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The default mode network (DMN) has been suggested to support
a variety of self-referential functions in humans and has been
fractionated into subsystems based on distinct responses to cogni-
tive tasks and functional connectivity architecture. Such subsystems
are thought to reflect functional hierarchy and segregation within
the network. Because preclinical models can inform translational
studies of neuropsychiatric disorders, partitioning of the DMN in
nonhuman species, which has previously not been reported, may
inform both physiology and pathophysiology of the human DMN. In
this study, we sought to identify constituents of the rat DMN using
resting-state functional MRI (rs-fMRI) and diffusion tensor imaging.
After identifying DMN using a group-level independent-component
analysis on the rs-fMRI data, modularity analyses fractionated the
DMN into an anterior and a posterior subsystem, whichwere further
segregated into five modules. Diffusion tensor imaging tractogra-
phy demonstrates a close relationship between fiber density and the
functional connectivity between DMN regions, and provides ana-
tomical evidence to support the detected DMN subsystems. Finally,
distinct modulation was seen within and between these DMN
subcomponents using a neurocognitive aging model. Taken to-
gether, these results suggest that, like the human DMN, the rat DMN
can be partitioned into several subcomponents that may support
distinct functions. These data encourage further investigation into
the neurobiological mechanisms of DMN processing in preclinical
models of both normal and disease states.
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The default mode network (DMN) of the brain, first demon-
strated in humans (1) and then in nonhuman primates (2)

and rodents (3–5), contains a set of distributed brain regions that
are approximately analogous across the species. Anatomically,
the human DMN includes medial prefrontal cortex (mPFC), an-
terior cingulate cortex (ACC), posterior cingulate cortex (PCC)
and precuneus, bilateral inferior parietal cortex, temporal cortex,
and hippocampus (HIPP) (6, 7). The human DMN is thought to
support a variety of self-referential functions, including recollec-
tion and imagination, conceptual processing, and autobiographical
memory (6, 8, 9). A reduction of DMN’s activity (or deactivation)
has been conceptualized as the suppression of brain activity re-
sponsible for processing introspective thinking and planning. In so
doing, it supports the processing of events external to the indi-
vidual, including such executive functions as working memory
(10). Compared with healthy individuals, various neurological and
psychiatric disorders including schizophrenia (11), Alzheimer’s
disease (12), autism (13), and addiction (14, 15) have been linked
to DMN dysregulation.
Based on distinct responses to various cognitive tasks and

functional connectivity architecture, the human DMN has been
fractionated using both graph theory (16) and independent-
component analysis (ICA) methods (17) into a set of midline
common core regions (covering mPFC/ACC and PCC) and two
subsystems, a medial temporal lobe (MTL) subsystem and a dorsal
mPFC (dmPFC) subsystem. The midline core regions interact with

both subsystems and have been suggested to support processes
involving self-reference, affective decision, and autobiographic in-
formation (16, 18, 19), whereas the MTL and dmPFC subsystems
appear functionally distinct. The amygdala and HIPP in the MTL
subsystem are associated with emotional processes and memory
(16, 19, 20), whereas the ventral mPFC (vmPFC) and ACC com-
ponents are involved in motivation, reward, and cognitive modu-
lation of affect (19). In the dmPFC subsystem, the temporoparietal
junction and anterior middle temporal sulcus are associated with
language and social cognition (19). Cumulative evidence has sug-
gested that such DMN parcellation might reflect functional hier-
archy and segregation within the network (16, 19–21).
The majority of studies on DMN’s structure and function have

been conducted in humans, whereas the DMN architecture in
preclinical models is much less known. Because rodents have
been widely used as preclinical models of various neuropsychi-
atric diseases, a thorough understanding of the rodent DMN and
its relevant functions would be of particular importance for both
interpreting rodent resting-state functional MRI (rs-fMRI) data
and translating findings between animal models and humans.

