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The thalamus is 1 of 4 major divisions of the forebrain and is
usually subdivided into epithalamus, dorsal thalamus, and ventral
thalamus. The 39 gray matter regions comprising the large dorsal
thalamus project topographically to the cerebral cortex, whereas
the much smaller epithalamus (2 regions) and ventral thalamus (5
regions) characteristically project subcortically. Before analyzing
extrinsic inputs and outputs of the thalamus, here, the intrinsic
connections among all 46 gray matter regions of the rat thalamus
on each side of the brain were expertly collated and subjected to
network analysis. Experimental axonal pathway-tracing evidence
was found in the neuroanatomical literature for the presence or
absence of 99% of 2,070 possible ipsilateral connections and 97 % of
2,116 possible contralateral connections; the connection density of
ipsilateral connections was 17%, and that of contralateral connec-
tions 5%. One hub, the reticular thalamic nucleus (of the ventral
thalamus), was found in this network, whereas no high-degree rich
club or clear small-world features were detected. The reticular
thalamic nucleus was found to be primarily responsible for confer-
ring the property of complete connectedness to the intrathalamic
network in the sense that there is, at least, one path of finite length
between any 2 regions or nodes in the network. Direct comparison
with previous investigations using the same methodology shows
that each division of the forebrain (cerebral cortex, cerebral nuclei,
thalamus, hypothalamus) has distinct intrinsic network topological
organization. A future goal is to analyze the network organization
of connections within and among these 4 divisions of the forebrain.
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lassically, the forebrain has 4 divisions, the cerebral cortex

and cerebral nuclei (together the endbrain), and the thala-
mus and hypothalamus—together the interbrain (1, 2). For the
systematic creation of a top-level network analysis of the mam-
malian brain’s wiring diagram, we began rostrally with the in-
trinsic bilateral connectivity of the cerebral cortex (3), the
cerebral nuclei (4), and the hypothalamus (5). The results of this
type of analysis provide insight into how the network of associ-
ation (ipsilateral) and commissural (contralateral) connections
for a particular nervous system division are organized when
considered in isolation; that is, without accounting for axonal
inputs from, and outputs to, other parts of the nervous system.
This study provides a similar analysis for the thalamus and the
opportunity to compare its intrinsic circuitry with that described
for each of the other 3 major divisions of the forebrain.

The thalamus is considered classically to have 3 major subdi-
visions based on developmental, topographic, and extrinsic
connectional patterns: epithalamus (THe), dorsal thalamus
(THA), and ventral thalamus (THv) (6). The THd is by far the
largest of these subdivisions in terms of its gray matter volume
and the number of its gray matter regions (39 out of 46 for the
complete thalamus on each side of the brain), and it is regarded as
the “gateway” to the cerebral cortex with each gray matter region
(or nucleus or node) projecting to a specific cortical region or set
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of cortical regions (6). In contrast, the THe (habenular nuclei) and
THyv (reticular and ventral lateral geniculate nuclei, intergeniculate
leaflet, zona incerta, and fields of Forel) are much smaller and
have virtually no projections to the cerebral cortex (6).

For the purposes of this analysis, axonal connections among all
46 thalamic nuclei recognized on one side of the rat brain in a
standard atlas (7) have been considered (whether THe, THd, or
THv) along with the connections established by these nuclei with
the 46 corresponding thalamic nuclei on the other side of the
brain. Monosynaptic connection reports using axonal pathway-
tracing methods were collated from the structural neuroscience
literature at the macroscale (“from gray matter region A to gray
matter region B”) level (8, 9), the only granularity level globally
represented thus far in the adult vertebrate literature. The
resulting connection matrix was subjected to formal network
analysis. Collation was restricted to data from the rat where, by
far, the most published connection data exist, and all such data
were converted, if necessary, to the only available nomenclature
scheme that is formally defined, complete, internally consistent,
and hierarchically organized (7).

The goals of this research are to create a gold-standard online
database of intrathalamic connections, to provide a top-level con-
ceptual model for understanding intrathalamic circuitry at finer
levels of granularity (neuron types within a region, individual
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neurons within a neuron type, and synapses associated with individual
neurons) (10), and to compare the organization of intrathalamic
circuitry with the intrinsic circuitry of other major forebrain divi-
sions. Future goals are to analyze the organization of connections
among these divisions of the forebrain, and then their connections
with the rest of the nervous system.

