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a b s t r a c t

Resting state functional magnetic resonance imaging (rsfMRI) has emerged as a versatile tool for non-
invasive measurement of functional connectivity patterns in the brain. RsfMRI brain dynamics in rodents,
non-human primates, and humans share similar properties; however, little is known about the resting
state functional connectivity patterns in the ferret, an animal model with high potential for develop-
mental and cognitive translational study. To address this knowledge-gap, we performed rsfMRI on an-
esthetized ferrets using a 9.4 T MRI scanner, and subsequently performed group-level independent
component analysis (gICA) to identify functionally connected brain networks. Group-level ICA analysis
revealed distributed sensory, motor, and higher-order networks in the ferret brain. Subsequent con-
nectivity analysis showed interconnected higher-order networks that constituted a putative default
mode network (DMN), a network that exhibits altered connectivity in neuropsychiatric disorders. Finally,
we assessed ferret brain topological efficiency using graph theory analysis and found that the ferret brain
exhibits small-world properties. Overall, these results provide additional evidence for pan-species
resting-state networks, further supporting ferret-based studies of sensory and cognitive function.

& 2016 Elsevier Inc. All rights reserved.
Introduction

Behavior and cognition are supported by the brain's intrinsic
anatomical and functional connectivity (i.e. correlated activity pat-
terns between distinct brain regions) (Fox et al., 2012; Brusa et al.,
2014; Zhou et al., 2016a). Resting state functional magnetic re-
sonance imaging (rsfMRI) has emerged as a powerful tool for
measuring functional connectivity non-invasively across species
(Biswal et al., 1995; Damoiseaux et al., 2006; Vincent et al., 2007;
Belcher et al., 2013; Mechling et al., 2014; Kyathanahally et al., 2015).
109F, Chapel Hill, NC 27599,

search Institute, Cedars-Sinai
.

Groups of functionally connected brain regions measured using
rsfMRI can be defined as networks that likely reflect the underlying
structural organization and communication in the brain (Greicius
et al., 2009; van den Heuvel and Hulshoff Pol, 2010). However,
functional connectivity within such resting state networks (RSNs) is
impaired in human psychiatric disorders such as schizophrenia,
Alzheimer's disease, and autism spectrum disorders (Liu et al., 2008;
Minshew and Keller, 2010; Sanz-Arigita et al., 2010; Zhang et al.,
2011; Karbasforoushan and Woodward, 2012; Spetsieris et al., 2015;
Wang et al., 2015). In particular, the default mode network (DMN),
which is composed of hubs in the parietal and medial prefrontal
cortices, exhibits elevated activity in neurotypical participants at
rest, while the aforementioned disorders show either hypo- or hy-
perconnected DMNs (Raichle et al., 2001; Greicius et al., 2004;
Minshew and Keller, 2010; Sheline et al., 2010; Wang et al., 2015).
Resting state studies using graph theory analysis, a set of techniques
that assesses information transfer among distributed brain regions,
have suggested that human and animal brains exhibit small-world
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Nomenclature

18 area 18
19 area 19
20 area 20
20a area 20a
20b area 20b
21 area 21
A amygdala
A1 primary auditory cortex
AAF anterior auditory field
ac anterior commissure
ADF anterior dorsal field
AEG anterior ectosylvian gyrus
ALLS anteriolateral lateral suprasylvian cortex
AMLS anterior medial lateral suprasylvian cortex
AON anterior olfactory nucleus
AP pretectal area
ASG anterior sigmoid gyrus
AVF anterior ventral field
cc corpus callosum
Cb cerebellum
CG cingulate gyrus
CL claustrum
CNG coronal gyrus
dPFC dorsal prefrontal cortex
f fornix
Ent entorhinal cortex
Hip hippocampus
Hy hypothalamus
IC inferior colliculus
LG lateral gyrus
LGN lateral geniculate nucleus
LRSS lateral bank of rostral suprasylvian sulcus
mPFC medial prefrontal cortex
M1 primary motor cortex
MEG medial ectosylvian gyrus
MGN medial geniculate nucleus