Significance

The default mode network (DMN) has been suggested to
support a variety of internal-state functions in human. Because
preclinical models can be used in translational studies of neu-
ropsychiatric disorders, investigations of the DMN in these
models may aid the understanding of both physiology and
pathophysiology of the human DMN. To our knowledge, this is
the first study to investigate the constituents and functional
implications of the rat DMN. We provide empirical evidence
that the rat DMN is composed of highly connected anatomical
and functional subnetworks, which show differential modula-
tion in association with age-related cognitive dysfunction.
These findings provide a framework to further explore the
physiological basis and behavioral significance of the rodent DMN.
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In this study, we examined the architecture of rat DMN using
modularity analysis of rs-fMRI data and associated this with the
underlying structural connectivity obtained with diffusion tensor
imaging (DTI) tractography. To identify the possible functional
significance of the parcellated DMN components, we used an
experimental manipulation in a separate group of rats, a model
of age-related memory impairment.

Results
Subnetworks of DMN Revealed by Modularity Analysis.Using group-
level ICA (gICA), we first identified the putative DMN (Fig. 1A)
based on its spatial distribution consistent with that previously
described (3). This ICA component includes the orbital cortex
(Orb), prelimbic cortex (PrL), cingulate cortex (Cg1 and Cg2),
retrosplenial cortex (RSC), HIPP, auditory/temporal association
cortex (Au/TeA), posterior parietal cortex (PPC), and primary/
secondary visual cortex (V1/V2). We then manually defined 16
anatomical regions of interests (ROIs) (Fig. 1A) within the DMN
from a rat stereotaxic atlas (22), which were then used as nodes
to construct resting-state functional connectivity (rsFC) matrices.
After averaging matrices across animals, the group-level DMN
was thresholded at two connection densities (83% and 20%) (see
SI Methods for details) and separately subjected to modularity
analysis. At the 83% density, when the DMN is densely con-
nected, modularity analysis identified an anterior and a posterior
subnetwork (Fig. 1B). The anterior subnetwork included the Cg1,
Cg2, PrL, and Orb, whereas the posterior subnetwork included
RSC, HIPP (CA1), V1, V2, PPC, and Au/TeA. At a 20% density
where the DMN became loosely connected, it was partitioned into

five modules (Fig. 1C). Although the anterior subnetwork
remained unchanged, the posterior subnetwork split into four
modules: RSC-HIPP including RSC and bilateral CA1; left PPC-
visual including left V1, V2, and PPC; right PPC-visual including
right V1, V2, and PPC; and Au/TeA including bilateral Au/TeA.

Functional and Structural Connectivity Between DMN Modules. The
tractography results revealed three main interconnecting tracts
in the DMN (Fig. 2A): (i) the cingulum connecting the anterior,
RSC-HIPP, and left and right PPC-visual modules; (ii) a left and
right superior frontal-parietal fasciculus connecting all five
modules; and (iii) body and splenium of the corpus callosum
interconnecting, respectively, the left and right frontal cortex in
the anterior module and the left and right PPC-visual modules.
Furthermore, averaged rsFC within and between the five DMN
modules correlated significantly with their fiber density index
(r = 0.64, P < 0.05) (Fig. 2B), suggesting a strong association
between structural and functional connectivity. Two mismatches
between low fiber connectivity strength but high functional
connectivity were found between left and right PPC-visual
modules and within the Au/TeA module, which likely resulted
from difficulties in tracing crossing fibers from the diffusion
images (23, 24). The correlation between structural and func-
tional connectivity across all modules was significantly enhanced
(r = 0.87, P < 0.001) after excluding these outliers. When looking
at the between-module connectivity only, structural and func-
tional connectivity showed similar correlation as well (r = 0.44,
P = 0.1), which became significant after dropping the “outlier,”
that is, the pair of left and right PPC-visual modules (r = 0.73,
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Fig. 1. (A, Upper) Components of the DMN identified from gICA. (Lower) Anatomical definitions of ROIs manually drawn within the putative DMN: auditory/
temporal association cortex (Au/TeA), cingulate cortex (Cg), hippocampus formation (HIPP), orbital cortex (Orb), posterior parietal cortex (PPC), prelimbic
cortex (PrL), retrosplenial cortex (RSC), association visual cortex (V1 and V2). Distance from bregma (in millimeters) is labeled below each slice. Overlapping
regions between the ICA-driven DMN mask (Upper) and anatomical ROIs (Lower) were set as nodes in the modularity analyses. (B) Resting-state functional
connectivity matrix from 16 DMN nodes. Black squares outline two subnetworks based upon modularity analysis thresholded at 83% connection density,
which includes an anterior and a posterior subnetwork. (C) Five modules were detected from modularity analysis at 20% connection density, including the
frontal module (blue dots), the RSC-HIPP module (green dots), the right and left PPC-visual module (dark red and orange dots), and the Au/TeA module
(purple dots). The blue and pink filled circles show the anterior and posterior subnetworks, respectively.
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P < 0.05). Furthermore, in individual rats, positive correlations
between functional and structural connectivity among DMN
components were also found (mean ± SD, r = 0.34 ± 0.22)
especially after dropping the outlier (mean ± SD, r = 0.47 ±
0.20). Finally, the structural connectivity exhibited significantly
higher within-module connectivity than between-module con-
nectivity (Fig. 2C).