Results

There are 2,070 (46°—46) possible ipsilateral (uncrossed, asso-
ciation) macroconnections among the 46 gray matter regions of
the rat thalamus on one side of the brain (a connection from a
region to itself is not considered) and 2,116 (467) possible con-
tralateral (crossed, commissural) macroconnections from those
46 regions to the corresponding regions of the thalamus on the
other side of the brain. Thus, the thalamus on one side has
4,186 possible ipsilateral and contralateral connections, and the
right and left thalami together have 8,372 possible connections.
Our systematic review of the primary structural neuroscience
literature identified no reports of statistically significant male/
female, right/left, or strain differences for any ipsilateral or
contralateral intrathalamic connections used for the analysis,
which thus applies simply to the species level (adult rat).

A dataset of 8,795 connection reports for ipsilateral and con-
tralateral connections from one thalamus was expertly collated by
LWS. from 108 original research publications published since
1977 for the 4,186 possible connections (given no reports of sta-
tistically significant right/left differences, these numbers are doubled
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to give 17,590 connection reports for 8,372 possible connections
arising from both sides of the brain). The connection reports were
from 24 journals (49.0% from the Journal of Comparative Neurology
and 15.4% from Brain Research) involving about 68 laboratories. In
total, 15 different methods were used in generating the connection
reports; the pathway-tracing method and other metadata associated
with each report are identified in Dataset S1.

Basic Connection Numbers. The collation identified 347 ipsilateral
intrathalamic connections as present and 1,703 as absent for a
connection density of 16.9% (347/2,050). In contrast, 112 con-
tralateral connections from one thalamus to the other were
identified as present, and 1,937 were identified as absent for a
connection density of 5.5% (112/2,049). No published data were
found for 20 (1.0%) of all 2,070 possible ipsilateral connections
for a matrix coverage (fill ratio) of 99.0% (Fig. 14), whereas
matrix coverage for contralateral connections from one thalamus
to the other was 96.8% (no article found for 67, 3.2%, of all
2,116 possible connections). Assuming the connection reports
collected from the literature representatively sample the 46-
region matrix for each side of the brain, the complete associa-
tion connection dataset for one thalamus would contain ~350
macroconnections (2,070 x 0.169), and the complete contralat-
eral connection dataset would contain ~116 macroconnections
(2,116 x 0.055).

Based on the available data (with reported values of “unclear”
binned with “absent”), connection densities for ipsilateral and
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Fig. 1. Bilateral rat intrathalamic macroconnectome (TH2). (A and B) Directed and weighted monosynaptic macroconnection matrices with gray matter

region sequence in a subsystem (modular) arrangement derived from multiresolution consensus clustering (MRCC) analysis (Fig. 6). Connection weights are
represented by descriptive values (A) and on a log,o scale derived from the descriptive values (B), and both measures are represented for identical datasets for
each side of the thalamus. Sides 1 and 2 (left or right) are indicated by the thick red/black lines just to the left and on top of each matrix. 3 top-level sub-
systems (modules M1-3) are delineated: M1 and M3 involve unilateral connections (within side 1 or side 2), and M2 involves bilateral connections (within and
between sides). The obvious crosses formed by a single row and column in M1 and M3 represent connections of the reticular thalamic nucleus. Region

abbreviations are defined in Dataset S2.
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Fig. 2. Comparative matrix of intrathalamic macroconnections and validity of pathway-tracing methods. The matrix combines a weighted and directed
macroconnection matrix for the bilateral intrathalamic subconnectome (Fig. 1) with a measure of the validity of the experimental pathway-tracing methods
for present or absent connections, based on a 7-point scale (see ref. 3 for an extended description of the approach). Note that, for connections reported as
absent, a lower pathway-tracing method validity does not necessarily reduce the validity of the data (see the methodological discussion in ref. 3). Region
arrangement and top-level subsystems (delineated modules M1-3) are derived from multiresolution consensus clustering analysis (Figs. 1 and 6). Region
abbreviations are defined in Dataset S2.
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contralateral intrathalamic macroconnections were as follows:
ipsilateral = 16.9% (347/2,050), contralateral = 5.5% (112/2,049),
and ipsilateral and contralateral together = 11.2% (459/4,099).
The range of ipsilateral output connections (degrees) per thalamic
region is 1-38, and the range for ipsilateral plus contralateral
output connections is 1-56. Conversely, the range of ipsilateral
input connections per thalamic region is 1-36, and the range for
ipsilateral plus contralateral input connections is 1-42. The range
for total (input plus output) connections per region within and
between the right and the left thalamus is 3-94.