MRSS medial bank of rostral suprasylvian sulcus
NC caudate nucleus
OB olfactory bulb
och optic chiasm
OBG orbital gyrus, orbital cortex
opt optic tract
PAG periaqueductal grey
PEG posterior ectosylvian gyrus
Pir piriform cortex
PL prelimbic cortex
PM premotor cortex
PN pontine nuclei
PPc posterior parietal cortex, caudal part
PPF posterior pseudosylvian field
PPr posterior parietal cortex, rostral part
PRG proreal gyrus
proCNG CNG-like cortex bordering CNG rostrally
proPPF PPF-like cortex bordering PPF rostrally
proPSG PSG-like cortex bordering PSG rostrally
PSC postsplenial cortex
PSSC pseudosylvian sulcal cortex
PSF posterior suprasylvian field
PSG posterior sigmoid gyrus
RN red nucleus
RSG retrosplenial cortex
S1 primary somatosensory cortex
S2 secondary somatosensory cortex
S3 tertiary somatosensory cortex
SC superior colliculus
S septal nuclei
SN substantia nigra
SSG suprasylvian gyrus
SSy suprasylvian cortex
Tha thalamus
Tu olfactory tubercle
VP ventroposterior field
vPEG ventral PEG
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network topology (Watts and Strogatz, 1998; Achard et al., 2006;
Bullmore and Sporns, 2012). This network attribute characterizes
optimized trade-off between cost-efficient wiring and network re-
silience, and has shown to be altered in neuropsychiatric disorders
(Liu et al., 2008; Zhang et al., 2011; Zhao et al., 2012).

Animal models bridge the gap between human psychiatric dis-
orders and their underlying mechanisms. However, the study of
these underlying mechanisms relies on accurate comparisons be-
tween animal model and human brain dynamics. Therefore, it is
important to identify RSNs and their impairments across all
research models. The ferret has a rich history of developmental
research due to its early post-natal (P) ages corresponding to 25
weeks of gestation in the human (Barnette et al., 2009), as well as its
short gestation time of �42 days. Importantly, the ferret is born
lissencephalic and the brain begins cortical folding (gyrification) at
P10 (Sawada and Watanabe, 2012), allowing for translational study
of early brain insults and impairments (Empie et al., 2015; Kou et al.,
2015). Due to its well-developed sensory and higher-order brain
structures, the ferret can be a useful model for studying sensory and
cognitive impairments across a broad range of developmental time
points (Basole et al., 2003; Fritz et al., 2010; Foxworthy et al., 2013a;
Atiani et al., 2014). A map of neurotypical functional connectivity
patterns would serve as a framework for translational studies in the
ferret. Despite studies exploring the structure and function of
individual brain regions, such large-scale brain network topology in
the ferret has yet to be examined (Manger et al., 2002; Basole et al.,
2003; Bizley and King, 2009; Fritz et al., 2010; Sellers et al., 2013;
Bizley et al., 2015; Yu et al., 2015; Zhou et al., 2016b).

Here, we aimed to identify sensory and default mode RSNs in the
ferret. We hypothesized that the ferret brain would exhibit RSNs
comparable to those found in humans and non-human primates. To
do this, we performed group-level independent component analysis
(gICA), a data-driven approach to identify spatially independent
functional networks, on anesthetized ferret resting state scans. Re-
gions of interest composing the gICA functional networks were then
compared to histological sections for identification of anatomical
brain regions. Network connectivity measured by correlation ana-
lysis further validated within-network connectivity, and revealed
the presence of interconnected somato-motor and putative default
mode networks. We subsequently used graph theory analyses to
demonstrate that the ferret brain network topology resembles that
of a small-world network. As a whole, these findings add to the
wealth of studies arguing for homologous cross-species RSNs
(Vincent et al., 2007; Lu et al., 2012; Belcher et al., 2013; Hutchison
et al., 2013; Mechling et al., 2014; Miranda-Dominguez et al., 2014;
Sforazzini et al., 2014; Barks et al., 2015; Kyathanahally et al., 2015;
Liang et al., 2015; Pan et al., 2015), and support the notion that
ferrets are a robust animal model for translational research.
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Materials and methods

