Rat brains also have a default mode network
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The default mode network (DMN) in humans has been suggested
to support a variety of cognitive functions and has been implicated
in an array of neuropsychological disorders. However, its function
(s) remains poorly understood. We show that rats possess a DMN
that is broadly similar to the DMNs of nonhuman primates and
humans. Our data suggest that, despite the distinct evolutionary
paths between rodent and primate brain, a well-organized, intrin-
sically coherent DMN appears to be a fundamental feature in the
mammalian brain whose primary functions might be to integrate
multimodal sensory and affective information to guide behavior in
anticipation of changing environmental contingencies.
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In the absence of an immediate need for goal-directed attention
to the surrounding environment, our minds wander from rec-
ollection of past happenings to imagination of future events.
Neuroimaging studies have consistently identified a set of inter-
connected brain areas that becomes less active during attention-
demanding cognitive tasks (1). This so-called default mode net-
work (DMN) is posited to play a fundamental role in brain
organization and supports a variety of self-referential functions
such as understanding others’ mental state, recollection and
imagination (2), conceptual processing (3), and even in the sus-
tenance of conscious awareness (4). Many of these functions
have been considered to be unique to humans. Intriguingly,
similar coherent structures have been shown to exist in anes-
thetized macaque monkeys and chimpanzees (5, 6). Further-
more, the functions of the default network are disrupted in such
neuropsychological disorders as schizophrenia, Alzheimer’s dis-
ease, and autism (7-9), underscoring the clear and critical need
for further investigating the neurobiological basis of DMN using
animal models.

The evolutionary clade of rodents is about 35 million years
earlier than that of old world monkeys and about 60 million years
earlier than humans (10). Although many of the structures and
functions of subcortical nuclei are conserved across these three
species, the neocortex, in particular the “association” cortex, has
extensively expanded in the primate as a result of evolutionary
pressure, which is considered to be crucial in the development of
higher cognitive and behavioral functions (10, 11). On the other
hand, such structures as cingulate cortex, prefrontal cortex, and
hippocampal formation, all of which are critical elements of the
DMN, are also present in rodents (11). Given the distant evo-
lutionary paths between rodent and primate brain, an intriguing
question arises: Does the rat possess a similar DMN? Such
a network, once demonstrated, would not only suggest that an
operational DMN is a common feature in the mammalian brain,
perhaps induced via parallel evolution as a result of natural se-
lection, it would also offer a novel platform to explore the
physiological basis and behavioral significance of the DMN. Such
a demonstration may also suggest a novel approach for com-
paring brain development across species.

Results

We probed brain activity using resting state functional magnetic
resonance imaging (fMRI), a technique that identifies neuronal
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networks based on synchronized spontaneous fluctuations (12,
13). Because many anesthetic agents interfere with neural ac-
tivity and neurovascular coupling, we first developed an anes-
thesia regime consisting of a combination of dexmedetomidine
and isoflurane. In a pilot study (» = 11), the functional status of
the rat brain under the above anesthetic regime was assessed by
measuring fMRI responses to electrical forepaw stimulation.
Each rat was studied on two occasions separated by 1 wk. As
shown in Fig. S1, robust fMRI responses were seen 90 min after
the experiment was initiated and remained stable during the
remaining 3-h experimental period, presumably because anes-
thesia levels and physiological parameters reached stable, steady-
state conditions. Furthermore, the fMRI responses in weeks 1
and 2 were similar, suggesting the appropriateness of this anes-
thesia regime for longitudinal fMRI study.

After determining the optimum experimental window to
maintain stable fMRI responses, we performed a series of resting
state fMRI scans on a second group of animals (n = 16) using
a single-shot gradient-echo echo-planar imaging (EPI) sequence.
A total of 119 scan sessions (260 volumes per session) were ac-
quired by repeated measures separated by 1 wk. Geometrically
corrected EPI datasets from individual animals were registered
to a common space, followed by slice-timing correction and
linear and quadratic trend removal. Group-level independent
component analysis (gICA) was applied to identify connectivity
patterns. Component maps were overlaid onto a rat digital atlas
for structural identification. Consistent with previous reports
(14-19), we found multiple networks, including bilateral so-
matosensory (forepaw and whisker barrel cortex) and insular
networks, as shown in Fig. S2.