Although the range of in-degree and out-degree for all regions
(nodes) in a network provides a general overview of connectivity,
to identify those regions that provide the most substantial con-
tribution to the network, it is necessary to examine the connec-
tions of individual regions. This point is illustrated here by
reticular thalamic nucleus connections, which account for 60.3%
of all unilateral intrathalamic connections aggregated by weight
(Fig. 1). The summed weight of all weighted connections is 31.5,
and removing the reticular thalamic nucleus reduces this value to
12.5. Compared with the other 3 forebrain divisions, the intra-
thalamic macroconnections are sparse (see Discussion).

We also applied a metric for the validity of pathway-tracing
methods for the collated connection reports (3, 11). The average
validity of the pathway-tracing methods for macroconnection re-
ports of present intrathalamic macroconnections selected for
network analysis was 6.21 (on a scale of 1 = lowest to 7 = highest);
it was 6.23 for selected reports of macroconnections that do not
exist (absent) (Fig. 2 and Dataset S1). For weighted network
analysis, an exponential scale was applied as in our previous
studies (3-5, 11) to the ordinal weight categories (Fig. 1B).

Network Attributes. We analyzed the intrathalamic macroscale
subconnectome for several network attributes as in our previous
studies (3-5, 11). These included the attributes of small-world
(applied to networks with highly clustered nodes connected via
short paths) and “rich club” (applied to networks with a group of
well-connected and densely interconnected nodes). We also in-
vestigated network centrality (indicative of the relative “impor-
tance” of network nodes) using 4 centrality measures: degree,
strength, betweenness, and closeness. Degree is a measure of the
number of input or output connections (described as the in- or
out-degree) for each network node (i.e., here, each gray matter
region); strength represents the total weight of each node’s
macroconnections; betweenness and closeness take account of
the shortest paths between nodes and provide an indication of
node centrality with respect to putative information flow.

Investigation of these network attributes for the rat intra-
thalamic macroconnectome revealed a simple basic connection
topology (network arrangement). The unilateral thalamus (TH1)
and the bilateral thalamus (TH2) intrathalamic networks do not
show small-world attributes (Fig. 3). Network centrality analysis
for degree, strength, betweenness, and closeness indicated the
TH1 network has only one hub (highly interconnected and highly
central node) (Fig. 4), the reticular thalamic nucleus, and the
TH2 network has only 2 hubs, the reticular thalamic nucleus on
each side of the brain (Fig. 4).

Modularity/Subsystem Organization. MRCC analysis (12) applied
to the unilateral 46 x 46 thalamic connection matrix (TH1; for
the right or the left side of the brain) yielded a very simple top-
level or first-order solution with just 2 subsystems (Fig. 54) and a
bottom-level solution with 7 subsystems, 2 in the smaller top-
level subsystem, and 5 in the larger top-level subsystem (Fig.
5B). The hierarchy or cluster tree for this subsystem or module
analysis based on a complete coclassification matrix has 6 levels
or solutions (Fig. 5B). The clustering of regions in this hierarchy
(Fig. 5B) is not readily interpretable in terms of classical ways the
thalamus has been parceled, that is, topographically, developmentally,
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Fig. 3. Comparison of small-world analysis for the thalamus and other
forebrain divisions. Small-world networks have 2 properties: highly clustered
nodes (densely interconnected) and short paths connecting the nodes.
Clustering is computed as the nodal mean of the weighted and directed
clustering coefficients, whereas path length is computed as the global mean
of the weighted path lengths between all node pairs. Both metrics are scaled
by the median of the corresponding measures obtained from 1,000 degree-
preserving randomized networks. The diameter and gray level value of cir-
cles correspond to the ratio between scaled clustering and scaled path
length, the small-world index (23). For a network to display small-world
attributes, this index should be >1 with a high (scaling 1) clustering in-
dex and a short (scaling near 1) path length. Neither the TH1 and dorsal
thalamus (THd1) nor the TH2 and dorsal thalamus (THd2) show small-world
features. Disconnection of the THd1/THd2 networks required the use of
medians for computing small-world metrics. For comparison, values are also
plotted for previously reported subconnectomes for the endbrain (EB1 and
EB2) (11), its component parts, the cerebral cortex (CTX1 and CTX2) (3), and
cerebral nuclei (CNU1 and CNU2) (4).