Subjects

A total of six adult (16–19 weeks old) female ferrets (weighing
0.7 to 1 kg, group housed in a 12 h light/ 12 h dark cycle; Marshall
BioResources, North Rose, NY) were included in this study. All
animal procedures were performed in compliance with the Na-
tional Institutes of Health guide for the care and use of laboratory
animals (NIH Publications no. 8023, revised 1978), and approved
by the Institutional Animal Care and Use Committee of the Uni-
versity of North Carolina at Chapel Hill and the United States De-
partment of Agriculture (USDA Animal Welfare).

Animal preparation

Ferrets were initially anesthetized with intramuscular injection
of ketamine/xylazine (30 mg/kg of ketamine, 1–2 mg/kg of xylazine)
for subsequent intubation and setting of an intravenous (IV) line in
the right saphenous vein. To control for the variability in eyelid
position after anesthesia induction, the skin above and below the
eyes were sutured individually such that the eyelids remained open
throughout the scans. Lights within the scanner room were turned
off for the duration of the experiment. The animal was then moved
and placed into a custom-made, MRI-compatible stereotaxic holder.
The holder was lined with a heating pad to maintain the rectal
temperature of the animal at 38–39 °C. Animals were stabilized
using custom ferret-compatible ear-bars and a tooth-bar. Animals
were mechanically ventilated through an MRI compatible ventilator
(0.5–0.75% isoflurane, 8–10cc, 50 bpm, medical grade air) and ad-
ministered 5% dextrose lactated ringer's (4.264 mL/hr), xylazine
(1.5 mg/kg/hr), and vecuronium bromide paralytic (0.0769 mg/kg/
hr) via IV. The end-tidal CO2 (EtCO2; maintained around 3%), oxygen
saturation, heart rate (estimated through the pulse oximeter), and
rectal temperature were closely monitored throughout the proce-
dure to ensure a stable plane of anesthesia. EtCO2 values from this
system were previously calibrated against invasive sampling of ar-
terial blood gas in rats, reflecting a pCO2 level of �35 mmHg (Shih
et al., 2012, 2013). Paralube and saline drops were applied to protect
the eyes.

fMRI protocol

All data were acquired in a Bruker 9.4 T scanner (Bruker AVANCE,
Billerica, MA). A 72 mm volume coil and four-channel phased array
coil were used for excitation and signal reception, respectively.
Anatomical images were acquired with the following Rapid Acqui-
sition with Relaxation Enhancement (RARE) sequence: repetition
time (TR)¼3500 ms, echo time (TE)¼35 ms, RARE factor¼8, matrix
size¼280�280, FOV¼2.8 � 2.8 cm2, slice thickness¼1 mm.
Blood-oxygenation level dependent (BOLD) functional resting state
scans were acquired with the following gradient-echo planar ima-
ging (EPI) sequence: TR¼2000 ms, TE¼13 ms, matrix¼80�80,
field of view (FOV)¼2.8�2.8 cm2, slice thickness¼1 mm. For both
anatomical and functional scans, 24 adjacent slices were acquired
with the same geometric positioning. Ten-minute resting state
scans were acquired for all animals; for two animals, two additional
resting state scans were acquired.

MR data pre-processing

Images were preprocessed using the Analysis of Functional
NeuroImages software suite (AFNI v2011-12-21-1014, Bethesda,
MD) and FMRIB's Software Libraries (FSL v5.0, University of Ox-
ford, Oxford, UK). Briefly, the anatomical data workflow included
removal of non-brain tissue (skull-stripping) and tissue
segmentation. The anatomical data were skull-striped auto-
matically (AFNI 3dautomask) and then hand-corrected for errors
on a case-by-case basis. Tissue segmentation (FSL fast) was per-
formed on the skull-stripped datasets to produce volumes re-
presenting cerebral spinal fluid (CSF) and white-matter (WM) for
nuisance signal regression.

