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Abstract

In humans, resting-state blood oxygen level-dependent (BOLD) signals in the default mode network (DMN) are
temporally anti-correlated with those from a lateral cortical network involving the frontal eye fields, secondary
somatosensory and posterior insular cortices. Here, we demonstrate the existence of an analogous lateral cortical
network in the rat brain, extending laterally from anterior secondary sensorimotor regions to the insular cortex
and exhibiting low-frequency BOLD fluctuations that are temporally anti-correlated with a midline ‘‘DMN-
like’’ network comprising posterior/anterior cingulate and prefrontal cortices. The primary nexus for this anti-
correlation relationship was the anterior secondary motor cortex, close to regions that have been identified
with frontal eye fields in the rat brain. The anti-correlation relationship was corroborated after global signal re-
moval, underscoring this finding as a robust property of the functional connectivity signature in the rat brain.
These anti-correlated networks demonstrate strong anatomical homology to networks identified in human and
monkey connectivity studies, extend the known preserved functional connectivity relationships between rodent
and primates, and support the use of resting-state functional magnetic resonance imaging as a translational im-
aging method between rat models and humans.
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Introduction

Functional imaging studies have revealed a system-
level structure of functional connectivity in the human

brain, comprising distinguishable networks of brain regions.
This phenomenon is most commonly observed via temporal
correlations of low-frequency blood oxygen level-dependent
(BOLD) signal fluctuations (Biswal et al., 1995). The basic na-
ture and relationship between the major networks, most often
studied in the absence of an explicit task (i.e., in the ‘‘resting
state’’), is now well established in humans (Beckmann et al.,
2005; Fox et al., 2005; Fox and Raichle, 2007; Raichle, 2011),
and similar patterns of functional coupling have been ob-
served in nonhuman primates (Hutchison and Everling,
2012; Vincent et al., 2007).

One network that has been the subject of particular interest
is the so-called ‘‘default mode’’ network (DMN), which links
regions in the posterior cingulate/precuneus and medial pre-

frontal cortex (PFC) to lateral parietal and prefrontal regions
(Raichle et al., 2001). Resting-state BOLD signals within this
network are temporally anti-correlated with those from
other cortical networks comprising regions that are typically
activated in tasks requiring cognitive control and attention,
including the intraparietal sulci, supplementary motor area,
and precentral gyrus extending toward the insula (Chai
et al., 2012; Fox et al., 2005; Whitfield-Gabrieli and Nieto-Cas-
tanon, 2012).

Recently, plausible correlation patterns from low-
frequency BOLD oscillations have begun to be elucidated in
the rat brain (Gass et al., 2013; Jonckers et al., 2011; Lu
et al., 2012; Nasrallah et al., 2012; Pawela et al., 2008; Upad-
hyay et al., 2011; Zhang et al., 2010), and anti-correlation rela-
tionships have begun to be observed (Liang et al., 2012).
However, the degree to which anti-correlated systems exist
within the rat cortex, and their homology to established net-
works in primate species, has yet to be fully elucidated. In
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this article, we present evidence from BOLD resting-state
functional magnetic resonance imaging (rsfMRI) for the exis-
tence of anti-correlated intrinsic connectivity networks in the
rat cortex where, in homology to humans, the midline anteri-
or-posterior cingulate/PFC network is anti-correlated with a
lateral cortical network involving the anterior lateral sensori-
motor cortices and extending to the insula.

Methods

Animals and experimental procedures

MRI experiments were performed on 16 Sprague–Dawley
male rats (weight 340-392 g, age 2–3 months). All procedures
fulfilled the regulations covering animal experimentation within
the European Union (European Communities Council Direc-
tive 86/609/EEC) and Germany (Deutsches Tierschutzgesetz).
Experiments were approved by the German animal welfare au-
thorities (Regierungspräsidium Karlsruhe) and conducted at the
Central Institute of Mental Health in Mannheim, Germany.

Rats were initially anesthetized with 4% isoflurane in a mix
of 70% N2/30% O2; after positioning in the scanner (head
first, prone), anesthesia was maintained at *2.5% for adjust-
ments. After completion of these, a bolus of 0.5 ml (0.07 mg/
kg) medetomidine solution (Domitor�; Janssen-Cilag) was
subcutaneously injected. Isoflurane was slowly discontinued
within the next 10 min, and a continuous infusion of 1 ml/h
(0.14 mg/kg/h) medetomidine solution began. After comple-
tion of each experiment, Atipamezol (Antisedan; Janssen-
Cilag) was subcutaneously injected (1 mg/kg) along with
*2 ml of saline to reverse the sedative effect and compensate
the fluid loss during the experiment.