A particularly interesting network is shown in Fig. 1 (Left),
which includes the following bilateral structures: ventral, lateral,
and rostral medial orbital frontal cortex (OFC, VO, LO, rMO),
rostral dorsal prelimbic cortex (PrL), cingulate cortex (Cgl/Cg2),
retrosplenial cortex (RSC), granular and dysgranular cortex
(RSG/RSD), rostral and dorsal posterior parietal cortex (PtPR,
PtPD), and medial secondary visual cortex (V2M). Furthermore,
the posterior ventral lateral clusters (area 4 in Fig. 1) include
primary/secondary auditory cortex (Aul, AuD, AuV) and the
temporal association cortex (TeA). Dorsal hippocampus (CA1)
also appears to be involved (but see Technical Considerations
below). RSG/RSD is the homologous structure of human pos-
terior cingulate cortex (PCC); posterior parietal cortex (PPC)
along with V2M belongs to the rat parietal association cortex
(20); the orbital areas (VO, LO, rMO), PrL, and anterior cin-
gulate cortex (ACC) are components of the rat prefrontal cortex
(11, 21).
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Rat DMN

Monkey DMN

Human DMN

Fig. 1. Comparison of the DMN in rat, monkey, and human. For rat DMN (Left), significant clusters include: 1, orbital cortex; 2, prelimbic cortex (PrL); 3,
cingulate cortex (CG1, CG2); 4, auditory/temporal association cortex (Au1, AuD, AuV, TeA); 5, posterior parietal cortex; 6, retrosplenial cortex, which corre-
sponds to posterior cingulate cortex in humans; 7, hippocampus (CA1). (Center) Connectivity maps in the axial plane. Note the strong connectivity between
prefrontal and posterior cingulate cortices, which can best be visualized in the sagittal plane (Bottom, medial-lateral: +0.4 mm). FrA, frontal association cortex;
MO, medial orbital cortex; R, right; RSG/RSD, granular/dysgranular retrosplenial cortex. Color bar indicates t scores (n = 16, thresholded at t > 5.6, corrected P <
0.05). Numbers below images are approximate coordinates relative to bregma. For human DMN (Right), significant clusters include: 1, orbital frontal cortex;
2/3, medial prefrontal cortex/anterior cingulate cortex; 4, lateral temporal cortex; 5, inferior parietal lobe; 6, posterior cingulate/retrosplenial cortex; 7, hip-
pocampus/parahippocampal cortex (n = 39, thresholded at z > 2.1, corrected P < 0.05). For monkey DMN (Center): 2/3, dorsal medial prefrontal cortex; 4/5,
lateral temporoparietal cortex (including area 7a and superior temporal gyrus); 6, posterior cingulate/precuneus cortex; 7, posterior parahippocampal cortex.

The monkey DMN map was derived using the cross-correlation method with the seed region shown (Bottom) [adapted from Vincent et al. (5)].

The connectivity of this network is broadly similar to the DMN
obtained in the human brain using a similar gICA analysis
strategy (Fig. 1, Right), which includes orbital frontal cortex,
medial prefrontal/anterior cingulate cortex, lateral temporal
cortex, inferior parietal lobe, posterior cingulate/RSC, and hip-
pocampus/parahippocampal cortex. This network is consistent
with that reported in previous findings (2, 13).

The chief difference between the human DMN and the pro-
posed rat DMN is that the connectivity between anterior and
posterior cingulate cortices includes the entire medial ridge in the
rat brain, which can be best visualized in the sagittal and coronal
planes (Fig. 1, Left), whereas it remains more focal in the human.
Table 1 lists the stereotaxic coordinates and the Brodmann areas

(BAs) of individual brain structures involved in the network from
rat and human maps, respectively.