The functional data workflow included discarding volumes
collected during scanner disequilibrium, slice-timing correction,
motion correction, alignment to a pre-existing high-resolution T2-
weighted template, spatial smoothing, band-pass filtering, and
orthogonalization of nuisance signals including motion-derived
parameters. Specifically, the first 10 volumes were excluded and
the remaining data underwent slice-timing correction (AFNI
3dTshift). Then, the data were motion corrected using the first
functional volume post-exclusion as the target image (AFNI
3dvolreg). Next, the data were smoothed (FWHM¼2.5 mm), fil-
tered (0.01–0.10 Hz), and effectively regressed of whole-brain,
white matter (WM), cerebral spinal fluid (CSF), and six motion
parameters corresponding to roll, pitch yaw, and displacement in
the superior, left, and posterior directions (AFNI function:
3dBandpass). Note, the inclusion of motion vector orthogonaliza-
tion was likely redundant given that the estimated motion in these
anesthetized animals was negligible (e.g. the derivative of all
motion parameterso0.001). Within-animal alignment was per-
formed via rigid body transformation of the functional data to the
anatomical images (AFNI 3dAllineate). Between-animal alignment
was performed by co-registering each animal's anatomical dataset
to a separate template via a combination of linear (AFNI 3dAl-
lineate) and non-linear (AFNI 3dQwarp) transformations. The re-
sult of each step in the pre-processing pipeline (tissue segmen-
tation, alignment, etc.) was visually inspected for quality
assurance.

Anatomical labeling

Brain structures of regions of interest in the 24 slices of the MR
scans were determined using the relevant plates of a ferret brain
atlas (included both histological and MRI structural sections of
separate animals; plates of a ferret atlas provided by author
Radtke-Schuller) as reference. Each in vivo MR slice (from the
resting state data) was related to the corresponding atlas in vivo
MRI image and histology section stained for cells (Nissl). The no-
menclature of anatomical structures used is based on so far pub-
lished data on the ferret and/or other carnivores (mainly cat and
dog). Nissl stained sections of the brain atlas series (50 mm thick
cryostat sections) referenced to the 24 MR slices of this study are
shown with the relevant anatomical and functional labels.

Connectivity analysis

Following preprocessing, rsfMRI connectivity analyses were
carried out using AFNI, FSL, and the Brain Connectivity Toolbox
(Rubinov and Sporns, 2010). First, RSNs were produced using a
data-driven gICA approach (FSL melodic). The number of in-
dependent components was set to 10. This number was chosen
based on the observation that in humans, about 10 RSN can be
consistently identified (Smith et al., 2009) and because we were
using pre-processed data; thus we expected a smaller number of
‘meaningful’ components. The IC maps were thresholded (voxel-
wise Z-scoreZ1.96, i.e. two standard deviations) using an alter-
native hypothesis test based on fitting a Gaussian/gamma mixture
model to the distribution of voxel intensities within spatial maps
(Beckmann and Smith, 2004; Beckmann et al., 2005). The IC maps
were then visually inspected and certain RSNs were selected for
further analyses. RSNs were selected based on the following cri-
teria, 1) consisted of relatively large continuous regions, 2) were
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largely bilateral, and/or 3) could be referred to anatomical land-
marks comparable to well-known structures in existing literature
of ferrets and other mammals. For identification of brain regions
within gICA connectivity maps, main foci were defined as regions
that exhibited high connectivity strength (labeled in yellow) and
satisfied the above criteria.