Breathing and cardiac rates, as well as blood oxygen levels
and the body temperature were monitored continually while
the animals were in the scanner. Respiratory and cardiac sig-
nals were recorded (10 ms resolution) using a signal breakout
module and a signal recorder (Small Animal Instruments,
Inc.). Breathing rates under medetomidine remained within
the range of 50–100 breaths per minute, the cardiac rate
remained within 190–280 beats per minute, and blood oxy-
genation levels during the resting-state measurements were
in the range 80–100%. To provide an additional control over
the body temperature, circulation of warm water was sup-
plied along the lower part of the animal body.

Image data acquisition

All experiments were performed on a 94/20 Bruker Biospec
MRI scanner (9.4 T; Bruker BioSpec) with Avance III hard-
ware, BGA12S gradients system with a maximum strength
of 30042 Hz/mm, and running Paravision 5.1 software. A lin-
ear transmitter coil combined with rat brain linear receive-
only coil array were used for radiofrequency transmission
and reception, respectively. rsfMRI data were acquired
using an echo planar imaging (EPI) sequence with the follow-
ing parameters: TR/TE 1700/17.5 ms, flip angle 60�, 1 seg-
ment, 1 average, 29 coronal slices, 96 · 96 matrix, field of
view (35 · 35) mm2, slice thickness of 0.5 mm with 0.2 mm
inter-slice gap, in-plane voxel dimension of 0.36 mm, and
300 volumes for an acquisition time of 8.5 min. To enable cor-
rection of EPI geometric distortion in postprocessing, a field
map was also acquired (TR 20 ms, TE (dual echo) 1.7/
5.7 ms, flip angle 20�, 64 · 64 · 64 matrix).

Image data postprocessing

The image time series data were postprocessed using tools
from SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8/)
(Ashburner, 2011), FMRIB Software Library (FSL, v.4.1;
www.fmrib.ox.ac.uk/fsl) ( Jenkinson et al., 2012), and Analy-
sis of Functional Neuroimages (AFNI, v. 2011_12_21_1014;
http://afni.nimh.nih.gov) (Cox, 2012). First, the EPI data
were realigned (motion correction) and unwarped (correc-
tion for geometric distortions due to magnetic field inhomo-
geneities) (FieldMap toolbox; statistical parametric mapping
[SPM]). Second, the head motion traces were regressed
from the data using the fsl_regfilt utility (FSL). Third, physi-
ological noise (respiratory and cardiac signals) were
regressed from the time series using the RETROICOR retro-
spective correction technique (Glover et al., 2000) as imple-
mented in the Aztec toolbox (van Buuren et al., 2009). Data
were then corrected for slice timing offsets (SPM).

The resulting filtered time series were spatially normalized
to a rat brain template with co-registered anatomical atlas
(v6) positioned in the Paxinos and Watson stereotactic coor-
dinate system (Schwarz et al., 2006). This was performed in
two steps: (1) linear co-registration (six degree-of-freedom
rigid-body transformation) to the template, followed by (2)
nonlinear normalization (SPM). The normalised data had a
spatial resolution of 0.2 · 0.2 · 0.8 mm3 (96 · 96 · 30 matrix).
To evaluate the additional effect of global signal removal, ver-
sions of the time series with the whole-brain average time
course regressed out (AFNI) were also computed. Finally,
the image time series were band-pass filtered to a frequency
window of 0.01–0.1 Hz (AFNI) and spatially smoothed
using a Gaussian kernel of full width at half maximum of
0.6 mm.

Seed locations are reported in stereotactic coordinates of
Paxinos and Watson (Paxinos and Watson, 1998) as medial-
lateral (M-L), dorsal-ventral (D-V), and anterior-posterior
(A-P) relative to bregma. We also follow Paxinos nomencla-
ture for individual atlas structures.

Connectivity analyses

Small seed regions of 3 · 3 · 1 voxels (0.6 · 0.6 · 0.8 mm)
were specified so as to specifically sample (1) three midline
retrosplenial, cingulate, and medial PFC locations within
the ‘‘DMN-like’’ regions of the hippocampal-prefrontal net-
work previously identified (s02, s08, and s12) from (Schwarz
et al., 2013); and (2) three bilateral seed locations within a lat-
eral secondary sensorimotor/insula network, denoted [01,
[02, and [03 (see Table 1 and Fig. 1). Seed [01 was identified
on the basis of the anti-correlations with the midline cingu-
late/prefrontal network previously observed (Schwarz
et al., 2013), and is slightly anterior to the anterior cortical
seed c01 used in that paper. Seeds [02 and [03 were then spec-
ified to assess the connectivity patterns associated with more
posterior locations within the network positively correlated
with [01.