or with respect to extrinsic input/output patterns (6, 7, 13), perhaps
because the network is so sparsely connected.

MRCC analysis applied to the entire 92 x 92 bilateral con-
nection matrix between the right and the left thalamus (TH2)
also yielded a simple top-level solution of just 3 subsystems (Figs. 1
and 6). 2 of the subsystems are large and have identical components
with one subsystem in the right thalamus and the other subsystem
in the left thalamus. The third subsystem (in the middle of the plots
in Figs. 1 and 6) consists of 3 pairs of right/left-sided regions. The
complete coclassification matrix has 12 bottom-level subsystems
arranged in a hierarchy with 11 levels (SI Appendix, Fig. S1). As
with the unilateral MRCC analysis, the clustering of regions in this
bilateral hierarchy is not readily interpretable in terms of classical
ways the thalamus has been parceled.

Dorsal Thalamus Network Attributes. The number of regions (nodes)
in the THe and in the THv (which contains the reticular thalamic
nucleus) is too small for meaningful network analysis as applied
here. However, the well-known THd on each side of the brain has
39 nodes, and this subset of the total connection matrix was sub-
jected to the same network analysis as the entire thalamus for the
sake of comparison.

Swanson et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905961116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905961116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1905961116

mmm Degree Strength Hmm Betweeness mmm Closeness

(sepis y10q)

(opts auo)

=
g «Q
398
S Q&
32
s-CD
58
!
e
T =
g-<

w
(0]

Q
=9
)

Fig. 4. Central nodes of the thalamic network. Identification of candidate
hub regions and others with high network centrality for the TH2 and
TH1 thalamic subconnectomes. Regions are assigned a score of 0-4 according
to the number of times they fall within the top 20th percentile for each of 4
measures of centrality (degree, strength, betweenness, and closeness) and
are arranged from left to right by TH1 descending aggregate centrality and
then topographically (7). Regions with a centrality score of 4 are considered
candidate hubs. Note that aggregate centrality scores are modulated be-
tween TH1 and TH2, indicative of the relevance of TH2 contralateral con-
nections to the overall structure of the network. Region abbreviations are
defined in Dataset S2.

A total of 148 ipsilateral intrathalamic THd connections were
identified as present, and 1,320 were identified as absent for a
connection density of 10.1% (148/1,468). In contrast, 28 contra-
lateral connections between the THd on either side of the
thalamus were identified as present, and 1,442 were identified as
absent for a connection density of 2.0% (28/1,470). No published
data were found for 14 (1.0%) of all 1,482 possible ipsilateral THd
connections for a matrix coverage (fill ratio) of 99.0% (Fig. 14),
whereas matrix coverage for contralateral connections between
each THd was 96.6% (no article found for 51 of 1,521 possible
connections). Assuming the connection reports collated from the
literature representatively sample the 39-region matrix for each
side of the brain, the complete association connection dataset for
the THd on one side would contain ~150 macroconnections
(1,482 x 0.101), and the complete contralateral THd connection
dataset would contain ~30 macroconnections (1,521 x 0.020).

The range of the number of ipsilateral output connections
(degrees) per THd region is 1-23, and the range for ipsilateral
plus contralateral output connections of the THd is 1-32. Con-
versely, the range of ipsilateral input connections per THd re-
gion is 1-14, and the range for ipsilateral plus contralateral input
THd connections is 1-16. The range for total (input plus output)
connections per region within and between the right and the left
THd is 1-39.