Given the distinct evolutionary clades among rodents, old
world monkeys, and humans, it would seem beneficial to com-
pare the DMNs across these three species. Shown in Fig. 1
(Center) is the DMN in adult macaque monkeys acquired under
isoflurane anesthesia (reproduced from ref. 5), which comprises
dorsal medial prefrontal cortex, posterior cingulate/precuneus
cortex, lateral temporoparietal cortex (including area 7a and
superior temporal gyrus), and posterior parahippocampal cortex.
The connectivity patterns of monkey DMN share remarkable
similarity to the human DMN, suggesting that many elements of
the default system are conserved in primates.

Table 1. List of the coordinates of the DMN components in rat and human
Rat DMN Human DMN
Paxino’s atlas Talairach space
Region M-L D-V A-P Region X Y z
Orbital ctx (VO, LO, rMO) +1.8 5.2 3.64 Orbital frontal ctx (BA 47) 46 31 -1
—-46 37 -3
Prelimbic ctx (CG1/CG2) +0.6 3.0 3.64 mPFC/ACC (BA 9/10/11/24/32) 1 52 33
+0.4 2.0 0.64
Auditory/temporal association ctx -7.0 5.8 —-4.68 Infer temporal gyrus (BA 20/21) 56 -1 -16
7.4 5.4 —4.68 -55 -5 -18
Post parietal ctx (PtPR, PtPD, V2M) 3.2 1.0 —-4.36 Infer parietal ctx (BA 7/39/40) 50 -61 21
—-4.4 1.4 —4.36 -47 —65 29
Retro splenial ctx (RSD/RSG) +0.4 2.3 -3.36 Post cingulate ctx (BA 23/31) -2 -58 30
Dorsal hipp +1.0 4.0 -4.36 Parahipp gyrus/hipp (BA 27/28/35/36) 25 -10 -19
=25 -1 -18

Coordinates are centers of the mass in individual areas. A-P, D-V, and M-L indicate anterior-posterior, dorsal-ventral, and medial-lateral directions,
respectively. A-P and D-V coordinates are based on rat atlas coregistered to MR images. For the M-L coordinates, medial to the left side is defined as negative
and to the right side as positive. ctx, cortex; infer parietal ctx, inferior parietal cortex; mPFC, medial prefrontal cortex; parahipp gyrus/hipp, parahippocampal
gyrus/hippocampus; PtPR and PtPD, rostral and dorsal posterior parietal cortex (post parietal ctx); V2M, medial secondary visual cortex.
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We performed further analyses to characterize the architec-
ture of the proposed default network. Thirteen a priori regions
of interest (ROIs) were chosen based on the anatomical struc-
tures involved in the network. Graph analysis based on signifi-
cant functional connections between regions (P < 5 x 107
Bonferroni-corrected) showed that RSC and prefrontal cortex
acted as hubs of the default network, which exhibited the highest
degree of connections with other regions. Network modularity
analysis using the simulated annealing algorithm (22) identified
two distinct subsystems. Results are shown in Fig. 2. The sub-
system that centered on the prefrontal cortex included the cin-
gulate, OFC, and prelimbic cortex, and has strong functional
correlation with the temporal cluster (Aul, AuD, AuV, and
TeA); the subsystem centered around the RSC has strong
functional correlation with hippocampus, PPC, and the second-
ary visual cortex. Cytoarchitectonically, unlike the granular pre-
frontal cortex in primates, rat prefrontal cortex is composed
exclusively of agranular cortical areas (21). However, despite
such differences, the organization shown in Fig. 2 bears re-
markable similarity to that of the human DMN (23).

