if 0, no colocalization; MAD, fraction of AD
overlapping PM; MPM, fraction of PM overlapping AD) were obtained.

Quantitative Evaluation of Interindividual Variations in the TCP Topology. In-
dividual PMs from each animal were spatially normalized (using ImageJ
plug-ins) over the PM of wild-type mouse 1 (WT1) considered as template.
Statistical cross-correlation analysis was performed (using Pearson’s corre-
lation algorithm) to check for interindividual correlations of the probability
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maps derived from in vivo diffusion MR data. The same approach was ap-
plied for assessing interindividual correlations of the axonal density maps
derived from histological axonal tracing.
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