Aging-Related Cognitive Dysfunction Modulates Functional Connectivity
Between DMN Subnetworks. Spatial learning in the Morris water
maze provides a framework for evaluating the functional signifi-
cance of age-related disruptions in spontaneous interactions within
the DMN. A group of young adult (6–7 mo) and a group of aged
(24–25 mo) male rats were tested on a standardized spatial version
of the Morris water maze task. Aged rats were subsequently sub-
divided into two groups based on their performance on the task [a
learning index (LI) was calculated for each animal as the weighted
average proximity to the escape location (in centimeters) during
several probe trials interleaved throughout the 8-day protocol; a
low LI indicates searching near the platform position and better
memory]. Aged animals with comparable LI performance as young
(Y) rats were classified as aged-unimpaired (AU) (LI range = 165–
230, mean ± SEM = 205 ± 5.31, n = 10), whereas the aged-
impaired (AI) group exhibited higher LI scores than either the Y
or the AU animals (AI, LI range = 251–330, mean ± SEM = 277 ±
7.01, n = 11).

The Y group exhibited significantly greater average functional
connectivity compared with the AI group within modules as well
as compared with both the AU and AI groups between modules
(Fig. 3A). In contrast, no significant changes were found in the
average functional connectivity within/between DMN modules
when comparing AI to AU rats (Fig. 3A), although a trend of
lower functional connectivity in AI rats was observed. Never-
theless, cognitive dysfunction-related changes in DMN connec-
tivity were found between the bilateral PPC-visual subnetworks,
which were significantly reduced in the AI compared with the
AU (Fig. 3B) and the Y groups (Fig. 3C). Furthermore, the
functional connectivity between left and right PPC-visual mod-
ules correlated significantly with LI score (Fig. 3D) across Y,
AU, and AI rats (r = 0.44, P < 0.05), and correlated even more
strongly across aged animals (r = 0.62, P < 0.005).