Discussion

Using ICA, a data-driven fMRI data analysis method, we have
identified multiple networks in the anesthetized rat brain (e.g.,
primary somatosensory network) that are homologous to those
reported in humans (11). One of those networks, the proposed
rodent DMN, is the primary focus of this report. The functional
significance of this network and its relationship to the DMN seen
in primates (1, 5, 6, 24) remain to be explored. In light of the
significant evolutionary divergence of rodents and primates, it
may not be surprising that the structural homology across spe-
cies, although startlingly similar, is not complete. However,
neuroanatomical data in the extant literature regarding the
structures that constitute the DMN in rodents and primates may
be applied to shed light on these questions and are discussed in
some detail below.

Neuroanatomical and Functional Considerations. Network analysis
(Fig. 2) reveals that one subsystem within the rat DMN includes

rAu/TeA

1Au/TeA

=0.75-1.0
——0.25-05

—0.5-0.75
0.0-0.25

Fig. 2. Functional correlation strengths between 13 brain regions within
the DMN show the network separated into two modules: One is a parietal
subsystem clustered at RSC, and the other is a temporal-prefrontal sub-
system. Lines of different colors and widths represent correlation strength.
The thickness of the lines reflects the strength of the correlation between
regions. Cing, cingulate cortex (CG1 and CG2); PrL, prelimbic cortex; rAu/TeA
and |Au/TeA, right and left auditory/temporal association cortex; rHip and
IHip, right and left hippocampus; rOFC and IOFC, right and left orbital
frontal cortex; rPPC and IPPC, right and left posterior parietal cortex; RSC,
retrosplenial cortex (granular and dysgranular); rvV2 and IV2, right and left
secondary visual cortex.
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a frontal cluster. Structures within this cluster belong to the so-
called orbital medial prefrontal cortex (OMPFC). Studies in
rodents have revealed two networks within OMPFC, namely
a “medial network” and an “orbital network” (25, 26), that are
broadly similar to those previously discovered in nonhuman
primates (27-29). OMPFC projections to such autonomic con-
trol structures as periaqueductal gray (PAG) arise exclusively
from within the medial, but not the orbital network, as do almost
all of the projections to the hypothalamus (25, 26, 30). Such
distinctions along with their intrinsic patterns of corticocortical
connections and their connections with limbic, sensory, and
striatothalamic structures have been taken to define networks
within OMPFC (28). Stimulation of the medial network evokes
strong autonomic (e.g., blood pressure, heart rate, skin temper-
ature) and endocrine changes along with integrated emotional
responses, and has been characterized as an “emotional motor”
network. On the other hand, the orbital network receives inputs
from multiple sensory modalities, including olfaction, taste,
general visceral sensation, somatosensation, and vision, and is
characterized as a “viscerosensory” network. In rats, the medial
network includes ventral and dorsal ACC, PrL, and infralimbic
(IL) cortex on the medial wall, areas MO, VO, and the medial
part of ventral lateral orbital (VLO) coretex in the medial edge
of the orbital cortex, and areas of dorsal lateral orbital (DLO)
and agranular insular (AI) cortex laterally, all of which project to
the PAG. The rat orbital network includes ventral Al (Alv), LO,
the lateral part of VLO, and parts of the dysgranular (DI) and
granular (GI) insular cortex (25).

As illustrated in Figs. 1 and 2, the proposed rat DMN includes
the following medial network structures: ACC, rMO, and a por-
tion of rostral dorsal PrL; VO is also involved. LO is the only
orbital network structure that is included within the rat DMN.
Notably, it does not include IL, an important region within the
medial network, nor does it include the insular orbital network
structures [Alv, DI, and GI]. However, insular cortex sends
projections to OMPFC, in particular LO, VLO, PrL, and IL (31,
32), and thus, through corticocortical connections (32, 33), highly
integrated viscerosensory information reaches the medial and
orbital networks of OMPFC.