Mean time courses from each seed were calculated, and di-
rect inter-seed connectivity relationships were assessed using
the Pearson product-moment correlation coefficient as an
index of similarity between all pairs of seeds. The group-
level significance of each ROI-ROI (anti-) correlation relation-
ship was assessed using one-sample t-tests on z-transformed
versions of the correlation coefficients (using Fisher’s r-to-z
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transform). Similarly, differences in ROI-ROI correlation coef-
ficients between nonglobally corrected and globally corrected
processing were assessed quantitatively using paired t-tests
on the z-transformed correlation coefficients. For each of
the nonglobally corrected region of interest (ROI) pairs, the
globally corrected ROI pairs, and the comparison between
them, the tests were corrected for multiple comparisons
using the Benjamini–Hochberg method and a false discovery
rate of 0.05.

To map the connectivity relationships at a higher spatial
resolution, each seed was also used to generate a whole-
brain correlation map, using the mean time course from the
seed as a regressor for each voxel (AFNI). Individual subject
correlation maps were transformed to normally-distributed z
scores using Fisher’s r-to-z transformation before assessing
consistent group level connectivity distributions using one

sample t-tests. Resulting group maps were thresholded at
jTj > 2.9, followed by a cluster-level multiple comparison cor-
rection at a significance level of p < 0.05 (FSL). 3D surface ren-
derings were generated using Caret (http://brainvis.wustl
.edu/wiki/index.php/Caret:About).

Results

The correlation map referenced to seed [01, in the anterior
secondary motor cortex, revealed two distinct, anti-correlated
cortical networks (Fig. 2). This seed was positively correlated
with a network comprising lateral cortical brain structures,
extending bilaterally from the secondary motor cortex anteri-
orly back through secondary sensory cortex and the insula,
and anti-correlated with midline prefrontal, cingulate, and
mediodorsal cortical areas.

Table 1. Definition of Seed Regions of Interest

Stereotaxic coordinates of ROI centers (relative to bregma)

Seed Brain region (atlas structure) M-L (mm) A-V (mm) A-P (mm)

Midline prefrontal/cingulate network
s02 Medial prefrontal cortex (PrL) 0.0 2.7 4.0
s08 Anterior cingulate cortex (Cg1) 0.0 �1.6 1.6
s12 Retrosplenial cortex (RSGb) 0.0 1.4 �4.0

Lateral secondary cortical network
[01 Anterior secondary motor cortex (M2) – 3.7 2.5 4.0
[02 Primary somatosensory cortex, jaw region (S1J) – 5.3 3.9 1.6
[03 Insular cortex (Ins) – 6.4 6.2 �0.8

See also Figure 1.
ROI, regions of interest.

FIG. 1. Schematic location of seeds (see also Table 1).
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Analysis of ROI-to-ROI coupling between seed pairs con-
firmed this relationship (Fig. 3, see also Supplementary
Table S1; Supplementary Data are available online at www
.liebertpub.com/brain). The strongest correlations were ob-
served between seeds in the lateral cortical network. Regions
within the two different networks were anti-correlated across
networks, with the strongest negative correlation observed
between the anterior seeds within each network.

Seed [01 was the primary nexus for the anti-correlation re-
lationship, delineating both the lateral cortical network and
the midline prefrontal/cingulate networks. Other seeds
within these two networks elicited more focal anti-correla-
tions in seed connectivity maps, consistent with a general
weakening of the anti-correlation strength for more posterior
seeds (Fig. 4). The lateral network was anatomically well-
delimited, with the neuroanatomical distributions of the pos-
itive correlations from each of the three seeds therein ([01, [02
and [03) substantially overlapping. These distinct networks
reveal a functional dissociation within the rat sensorimotor
and parietal cortices, with more mediodorsal regions closely
coupled to the midline PFC/cingulate network; whereas the
more anterior lateral and ventrolateral cortical areas are asso-
ciated with the lateral cortical network.