Ferret rsfMRI network connectivity properties were further
analyzed using a graph theory approach. Graph measures (GMs)
were computed using a graph representation of rsfMRI con-
nectivity measures. Regions-of-interest (ROIs), representing the
graph nodes, were defined within the pre-selected gICA networks
(N¼7). For each network, spherical ROIs (radius¼1 mm, spatially
non-overlapping) were defined as the top five local maxima (AFNI
3dExtrema, minimum distance¼3 mm) resulting in a semi-dense
(# of nodes¼35) coverage of the brain. The minimum distance
was based on a smoothness estimate from all animals ([X,Y,Z]¼
2.80, 2.96, 2.20 mm; AFNI 3dFWHMx). The strength of connection
between nodes was computed via temporal correlation analysis
using each ROI as a seed region (AFNI 3dNetCorr). Fisher-Z trans-
formed temporal correlation values, characterizing the connection
strength between each pair of ROIs, were generated for each ani-
mal and then used to calculate various GMs. Within (average
connectivity within a set of nodes) and between (average con-
nectivity between sets of nodes) were compared across animals
for each RSN. Within- and between-network connectivity was
statistically validated across animals using standard t-tests. Sig-
nificance was determined using a combined approach; Po0.05
(uncorrected) and μz-Corr.Z0.1. The small-world (SW) metric—a
common brain network signature across species—was also com-
puted. SW was computed using the clustering coefficient (CC; BCN
Toolbox function) and characteristic path length (PL; BCN Toolbox
function) and was determined by comparing the average CC and
PL of the actual data (CCA and PLA) against random (CCR and PLR)
permutations (BCN ToolBox function, n¼1000 permutations);

=⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦SW CC /CC / PL /PLA R A R

where values41 are indicative of a small world network. The SW
parameter was calculated using thresholded (Z-correlation40.1)
connectivity matrices. Distance measures (required for the PL
measure) were computed as one minus the temporal correlation
(i.e. high correlation values were represented by shorter dis-
tances). The ratio measures (log-transformed CC, PL, and SW) were
also compared across animals using t-tests (h0; log [XA/XR]¼0).
Results

Identification of resting state network (RSNs) in the ferret brain

We used gICA to derive RSNs in the ferret brain (Figs. 1–3). Pre-
processed BOLD rsfMRI data collected from lightly anesthetized
(0.5–0.75% isoflurane with xylazine, an anesthetic regimen studied
in previous ferret studies (Sellers et al., 2013,, 2015)) female ferrets
(N¼6) were used for the analysis. The components—or putative
networks—were visually inspected and those not meeting our
selection criteria (Fig. 3, N¼3 networks) were excluded and the
remaining networks (Figs. 1 and 2, N¼7 networks) were further
evaluated. These networks were topological consistent with RSNs
observed in other species, and included the motor/somatosensory
(#1 and #9), somatosensory (#2), auditory (#3), visual (#4) and
putative default mode (DMN) (#5 [anterior] & #6 [posterior])
networks. The functional (bolded) and anatomical structures that
exhibited high connectivity strengths (main foci) in each of these
networks are listed as follows:

The main connectivity foci of the motor/somatosensory
network (Fig. 1, IC[#1]) included primary motor cortex (M1) of
the posterior sigmoid gyrus (PSG), premotor cortex (PM) of
anterior sigmoid gyrus (ASG), primary somatosensory cortex (S1)
in posterior sigmoid gyrus (PSG) and coronal gyrus (CNG), higher
order somatosensory cortex namely the tertiary somatosensory
area (S3) of suprasylvian gyrus (SSG) and caudate nucleus (NC) of
the basal ganglia.

The second motor/somatosensory network (Fig. 1, IC[#9]) also
included the main foci primary motor cortex (M1) in PSG, pre-
motor cortex (PM) in ASG and higher order somatosensory
cortex namely tertiary somatosensory area (S3) in lateral gyrus
(LG), but the relative positions of these main foci were medial to
that of IC[#1], and the primary somatosensory cortex and caudate
nucleus were not included.