The intrinsic macroconnectivity of the THd is very sparse. As
one measure of this feature, 40.0% (593/1,482) of all pairwise
paths among the 39 THd regions/nodes do not exist. In other
words, 40% of all node pairs in the THd1 network are unable to
link to or influence one another through THd1 connection paths
of any length. In contrast, the entire thalamus is fully connected
in the sense that any 2 of the 46 nodes in the network are linked
by, at least, one possible path. That is, at least, one path of finite
length exists between any 2 nodes/regions in the entire thalamus.
This full connectivity of the entire thalamus is crucially de-
pendent on the reticular thalamic nucleus (of the THv). Omit-
ting the reticular thalamic nucleus from the network eliminates
all paths between 30.5% (603/1,980) of all node pairs.

Commonly used global graph metrics for the THd1 and the
THd?2, such as the clustering coefficient (a measure of the degree

Swanson et al.

to which a given node’s connected neighbors are also connected
among each other) and path length, are displayed in Fig. 3 in
direct comparison with previously reported measurements for
other divisions of the forebrain. Not surprisingly, given the
sparsity of the network, there is no indication of small-world
organization in the THd1 network, and the same applies to the
possible existence of rich club organization (as determined for
the entire thalamus, above). On the other hand, based on the
same criteria used for the entire thalamus, the THd1 network
has 3 hubs: caudal nucleus reuniens, magnocellular sub-
parafascicular nucleus, and parvicellular subparafascicular nu-
cleus. The THd2 network has 6 hubs: the same 3 nuclei on each
side of the brain.

Dorsal Thalamus Modularity/Subsystem Organization. MRCC anal-
ysis applied to the unilateral 39 x 39 THd1 connection matrix
yielded a very sparsely connected and simple top-level solution
with just 3 subsystems (Fig. 74) and a bottom-level solution with
6 subsystems (Fig. 7B). The hierarchy or cluster tree for this
subsystem or module analysis has 6 levels or solutions. MRCC
analysis applied to the entire 78 x 78 bilateral connection matrix
between the right and the left THd (THd2) yielded a top-level
solution of 5 subsystems (SI Appendix, Fig. S2); there is no simple
way to summarize the contents and topographic distribution of
these 5 subsystems within the right and left thalamus. The
complete coclassification matrix has 15 bottom-level modules
arranged in a hierarchy with 12 levels (SI Appendix, Fig. S2). As
with the thalamus as a whole, the clustering of regions in the
THd1 and THA2 hierarchies is not readily interpretable in terms
of classical ways the dorsal thalamus has been parceled, again
perhaps because the network is so sparsely connected.

Connections Between Traditional Thalamic Subdivisions. Examina-
tion of mean connection weight by thalamic subdivision (THe,
THd, and THv; SI Appendix, Tables S1 and S2, and Fig. 8) shows
that the only substantial ipsilateral connections are from THv to
THd and that the only substantial crossed connections are from
THel to THe2. It is also interesting to note that all 7 regions of
the THe and THv have a known crossed connection to the same
region on the opposite side of the brain (a homotopic connec-
tion), whereas only 5 of 39 THd regions have a known homotopic
connection.

Discussion

As applied here, network analysis of the intrathalamic connec-
tion matrix suggests 2 main conclusions about organizing prin-
ciples at the top macrolevel of granularity. First, systematic
collation of the neuroanatomical literature in the rat confirmed
the widely held view (6, 13) that, with one major exception, the
various gray matter regions forming the thalamus are only
sparsely interconnected by ipsilateral axonal connections and
these regions are very sparsely interconnected by crossed con-
nections to the contralateral thalamus. The second organizing
principle requires more detailed consideration and involves the
one exception—the reticular thalamic nucleus, a component of
the THv forming a thin shell around the lateral border of the
THd on each side of the brain.