Projections from other sensory modalities also reach the
proposed DMN, and are summarized in Table S1. In addition to
the direct involvement of the primary and secondary auditory
cortices, the PPC receives extensive projections from the primary
and secondary sensory areas (Parl, Par2), secondary occipital
areas (OC2M, OC2L), and primary temporal cortex (Aul) (34).
Similarly, TeA receives strong inputs from auditory cortex, as
well as OC1, OC2M, and OC2L (35). ACC also receives visual
(OC1, OC2M) and auditory inputs (35, 36). RSG, besides its
strong connections with hippocampus, receives extensive visual
inputs (OC2M, OC2L) (34, 37). Thus, it appears that a common
feature among the structures involved in the proposed rat DMN
is that they are all engaged in integrating high-order information
from multiple sensory modalities.

Another feature among the DMN structures is that they receive
direct or indirect projections from core limbic structures. Table S1
summarizes major connections from hippocampus/amygdala to
the DMN. Previous studies revealed that amygdaloid projections
to the PFC predominantly stemmed from the basal amygdaloid
nuclei and terminate at both the medial and lateral subdivisions of
the PFC (38-40). A retrograde study of rat orbital cortex (31)
found that VO, VLO, and LO also receive projections from
basomedial and basolateral nuclei of amygdala and perirhinal
cortex, and through which indirectly connect with hippocampus
(41). RSC is a hub of the DMN (Fig. 2). It is composed of dys-
granular (Rdg) and granular cortex (Rga, Rgb); each has exten-
sive connections with the hippocampal formation, which are
topographically organized. RSC is connected primarily to the
rostrodorsal hippocampal formation, whereas caudal parts of the
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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 an
important pathway by which the hippocampus affects learning,
memory, and emotional behavior (42).

Thus, it appears clear from the above summary that the
structures involved in the proposed rat DMN share two common
features: (i) They receive high-order information from virtually
all sensory modalities, and (ii) they have direct or indirect con-
nections with such limbic structures as hippocampus and amyg-
dala, suggesting the involvement of memory and emotional
behavior. Based upon observations of patients and laboratory
animals with frontal lobe impairment and the neuroanatomical
connections of the prefrontal cortex, Nauta posited (43) that the
prefrontal cortex receives and processes information about the
internal and external milieu of the body by integrating multi-
sensory stimuli (see also refs. 29, 40, and 44), and that the close
fronto-limbic relationship enables integration of an organism’s
somatic sensorimotor and affective responsiveness to act co-
herently in anticipation of environmental contingencies.

The prefrontal cortex that Nauta considered is a key component
of the DMN network shown in Figs. 1 and 2. Given the neuro-
anatomical characteristics and functional specializations of the
DMN structures described above, we propose that the cardinal
function of the DMN is to evaluate the internal and external mi-
lieu of the body by integrating interoceptive and exteroceptive
information from multiple modalities. In doing so, the brain
functions as a “Bayesian machine” (45), making inference and
guiding action in a timely and environmentally relevant fashion.

The proposed rodent DMN could have evolutionary signifi-
cance. To avoid attack from predators for survival, this “intel-
ligence oversight” system must remain alert, demanding default,
nonstop coherent activity. This might help explain why this sys-
tem requires high basal cerebral blood flow and metabolism,
a hallmark that has long been recognized (1). Because key
components within the network, such as orbital and medial PFC,
ACC, and RSC, are also involved in higher cognitive functions, it
may also explain why cognitive tasks tapping into this system
induce a negative fMRI response within the DMN, because these
tasks interrupt ongoing network activity. Impaired information
transfer between frontal-parietal association cortices was repor-
ted during inhalational anesthesia, suggesting a role of frontal-
parietal interactions in consciousness (46, 47). This might, at
least in part, underlie the neural mechanism of the DMN in
sustaining conscious awareness in humans (4). The existence of
the DMN under general anesthesia in both nonhuman primates
(5) and now in rodents suggests that the basic function of the
DMN may not be limited to self-referential behavior as sug-
gested by studies in conscious human subjects, because such
behavior is presumably supported by consciousness.