Reproducibility of DMN Subnetworks. Finally, we performed four
validation analyses to evaluate the reproducibility of the sub-
network structure of the DMN. First, we reran the modular
analysis on DMN networks generated from a randomly selected
subgroup of rats, consisting of 2–33 rats from the original cohort
(each random selection was repeated 100 times). Normalized
mutual information (NMI), which measures similarity between
two sets of partitions (25), was greater than 0.7 (P < 0.05 against
randomized distribution) between the resultant DMN sub-
network patterns and the one we obtained in the main analyses
above (Fig. S1). We next performed the stability analysis on
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Fig. 2. (A) Mean DTI-based tractography results across rats. Three major fiber tracks, including the frontoparietal fasciculus (orange fiber), the corpus cal-
losum (purple fiber), and the cingulate tract (yellow fiber) were identified that connect the regions within and between the five identified DMN modules.
Regional definitions are as in Fig. 1. (B) Correlation between functional connectivity and fiber bundle strength within and between DMN modules (solid line,
r = 0.64, P < 0.05). The triangles represent the connections within modules and squares indicate the connections between modules. The circled data points
denote two outliers that show low fiber connections but high functional connectivity, one between the left and right PPC-visual module (square with dotted
circle) and the other within the Au/TeA module (triangle with dotted circle). After excluding these two outliers, correlations between structural and func-
tional connectivity increased (dotted line, r = 0.87, P < 0.001). (Inset) Expanded the scale of the structural and functional connectivity between modules, which
correlate moderately (solid line, r = 0.44, P = 0.1) and significantly after removing the outlier point (dotted line, r = 0.73, P < 0.05). (C) The mean fiber density
index within modules are significantly higher than those between modules (**P < 0.01).
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nonoverlapping subsets of the animals, with the number of rats in
these subsets ranging from one through six. The similarity was
0.41 for one rat per set and monotonically increased to 0.67 for
five rats per set (Fig. S2). These results indicate similar DMN
modular structure across rats. Second, the entire modular anal-
ysis was repeated for the DMN networks using rs-fMRI scans
from 11 rats acquired ∼2 wk and 3 mo after the original dataset
was collected. Compared with the DMN partition obtained from
the initial scan session, the similarity was high for DMN networks
obtained at both 2 wk (0.93, P < 0.001 against randomized dis-
tribution) and 3 mo (0.73, P < 0.05 against randomized distri-
bution) apart. The similarity of functional connectivity matrix
was 0.96 at 2 wk and 0.95 at 3 mo. We further computed within-
subject similarity scores for both DMN partitions and functional
connectivity matrices from individual rats. The average similarity
of modularity between two sets of partitions (25) was 0.37 ± 0.37
(mean ± SD) for the 2-wk separation and 0.30 ± 0.36 (mean ±
SD) for the 3-mo separation. The similarity of functional con-
nectivity matrix was 0.75 ± 0.10 (mean ± SD) for the 2-wk
separation and 0.72 ± 0.12 (mean ± SD) for the 3-mo separation.
These results indicate that a high stability across time exists in
functional connectivity matrix at both single-subject and group
levels, and in modularity at a group level, with a moderate
number of subjects. The within-subject modularity stability might
be improved by longer scanning (higher signal-to-noise ratio)
and improved modularity algorithms (less random processes).
Third, to assess whether the network size (number of nodes) of
the DMN would impact the modular detection results, we con-
structed a voxelwise network of the DMN and found a similar

modular structure as that obtained from our ROI-wise DMN
(Fig. S3). Moreover, given that local connections may arise from
shared nonphysiological signals from nearby voxels, we removed
the short-distance connections (<1.3 mm) from the voxelwise
DMN network. The resultant modified voxelwise DMN network
exhibited a highly similar modular structure with the nonmodified
voxelwise DMN (NMI = 0.6, P = 0.001) (Fig. S3). Finally, by using
gICA as an alternative parcellation approach, we replicated a
similar pattern of DMN subcomponents as those obtained from
modularity analysis (Fig. S4).

Discussion
Using graph theory-based modularity analysis, we investigated
the constituents and organization of the resting-state DMN in
anesthetized rats. Analyses indicated that the rat DMN could be
parcellated into two subsystems, which were further segregated
into five modules. Functional connectivity between the regions
within the DMN was tightly associated with white matter fiber
connections between corresponding regions based upon DTI
tractography. We further assessed the potential modulation of
the rat DMN following a model of age-related cognitive dys-
function, and observed distinct modulation within and between
specific DMN subsystems.

Organization of the Rat DMN.Our modularity analysis showed that
the rat DMN exhibits prominent community structural organiza-
tion and can be decomposed into subnetworks based on functional
connectivity strength. The analysis partitioned the DMN into an
anterior subnetwork containing a frontal module and a posterior

A B

C D

Fig. 3. (A) The averaged functional connectivity within the five DMN modules was significantly less in the aged-impaired (AI) compared with the young (Y)
group. The averaged functional connectivity between the five DMN modules was significantly less in the AI and AU groups compared with the Y group (one-
way ANOVA, F test = 8.19, P < 0.005). (B) The functional connectivity between left and right PPC-visual modules was significantly reduced between the AI and
the AU rats. (C) The connectivity between left and right PPC-visual modules was significant reduced in the AI compared with the AU and Y groups (one-way
ANOVA, F test = 10.5, P < 0.005). (D) The functional connectivity between left and right PPC-visual modules was significantly negatively correlated with
LI score across Y, AU, and AI rats (r = 0.44, P < 0.05). (Inset) After excluding young rats, the correlations increased across AU and AI rats (r = 0.62, P < 0.005).
*P < 0.05, **P < 0.01, ***P < 0.001, corrected.
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subnetwork that was further decomposed into four modules
(RSC-HIPP, left and right PPC-visual, and Au/TeA modules).
Structures in the frontal module (Orb, PrL, Cg1, and Cg2) be-