These anti-correlation relationships were largely main-
tained if a global signal correction was applied. At the ROI
level, the correlations within the lateral network were un-
changed, and the anti-correlations between networks were
similar (only [03-s02 was more strongly anti-correlated,
p < 0.01) after global signal regression (Fig. 3). The most prom-

inent effects of global signal correction were reduced correla-
tion strengths within the midline cingulate/PFC network
( p < 0.001 for all three ROI pairs). These effects were also ev-
ident in seed correlation maps, where the positive correla-
tions within the lateral network were almost identical to
those observed in the absence of global signal removal, and
maintained strong anti-correlations with regions in the mid-
line network; whereas the inter-correlations within the mid-
line cingulate/PFC network itself were more focal, both
laterally and antero-posteriorally (Fig. 5).

Discussion

We demonstrated the presence of anti-correlated cortical
networks of intrinsic BOLD connectivity in the rat brain, in
which the midline ‘‘DMN-like’’ cingulate/prefrontal system
was inversely coupled to a lateral secondary sensorimotor
system.

The anti-correlated networks we observed bear a striking
resemblance to anatomical features of anti-correlated
human intrinsic connectivity networks. In humans, the
DMN is anti-correlated with a set of brain regions that in-
clude the supplementary motor area, extending along the
precentral gyrus to the frontal eye fields, secondary sensory
cortex, and insula (Fox et al., 2005). Our observed lateral cor-
tical network in the rat, anti-correlated with midline cingu-
late/PFC structures and extending back through secondary
sensory cortices to the insula, is highly consistent with the
temporal and anatomical features of this part of the human

FIG. 2. Seed correlation map for seed [01 (anterior motor cortex), showing the anti-correlation relationship between the lat-
eral secondary cortical network (red) and more midline structures, including the cingulate and medial prefrontal cortices
(blue). (a) Sagittal and coronal slices of networks overlaid on T2-weighted anatomical template image. Vertical gray dashes
below the images indicate the location of the orthogonal slices shown. The green dot denotes the location of the seed ([01)
of this map; the purple dots indicate the location of the other seeds studied in this paper. (b) Medial and lateral views of
the anti-correlated networks ([01 seed) projected onto surface reconstruction of rat brain.
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network. Lateral anterior cortical regions in the rat brain, lo-
cated in the M2 region (Paxinos terminology, as used in this
article), are considered to play an integrative role with regard
to gaze and orientation and are referred to as frontal orienta-
tion fields homologous to frontal eye fields in primates (Erlich
et al., 2011). This correspondence further underscores the
inter-species homotopy of these lateral cortical networks; in-
deed, the observed intrinsic connectivity patterns provide
an anatomical guide for further exploration of the functional
role of these systems in the rat brain via lesion or probe based
behavioral studies.

However, in the human, this network also includes regions
of the lateral parietal cortex centered on the intraparietal sul-
cus; we did not observe a clear analogue to this feature in
the rat, although posteriorally the lateral network also in-
cluded weak bilateral foci in the visual cortex (approximate
coordinates: LR – 2.3, DV 1.2, AP�8.0). This discrepancy

may reflect the increased differentiation of the parietal cortex
in primates with regard to the rodent. Other regions within
the parietal cortex were coupled to the midline cingulate/ret-
rosplenial cortex network, as observed in the human DMN
and previously described in the rat (Lu et al., 2012; Schwarz
et al., 2013).

The insular involvement in the rat’s lateral cortical network
was primarily restricted to the granular and dysgranular insu-
lar cortex between (approximately)�1.6 mm < zbregma < 0.8 mm
as well as the more ventral posterior agranular insular cortex in
this range. The more rostral dorsal and ventral portions of the
agranular insula seemed not to be a part of the lateral cortical
network, which involved progressively more dorsolateral
brain regions (lateral sensorimotor) toward the anterior aspect
of the rat brain. This is consistent with tract tracing studies in
which more posterior parts of the rat insular cortex project to
lateral rostro-cortical areas (Yasui et al., 1991), in contrast to
more rostral regions of the insula that are more strongly con-
nected with ventromedial areas of the rostral cortex (Krushel
and van der Kooy, 1988, Yasui et al., 1991).

A previous study of anti-correlated BOLD connectivity fea-
tures in the rat brain (Liang et al., 2012) reported an anti-cor-
relation relationship between the amygdala and infralimbic
cortex, a well-characterized frontolimbic circuit involved in
the regulation of emotion and affective behaviors. However,
the clear inverse cortico-cortical coupling between midline
cingulate/prefrontal structures and the lateral sensorimo-
tor/insula cortical network reported here has not previously
been described. The current article thus extends the evidence
for anti-correlated functional connectivity involving plausible
brain circuits in the rat brain. The anti-correlation relationship
reported here was most strongly observed and clearly identi-
fied in relation to the anterior secondary motor cortex seed.
Moreover, the lateral M2/S2/Ins network was relatively ho-
mogeneous—seeds in three locations throughout this net-
work resulted in very similar correlation maps. In contrast,
as previously characterized in detail (Schwarz et al., 2013),
the midline cingulate and prefrontal seeds revealed more het-
erogeneous correlation relationships within the larger hippo-
campal-prefrontal system.