Comparison of Rat, Monkey, and Human DMN. Although the DMNs
across rat, monkey, and human are broadly similar (Fig. 1), the
differential involvement of OMPFC structures across these three
species is particularly puzzling. As summarized in Table 1, human
DMN involves BA 9, 10, 11, 24, 32, and 47. The medial wall areas
BA 10, 11, 24, and 32 and dorsomedial prefrontal cortex (BA 9)
likely belong to the medial network of OMPFC. Human BA 47
appears to correspond to area 12 in monkey (21), and likely
belongs to the OMPFC network. Thus, human DMN comprises
extensive medial network structures with the exception of area 47,
which belongs to the orbital network.

In contrast, medial wall structures IL and a large part of PrL
are not involved in the proposed rat DMN. Only LO, an orbital
network structure, along with medial network structure VO and
rostral MO and ACC, appear to be constituents of the DMN.
Furthermore, rat DMN includes the entire cingulate cortex
(ACC and RSD/RSG), whereas only portions of ACC (BA 24
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and 32) and PCC (BA 23 and 31) are constituents of human
DMN. Interestingly, monkey DMN comprises only a few frontal
structures, namely the dorsal medial prefrontal cortex, but it
includes extensive posterior cingulate/precuneus cortex. These
differences might reflect either species-specific functional dif-
ferences or may be attributable to behavioral state, because both
the monkeys and rats were scanned under anesthesia and pre-
sumably in a different consciousness state from the awake
humans (Technical Considerations). Future work may reveal the
potential neurobiological significance of the differential en-
gagement of OMPFC and cingulate cortex across species.

The DMNs across the three species comprise extensive lateral
temporoparietal cortex. However, whereas the inferior parietal
cluster of the human DMN includes BA 39 and 40, neither
appears to have a clear homolog in monkeys (48, 49), nor
probably more so in rats. Furthermore, the temporal cluster of
the rat DMN includes primary and secondary auditory cortex,
which are not directly seen in the human DMN. Instead, the
human DMN includes BA 20 and 21, the association cortices
involved in auditory and language processing, high-level visual
processing, and recognition. Once again, such distinctions might
reflect species-specific evolution of the DMN.

Relationship Between Structural and Functional Connectivity. In
general, direct anatomical connections have been reported be-
tween the structures implicated in the DMN, as summarized in
Table S2. In this regard, the study by Reep et al. (34) is particu-
larly informative, wherein the topography of corticocortical and
thalamic connections of rat PPC was systematically investigated
using classical tracing techniques. Injection of retrograde tracers
into PPC and retrosplenial cortex led to dense labeling in OFC,
ACC, OC2, secondary parietal cortex (par 2), and temporal as-
sociation cortex. Notably, the corticocortical connection pattern
shown in figure 4 of ref. 34 bears remarkable similarity to the
functional connectivity pattern of Fig. 1 in this study, suggesting
that functional connectivity as measured by fMRI is indeed con-
strained by anatomical connections, as previously suggested (50,
51). On the other hand, interconnections between structures do
not guarantee a functional network. For example, the medi-
odorsal thalamic nuclei are known to be connected with the rat
OMPEFC (38); however, it is not seen in the rat DMN. Thus, our
data support the notion that functional connectivity is constrained
by anatomical connections, and that the proposed default network
is organized by function instead of simple anatomical connections
(5, 50, 51).