long to the architectonic subdivision of “orbital medial prefrontal
cortex” (OMPFC) identified in rats and monkeys based on axonal
tracing and in humans based on neuroimaging studies (26, 27).
These brain structures as a whole receive highly processed sensory
afferents, provide cortical influence over visceral functions, and
participate in high-level cognitive and emotional processes (27).
The posterior DMN subnetwork was partitioned into RSC-

HIPP, bilateral PPC-visual, and bilateral Au/TeA modules. The
RSC in the RSC-HIPP module is located at a crossroad between
the hippocampal formation and areas in the neocortex. Although
the RSC is connected primarily to the rostrodorsal hippocampal
formation, the caudal parts of the RSC are connected with
caudoventral areas of the hippocampal formation. The elaborate
connections between the RSC and the hippocampal formation
suggest that this projection provides a prominent pathway by
which the HIPP processes information related to learning,
memory, and emotional behavior (28). The PPC, characterized
by multimodal sensory projections that reciprocally connect with
the frontal association cortex, has strong connections with visual
areas (29–31). PPC and visual association cortex share functional
attributes as well as corticocortical connections with medial
agranular cortex and orbital cortex (32). It has been suggested
that the role of PPC is to use visual sensory input to help guide
movements (29). Taken together, the modular architecture of
the rodent DMN suggests networks that support efficient neuronal
processing by integrating multimodal sensory and affective in-
formation to guide behavior in response to dynamic environmental
contingencies (3).

Structural Evidence for DMN Organization. To provide structural
evidence in support of its functional organization, we explored
the correlation between structural (DTI tractography) and func-
tional connectivity within the DMN, which has been previously
demonstrated for both local and global connections (33–35).
Three well-known white matter tracts, the cingulum, the fronto-
parietal fasciculus, and the body and genu of corpus callosum,
were identified interconnecting both within and between DMN
regions. For example, the cingulum bundle connected regions of
PrL, Cg1, and Cg2, whereas the genu of corpus callosum inter-
connected the lateralized Orb regions within the frontal module.
Second, the three fiber tracts also interconnected regions between
different DMN modules. Specifically, the cingulum mainly con-
nected regions of PrL, Cg1, and Cg2 in the frontal module and
RSC-HIPP module and visual areas in the bilateral PPC-visual
modules, which is consistent with previous tracing studies in rats
demonstrating reciprocal projections between cingulate and hip-
pocampal formation (36, 37) and visual cortices (38). The fron-
toparietal fasciculus bundle connected between Orb regions
within the frontal module and regions in the bilateral PPC-
visual and Au/TeA modules, which once again is in line with
traditional tracing studies in demonstrating that orbital areas
provide efferent connections to posterior parietal and Au/TeA
cortices (29, 31, 39, 40). The body of the corpus callosum provides
interhemisphere connections between the left and right PPC-
visual modules, which has been confirmed in extensive tracing
studies (41). Furthermore, according to the Allen Mouse Brain
Connectivity Atlas (42), anterograde viral tracer demonstrates
that the retrosplenial cortex is structurally connected with
several DMN-related regions including Cg, orbital area, pre-
limbic area, PPC, visual area, auditory area, and HIPP (CA1).
In addition, using the Allen mouse brain-wide axonal projection
matrix and resting-state functional connectivity MRI, a recent
study demonstrated the presence of a putative DMN in the mouse
brain both structurally and functionally (4). Our results are also
consistent with previous diffusion imaging studies in humans
showing that the fiber tracts of the cingulum, superior frontal-
occipital fasciculus (comparable to the frontoparietal fasciculus tract

in rats), and the corpus callosum form the major direct neuro-
anatomical inks among DMN regions (43).
The existence of these fiber tracts provides anatomical support