The common view is that the reticular thalamic nucleus re-
ceives an ipsilateral input from most, if not all, dorsal thalamic
nuclei and, in turn, projects back to most, if not all, of these
nuclei (6, 13). The results collated here from published pathway-
tracing experiments provide exact numbers for the rat. The re-
ticular thalamic nucleus projects to, at least, 32 of the 39 dorsal
thalamic nuclei (there is no available evidence for 5 of the 7
questionable connections, and there is evidence that the other 2
connections do not exist—to the peripeduncular and magnocel-
lular subparafascicular nuclei), and 35 of the 39 dorsal thalamic
nuclei have been shown to project to the reticular thalamic nucleus
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level clusters/subsystems (M1 Upper Left and M2 Lower Right). The 7 subsystems obtained for the finest partition are indicated on the left edge of the
dendrogram, whereas the 2 top-level subsystems (corresponding to M1 and M2) appear at the root of the tree (far right edge). A total of 6 distinct hier-
archical levels are present as determined by the number of vertical cuts through each unique set of branches. The length of each distinct set of branches
represents a distance between adjacent solutions in the hierarchical tree that may be interpreted as its persistence along the entire spectrum; dominant
solutions extend longer branches, whereas fleeting or unstable solutions extend shorter branches. All solutions plotted in the tree survive the statistical
significance level of o = 0.05. Region abbreviations are defined in Dataset S2.
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Fig. 6. Complete coclassification matrix obtained from MRCC analysis (as in
Fig. 5B) for the 92 regions of the thalamus on both sides of the brain (the
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identical components in each side of the thalamus, whereas the small
(Middle) subsystem is bilateral. Subsystem composition and hierarchical tree
are shown in S/ Appendix, Fig. S1.

(there is no available evidence for one of the questionable con-
nections, and there is evidence that the other 3 connections do not
exist—from the lateral dorsal, parvicellular subparafascicular, and
peripeduncular nuclei).

Importantly, the reticular thalamic nucleus alone accounts for
about 60% of all ipsilateral intrathalamic connectivity (by total
weight of connections), and due to its central position, the thala-
mus forms a fully connected network, that is, a path of finite
length (comprising a greater or lesser number of connections)
exists between every pair of (ipsilateral) thalamic regions—no
thalamic region is isolated from the rest of the network at this
macrolevel of analysis. Removal of the reticular thalamic nucleus
(with 45 thalamic nodes remaining) results in a structurally frag-
mented network with about 30% of all node pairs becoming dis-
connected (no possible path within the network exists). The
important role of the reticular thalamic nucleus is underscored by
the observation that, in the 39-node THd1 network (lacking the
reticular thalamic nucleus), 40% of all pairwise paths do not exist.

These results indicate that at the macrolevel of analysis the
reticular thalamic nucleus, which is a feature common to all
mammals (6), plays a critical role in assuring that the thalamus
forms a fully connected network in the formal sense. The results
also indicate that the network organization of the THd can only
be fully appreciated by viewing its intrinsic circuitry in relation to
extrinsic axonal inputs and outputs, a feature that is currently
under investigation. It is also important to recognize that the
axonal connections of the reticular thalamic nucleus are pre-
dominantly GABAergic whereas the axonal connections to the
cerebral cortex of most, if not all, THd nuclei are glutamatergic
(6, 13). These mixed physiological effects must be taken into
account when interpreting the functional implications of the
topologically central role of the reticular thalamic nucleus.

The basic network topology of intrinsic circuitry associated
with the 4 major forebrain divisions (cerebral cortex, cerebral
nuclei, thalamus, and hypothalamus) has now been characterized
in one mammalian species with the same basic methodology (3—
5, 11). The results indicate an unexpected diversity of network
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features among these 4 major divisions at the rostral end of the
central nervous system (14-16). Contributing to this diversity are
clear qualitative differences in small-world attributes of different
brain divisions. Intrinsic cerebral cortical connectivity networks
in mammals have been examined most extensively because of
their functional significance in supporting cognitive mechanisms,
and there is general agreement that the unilateral network (17—
21) and the bilateral network (3) display clear small-world fea-
tures. This is not the case, however, for the other 3 forebrain
divisions where the 2 cardinal small-world features (high clus-
tering combined with short path length) are only weakly
expressed or entirely absent (Fig. 3).

Interestingly, the absence of clear small-world topology in 3 of
the 4 forebrain divisions is not correlated with network connec-
tion density. For example, ipsilateral connection density for the
intracerebral cortex network is 37% (network analysis value)
with clear small-world features; whereas these features are
marginal or absent for the ipsilateral intracerebral nuclei net-
work also with a connection density of 37%, for the ipsilateral
intrahypothalamic network with a connection density of 55%,
and for the ipsilateral intrathalamic network with a connection
density of 17%. Similarly, the presence of a high-degree rich club
is also not correlated with network connection density. Both
divisions of the endbrain exhibit rich club organization as in-
dicated by the presence of dense connections among regions
with high node degree. In stark contrast, neither part of the
interbrain—the hypothalamus with 65 regions and the thalamus
with 46 regions—displays any hint of rich club topology.