Importantly, our anti-correlation relationships were ob-
served in the absence of global signal correction, suggesting
that the anti-correlations per se are not simply mathematical
artefacts of global signal removal, but a robust feature of
functional connectivity in the rat brain.. This is consistent
with recent advances in human rsfMRI, where the anti-corre-
lated signals originally detected after global signal correction
(Fox et al., 2005) have recently been confirmed in vivo without
this processing step (Chai et al., 2012, Whitfield-Gabrieli and
Nieto-Castanon, 2012), demonstrating that robust accounting
for possible physiological confounds recovers much of the
anti-correlation relationships observed with global signal cor-
rection without introducing mathematical confounds (Chang
and Glover, 2009; Murphy et al., 2009). The human anti-
correlation signature is also supported by electrophysiological
evidence that BOLD anti-correlations are closely coupled to
anti-correlated gamma band oscillations (Keller et al., 2013).

In the present study, we found largely convergent correla-
tion and anti-correlation relationships when the additional
global signal regression step was applied to the data. Correla-
tions within the lateral secondary cortical network were un-
changed, and anti-correlations between the two networks

FIG. 3. ROI-ROI correlation relationships within and be-
tween networks. The addition of global signal correction
(black bars) reduces the correlations between the midline
ROIs but does not substantially alter most correlations within
the lateral network nor the anti-correlations between net-
works. Circles denote correlations that are significantly differ-
ent from zero at the group level (op < 0.05; oop < 0.01;
ooop < 0.001; only those surviving false discovery rate correc-
tion at q = 0.05 are shown). Asterisks denote significant differ-
ences between results with and without global signal removal
(*p < 0.05; **p < 0.01; ***p < 0.001; only those surviving false
discovery rate correction at q = 0.05 are shown). ROI, regions
of interest.
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were similar or slightly stronger. However, correlations
within the midline PFC network became more focal after
global signal removal, and significantly reduced in the
ROI-ROI analysis. This was especially the case for the cor-
relation between the seed in the retrosplenial cortex and
that in the anterior prelimbic cortex, which were no longer
correlated after global signal correction (r = 0.02 vs.
r = 0.19). This provides further evidence of the existence
of a nontrivial connectivity structure within the midline
‘‘DMN-like’’ network in the rat brain, and warrants further
investigation. Although functional connectivity maps asso-
ciated with these seeds were previously shown to closely
mirror known anatomical connectivity within the hippo-
campal–prefrontal system (Schwarz et al., 2013), potential
methodological factors that might preferentially impact
this network should be explored. These include potential
contamination from signals in the sagittal sinus vein and
signal intensity inhomogeneities arising from the use of a
surface coil for signal reception.

This article extends the parallels between rat and human
rsfMRI findings, replicating in the rat one of the cardinal
features of human functional connectivity—the existence of
anti-correlated cortical networks—with striking anatomical ho-
mology. The extent to which these networks have ‘‘task-
positive’’ and ‘‘task-negative’’ behavior in the rat brain, as estab-
lished in humans, remains unresolved but may be tractable via
studies using probe-based or tethered measurements of brain
function in the awake, behaving state (Lowry et al., 2010;
Schiffer et al., 2007).

Conclusions

We demonstrated the existence of a lateral cortical net-
work of low-frequency BOLD oscillations in the rat brain,
extending from anterior secondary sensorimotor regions to
the insular cortex, anti-correlated with the midline cingu-
late/prefrontal network in the rat. This replicates one of the
cardinal features of human functional connectivity, and dem-
onstrates a strong anatomical homology with the anterior
components of the human ‘‘task-positive’’ network, including
consistent involvement of frontal eye field and lateral senso-
rimotor cortical regions across species. These relationships
were observed after RETROICOR-type postprocessing and
corroborated after global signal removal, suggesting that
they are a robust feature of rat brain functional organization
and further the extent to which connectivity features ob-
served in primates have been demonstrated to be preserved
in rodents. This supports the use of resting-state fMRI as a
translatable imaging method between rat models and hu-
mans.
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