for direct neuronal communications within and between the
identified DMN subnetworks, as most of the DMN regions/
modules were directly interconnected by these fiber pathways.
Indeed, our results show that the microstructural organization
(i.e., fiber density) of these tracts correlates positively with the
level of functional connectivity within and between DMN sub-
networks, that is, if two regions are anatomically connected by a
denser bundle of fiber tracts, they tend to be more synchronized
in their functional dynamics at rest. Similar observations have
been reported in human studies showing a direct linkage between
white matter organization and functional connectivity within the
DMN (44). Notably, observation of greater density of fibers inter-
connecting within-module regions than those between modules
provides direct structural support for the modular organization of
DMN as revealed by its functional connectivity.
It is worth mentioning that, although the tractography-derived

anatomical connectivity seems to be spatially correlated with its
corresponding functional connectivity, the anatomical connec-
tivity only accounted for a very small part of the individual var-
iations in functional connectivity among DMN subnetworks (r =
−0.08 ± 0.15). On the other hand, we replicated the findings of
significant spatial correlation between structural and functional
connectivity among DMN components in individual rats. The
lack of intersubject correlation, but existence of intraspatial cor-
relation in individuals, suggests sizable variations of structural
and/or functional connectivity across rats measured by DTI and
rs-fMRI. Such variations could be due to intrinsic differences in
structural/functional connectivity across animals and/or caused by
limitations in imaging measurements (e.g., variations in anesthesia-
induced physiological conditions affecting fMRI signal; variations
in image distortions affecting DTI signal).

Modulation of DMN Connectivity as a Function of Age-Related
Cognitive Dysfunction. In addition to acting as an “alerting sys-
tem” to monitor ongoing environmental perturbations, the DMN
has also been implicated in higher cognitive functions, involving
interactions with such key components as the mPFC, ACC, and
RSC. In support of this hypothesis, we examined potential alter-
ations in DMN processing across three groups of behaviorally
characterized rats. Compared with healthy young animals, aged
rats showed decreased average functional connectivity within
and/or between the five identified DMN modules, which is
consistent with reports in human aging studies for both cogni-
tively normal (45, 46) and Alzheimer’s disease cases (12, 47, 48),
suggesting that age-related cognitive dysfunction is reflected in
impaired DMN functional connectivity. Furthermore, when
considering aged rats characterized by their behavioral differ-
ences in spatial learning and memory (i.e., AI vs. AU groups), AI
rats demonstrated significantly decreased functional connectivity
in the bilateral PPC-visual modules compared with the age-
matched cognitively intact cohort (AU). This weaker bilateral
PPC-visual interactions was predictive of poorer spatial memory
performance, consistent with the critical role of the PPC in
spatial-related processes, such as navigation, spatial attention,
and memory (49).

Technical Limitations. Several technical issues need to be consid-
ered when interpreting our data. First, data were obtained under
anesthesia to both maintain stable physiological conditions and
to limit head movement. The resting-state fMRI signal in rats, as
in other species (50, 51), appears to be anesthetic dependent (52,
53). However, Grandjean et al. (51) suggested that the combined
use of medetomidine and isoflurane maintains strong correla-
tions within both cortical and subcortical structures in mice. We
also reported (3, 51) that the combination of low-dose isoflurane
and dexmedetomidine maintains both stable sedation and sig-
nal coupling across repeated fMRI experiments. Nevertheless,
we cannot rule out the possibility that MRI signals were affected
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by anesthesia. Second, the imaging resolution in this study was
500 × 500 μm2 with a slice thickness of 1 mm, which limits our
ability to differentiate the boundaries between small, spatially
close structures. For this same reason, we cannot rule out the
possibility that the statistical map covering dorsal HIPP may
have resulted from a partial volume effect from retrosplenial
dysgranular cortex/retrosplenial granular cortex. Future high-
resolution studies are needed to clarify this anatomical uncertainty.
Finally, in this study, we included data from two different