Technical Considerations. Several technical issues need to be con-
sidered when interpreting our data. First, the present study was
performed under anesthesia. Anesthetic agents influence brain
functions, and such effects are likely to be species-specific. In the
present study, we used dexmedetomidine (an active enantiomer
of medetomidine) in combination with a low dose of isoflurane.
Dexmedetomidine, an ay-agonist routinely used in human med-
ical practice, produces dose-dependent sedative effects along
with analgesia, muscle relaxation, and anxiolysis. It was recently
introduced for longitudinal functional MRI and resting state
fMRI studies in rodents (15, 52). However, the sedative effect of
medetomidine is reduced with constant infusion of medetomi-
dine alone, and a stepwise dose increase has been suggested to
maintain stable sedation (17). In pilot studies, we used a combi-
nation of low-dose isoflurane (0.25%) and dexmedetomidine
(0.03 mg/kg i.v.), and were able to maintain stable sedation for
over 4 h with successful repeated fMRI experiments on the same
animal (Fig. S1). Under the anesthesia regime that we developed,
we found differential engagement of the orbital and medial
networks in rat and human DMN, as discussed above. Even
though it is tantalizing to think that such differences might reveal
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DMN:s that are species-specific, we cannot rule out the possibility
that they were biased by anesthesia.

Second, the nominal imaging resolution in this study is 547 x
547 pm? with a slice thickness of 1 mm. Such a relatively coarse
resolution limits our ability to differentiate the boundaries be-
tween small yet distinct structures that are spatially close, for
example, medial network structure VO from orbital network
structure LO. For the same reason, we cannot rule out the pos-
sibility that the statistical map covering dorsal hippocampus (area
7 in the rat DMN; Fig. 1) may have resulted from a partial volume
effect from neighboring RSD/RSG. Future high-resolution stud-
ies may help clarify this uncertainty. Third, due to strong magnetic
field inhomogeneity that exists in the interface between ear canal
and brain tissue, our imaging coverage of the caudal ventrolateral
structures, in particular the amygdala, was very poor. This also
affected, although to a lesser degree, the signal from the temporal
areas, including perirhinal and entorhinal cortices, which may
have compromised the detection of some of the temporal areas
that could potentially be involved in the DMN.

Despite the above technical limitations, this study reveals that
rats possess a coherent, intrinsic network that is broadly similar
to the monkey and human DMNs. Neuroanatomical and func-
tional connectivity of the proposed default network suggests that,
although its role in cognitive function and behavior has clearly
differentially evolved across species, a well-organized, coherent
intrinsic default brain network may be a fundamental feature in
the mammalian brain. We propose that the primary function of
the rat DMN might be to evaluate internal and external body
states by assessing information from multiple sensory modalities
and, by integrating with past experience, to anticipate changing
environmental contingencies.

Materials and Methods

Animal Preparation for MRI. Anesthesia was induced with 3% isoflurane
followed by intramuscular administration of the ay-agonist (dexmedetomi-
dine; 0.015 mg/kg). During initial scanning, isoflurane (1%) in oxygen-
enriched air was delivered via a customized nose cone with continuous in-
tramuscular infusion of dexmedetomidine (0.03 mg-kg~"-hr™"). Core body
temperature, arterial oxygen saturation level, and cardiac and respiration
rates were maintained within normal ranges. After the anatomical locali-
zation scans were acquired, isoflurane concentration was reduced to 0.25%.
The typical respiration rate ranged from 45 bpm when the scan started and
gradually increased to 70-85 bpm. In some cases, when the respiration rate
increased to 90 bpm, isoflurane was adjusted to 0.5%.

Resting State fMRI in Rats. Animal MRI experiments were performed on
a Bruker Biospin 9.4T scanner. To assess the functional status of the brain
under the above anesthetic regime, we performed a pilot experiment on
a separate group of animals (n = 11) by measuring the fMRI responses to
electrical forepaw stimulation. The stimulation paradigm consisted of three
alternating cycles of 30 s ON/30 s OFF, starting with a 20-s baseline. This was
repeated every 15 min for about 4.5 h. Each rat in the pilot group was
studied on two occasions separated by 1 wk.