Putative hubs also display interesting features in the 4 intrinsic
forebrain networks considered here. The ipsilateral, intracortical,
and intracerebral nuclei networks, each with 37% connection
density, have 7 and 5 hubs, respectively; whereas the ipsilateral
intrahypothalamic network with 55% connectivity has 3 hubs,
and the ipsilateral intrathalamic network with 17% connectivity
has one hub. It is also noteworthy that adding contralateral con-
nections to the network, that is, expanding the anatomical cover-
age of the network by combining subconnectomes, may shift hub
rankings. For example, when ipsilateral and contralateral in-
tracerebral nuclei subnetworks are combined, 2 of the 5 putative
hubs associated with just the ipsilateral network drop out. In
contrast, when the ipsilateral and contralateral intrahypothalamic
subnetworks are combined, one hub is added to the 3 hubs asso-
ciated with just the ipsilateral network. Thus, the ranking of hubs
in a subnetwork is not absolute, depending instead on the extent to
which a subnetwork includes the entire network under consider-
ation, a feature that was observed for the endbrain connectome
(11). As another example, the ranking of hubs in a unilateral
intrathalamic subnetwork changes in a bilateral intrathalamic
subnetwork (as shown in this paper), and hub rankings may be
predicted to change when the thalamic subconnectome is included
within the forebrain subconnectome, the brain subconnectome, or
the nervous system connectome.

To understand how any system works, it is necessary to have a
parts list, to know how each part works, and to understand how
the parts interact as a functional system (22). A complete, in-
ternally consistent, defined, and hierarchical nomenclature of
nervous system parts (7, 15, 16) has been used to determine the
intrinsic network organization of macroconnections within the 4
major parts (divisions) of the forebrain, and each major part
displays a unique topology. Considering one side of the brain, the
cerebral cortex has moderate intrinsic connectivity (37%), small-
world features, a rich club, and 7 putative hubs. The cerebral
nuclei (“basal ganglia”) display the same level of intrinsic con-
nectivity, a rich club, and 5 hubs but not small-world features.
The thalamus has low intrinsic connectivity (17%), one hub, and
no rich club or small-world attributes. In addition, finally, the
hypothalamus shows the highest level of intrinsic connectivity
(55%), 3 hubs, marginal small-world attributes, and no rich club.
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Fig. 7. Connection and coclassification network matrices for the THd1 subconnectome. (A) Directed and weighted monosynaptic macroconnection matrices
for the rat dorsal thalamus on one side (THd1) with the 39 gray matter region sequence in a modular or subsystem arrangement derived from an MRCC
analysis (shown in B) as described in Fig. 5B. Region abbreviations are defined in Dataset S2.

The goal of current research is to determine the basic net- Materials and Methods

work features of the forebrain as a whole, that is, of its 4 ma-  Ajl network analysis methods used here follow those described previously (3—
jor divisions and the connections among them, considered 5, 11), including a recently introduced method for MRRC analysis (11, 12).
together. The MRCC method as implemented here aims to detect densely connected
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Both sides of the thalamus are shown with contralateral connections indicated from side 1 to side 2 only. For numerical comparison of connection weights see
SI Appendix, Tables S1 and S2. THd, dorsal thalamus; THe, epithalamus; THv, ventral thalamus.

communities (clusters or modules) among the directed weighted connec-
tions between network nodes (here, gray matter regions). Importantly, it
does so across multiple levels of resolution or scale, looking for the existence
of larger as well as smaller clusters. Across all scales, significant clusters are
combined into a summary description called a coclassification matrix, which,
for every pair of nodes, records how frequently these 2 nodes are placed
into the same cluster across all scales. The coclassification matrix is then
subjected to hierarchical clustering to create a compact description of all
nested solutions.

All macroconnection data obtained from the primary literature were
interpreted in relation to the current version of the only available standard,
hierarchically organized, annotated parcellation, and nomenclature for the
rat brain (7). Within and between side connection reports were assigned
ranked qualitative connection weights according to their description; an
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