strains of rats. To effectively assess the effects of learning and
memory on the DMN in rats, Long–Evans (LE) rats were used
in the age-related cognitive dysfunction experiment, whereas
Sprague–Dawley (SD) animals were used for all other experi-
ments. A previous study indicated that these two strains have
different sensitivity to anesthesia (54). However, anesthetic doses
were adjusted herein to ensure that respiration and cardiac rates
were maintained within normal ranges. We selected LE rats as
(i) variability in the cognitive outcome of aging in LE rats has
proven to be robustly coupled with a wide variety of neuro-
biological signatures, from gene expression to neural sys-
tem analyses (55); and (ii) work in this model has established
translational validity and successfully predicts the neuro-
cognitive response to intervention in human aging (56). In this
study, no significant head motion between SD and young LE
rats (Fig. S5) was found, and the DMN reconstructed from the
young group of LE rats also showed high spatial similarity
compared with the DMN from SD rats (Fig. S6). These results
indicate the consistency in functional signal between LE and
SD rats.
In summary, our results revealed that the rat DMN can be

functionally parsed into five subcomponents. Distinct modulation
within and between these DMN subcomponents was demon-
strated during neurodegenerative, age-related cognitive dysfunc-
tion. These results demonstrate that the rat DMN, like its human
analog, can be parcellated into anatomically and functionally
distinct subcomponents. Together, our findings on the rat DMN
and its organization provide a platform to explore the physiolog-
ical basis and behavioral functions of this prominent, large-
scale network.

Methods
Animal Preparation. Thirty-four male SD rats (Charles River Laboratories) were
used in these experiments. Rats weighed 275 ± 25 g upon arrival and were
housed two per cage with ad libitum access to food and water. To explore

potential age-related modulation within the DMN, a second dataset of
12 young adult (6–8 mo) and 21 aged (24–26 mo) male LE rats (Charles River
Laboratories) was used. For the SD rats, following a 0.03 mg/kg, subcutaneous,
bolus injection, dexmedetomidine was continuously infused at 0.015mg·kg−1·h−1

and isoflurane was gradually reduced from 2% to 0.5%. The anesthetic regime
for the LE rats was quite similar, with a 0.015 mg/kg, subcutaneous, bolus in-
jection of dexmedetomidine that was followed by a continuous infusion of
0.01 mg·kg−1·h−1; isoflurane was reduced from 2% to 0.5%. These anesthetic
doses were empirically determined to ensure their respiratory and cardiac rates
were in the normal ranges. Rats were secured in an animal holder with a bite
bar. All animal procedures were approved by the Animal Care and Use Com-
mittees of the National Institute on Drug Abuse and National Institute on Aging
Intramural Research Program. For detailed scan preparation, see SI Methods.

Image Acquisition. MRI data were acquired using a Bruker Biospin 9.4-T
scanner with a quadrature receiver coil and birdcage volume transmit coil.
High-resolution anatomical images, DTI, two rs-fMRI series were acquired in
the SD rats. High-resolution anatomical images and two rs-fMRI series were
acquired in the LE rats. For detailed experiment design and acquisition pa-
rameters, see SI Methods.

Image Analyses. Both fMRI and DTI images were preprocessed using the
Analysis of Functional Neuroimaging (AFNI) software package (57). Note that
we used a relative wider filtering band (0.01–0.5 Hz) than that normally used
in human rs-fMRI data processing, based on the observation that the fre-
quency range where the major power of the rat rs-fMRI data resided was
much wider than the typically observed 0.01–0.1-Hz range in human data
(Fig. S7). Detailed data analysis is further described in SI Methods.

DMN ROIs were identified based on gICA analysis and anatomical atlas. To
identify subnetworks of the DMN, we performed graph theory-based
modularity analysis on the group-averaged functional connectivity matrix of
DMN regions. This matrix was subsequently thresholded using the following:
(i) 83% connection density to keep only the significant correlations (P <
0.0001, Bonferroni corrected), and (ii) 20% connection density, to keep only
the strongest connections while ensuring at least 95% of the network nodes
were connected. Within- and between-module connectivity was defined as
the average of functional correlations across ROI pairs within or between
the identified DMN subnetworks. For details, see SI Methods.

To investigate underlying structural substrates of functional connectivity,
we analyzed structural connectivity within and between the DMN ROIs based
on DTI tractography in the SD rats. For details, see SI Methods.
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