After determining that the optimum experimental window for stable
evoked blood oxygenation level-dependent (BOLD) responses began about
90 min after the initiation of dexmedetomidine infusion (Fig. S1), we

. Raichle ME, et al. (2001) A default mode of brain function. Proc Nat! Acad Sci USA 98:
676-682.
2. Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s default network:
Anatomy, function, and relevance to disease. Ann N Y Acad Sci 1124:1-38.
3. Binder JR, et al. (1999) Conceptual processing during the conscious resting state. A
functional MRI study. J Cogn Neurosci 11:80-95.
4. Horovitz SG, et al. (2009) Decoupling of the brain’s default mode network during
deep sleep. Proc Nat/ Acad Sci USA 106:11376-11381.
. Vincent JL, et al. (2007) Intrinsic functional architecture in the anaesthetized monkey
brain. Nature 447:83-86.
6. Rilling JK, et al. (2007) A comparison of resting-state brain activity in humans and
chimpanzees. Proc Natl Acad Sci USA 104:17146-17151.
7. Bluhm RL, et al. (2007) Spontaneous low-frequency fluctuations in the BOLD signal in
schizophrenic patients: Anomalies in the default network. Schizophr Bull 33:
1004-1012.

w
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performed a series of resting state fMRI scans on a second group of animals
(n = 16) using a single-shot gradient-echo EPI (GE-EPI) sequence. Scan
parameters were: field of view = 3.5 cm, matrix size = 64 x 64, echo time = 15
ms, and repetition time = 1,000 ms, 11 slices with a thickness of 1 mm. A total
of 260 volumes of images was collected during each session, with a total of
119 scan sessions from the 16 animals. All imaging procedures were ap-
proved by the National Institute on Drug Abuse (NIDA) Animal Care and
Use Committee.

Data Analysis. /dentification of rat DMN. Geometric distortions in EPI images
were corrected using the PLACE method (53). Data preprocessing included
slice-timing correction, linear and quadratic trend removal, and spatial
smoothing with a Gaussian kernel (full width at half maximum = 0.6 mm).
Images from individual animals were then coregistered onto a common 3D
space aligned with a rat stereotaxic atlas using an approach previously de-
scribed (54, 55). Analyses were performed within the AFNI framework (56).

Resting state fMRI data were analyzed using glCA within the FSL software
package (57). The number of components was set to 30. To evaluate the ro-
bustness of the component maps identified by ICA, we performed follow-up
analyses by setting the number of components to 20 and 40 (Fig. S3). Be-
tween-subject analysis and group statistical comparison were conducted us-
ing the dual-regression approach (58). Component maps were coregistered to
a high-resolution rat digital atlas to aid in structural identification (55).
Network analysis of rat DMN. Thirteen a priori ROIs were chosen based on the
anatomical structures comprising the network. Pearson correlation coef-
ficients of the average time courses between each ROI pair were computed
and subjected to one-sample t tests against zero after z transformation. A
Bonferroni-corrected significance level of P < 0.0005 was used to threshold
the correlation matrix into a binarized matrix whose element is 1 if there is
significant correlation between two brain regions and 0 otherwise. The
degree of each ROl was calculated and the ROIs with the highest degree
were considered as network hubs.

The modularity of the network was analyzed based on the method de-

scribed by Newman and Girvan (59). The modularity index quantifies the
difference between the number of intramodule links of the actual network
and that of a random network in which connections are linked at random.
The aim of this module identification process is to find a specific partition
that yields the largest network modularity. Nonlinear optimization using the
simulated annealing approach was used to find the partition (22).
Human resting state fMRI data acquisition and analysis. \Whole-brain resting state
fMRI data were acquired with a Siemens Allegra 3T scanner using a standard
single-shot GE-EPI sequence (n = 39). Data preprocessing was the same as
described above. Preprocessed data were transformed to the standard
Talairach space. An unbiased group-wise nonlinear registration method
based upon a small deformation elastic model (60) was applied to further
align the resting state functional data across subjects. Each subject’s dataset
was then concatenated temporally. Group ICA (57) was used to generate 20
component maps. The study protocol was approved by the Institutional
Review Board of the NIDA Intramural Research Program. Complete meth-
odological details are described in S/ Materials and Methods.
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