Main connectivity foci of the somatosensory network (Fig. 1, IC
[#2]) included primary somatosensory cortex (S1) of PSG and CNG,
higher order somatosensory cortex namely the tertiary somato-
sensory area (S3) of CNG,multisensory cortex in the medial bank of
rostral suprasylvian sulcus (MRSS) of CNG, rostral part of posterior
parietal cortex (PPr) of SSG and functionally unidentified cortex
rostrally adjacent to S1 in PSG, pro-PSG and CNG.

Main connectivity foci of the auditory network (Fig. 1, IC[#3])
included primary auditory cortex (A1) in medial ectosylvian
gyrus (MEG), secondary and higher order auditory cortex
namely the anterior auditory field (AAF) in MEG, the posterior
suprasylvian field (PSF) in posterior ectosylvian gyrus (PEG), the
posterior pseudosylvian field (PPF) and pro-PPF (the rostral border
region of PPF) of PEG, anterior ventral field (AVF) of the anterior
ectosylvian gyrus (AEG), anterior dorsal field (ADF) of AEG, ven-
troposterior field (VP) in PEG, multisensory cortex in the medial
bank of rostral suprasylvian sulcus (MRSS) of CNG, lateral bank of
rostral suprasylvian sulcus (LRSS) of AEG, pseudosylvian sulcal
cortex (PSSC) of AEG and PEG, higher order visual cortex in the
anteromedial lateral suprasylvian cortex (AMLS) of SSG and ante-
rolateral lateral suprasylvian cortex (ALLS) of MEG.

Main foci of the visual network (Fig. 1, IC[#4]) included primary
visual cortex (area 17), secondary and higher order visual cortex
namely area 18/19, area 21 of SSG, the anteromedial lateral su-
prasylvian cortex (AMLS) of SSG and anterolateral lateral supra-
sylvian cortex (ALLS) of MEG, the suprasylvian cortex (SSy), the
caudal part of posterior parietal cortex (PPc) of SSG and LG,
postsplenial cortex (PSC), functionally undefined cortex in ros-
tral ventral PEG (vPEG) and NC of the basal ganglia.

We labeled the network #5 (Fig. 2A, IC[#5]) as a putative
anterior default mode network as it was composed of main foci
in medial prefrontal cortex namely prelimbic cortex (PL), medial
dorsal prefrontal cortex (dPFC) in PRG and premotor cortex (PM)
in ASG.

Additionally network #6 (Fig. 2B, IC[#6]) was deemed a puta-
tive posterior default mode network as it composed of main foci
in posterior parietal cortex namely rostral posterior parietal
cortex (PPr) in SSG and LG, caudal posterior parietal cortex (PPc) in
SSG and LG, posterior cingulate cortex (CG), higher order so-
matosensory cortex tertiary somatosensory area (S3) in CNG,
multisensory cortex of the medial bank of rostral suprasylvian
sulcus (MRSS) in CNG and primary motor cortex (M1) in PSG.

Table 1 summarizes the location of each RSN in the corre-
sponding anatomical regions in the ferret brain where main foci
were defined as areas with strong correlation (labeled in yellow).
All labeled brain areas spanned at least two consecutive slices.

Anatomical labeling of RSN brain regions

Main foci structures of high connectivity within networks were
referenced to the relevant plates of a ferret brain histology atlas
(ferret atlas provided by author Radtke-Schuller). The sections of the
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histology atlas (Nissl-stained) were selected based on the corre-
sponding in vivo atlas MR slices. Therefore, the structural template
used for registering the resting state MR images was directly
comparable to the sections of the atlas (Fig. 4). The nomenclature of
anatomical structures used in the atlas was based on so far published
data on the ferret and/or other carnivores. We used the references in
the following paragraph to define brain regions within the gICA
networks.

To localize the ferret's somatosensory cortex we used the fol-
lowing references for S1: Leclerc et al. (1993); Rice et al. (1993);
McLaughlin et al. (1998); MRSS, LRSS: Keniston et al. (2009); S2,S3:
Foxworthy and Meredith (2011); Meredith and Allman (2015); for
posterior parietal cortex (PPr and PPc): Manger et al. (2002);
Foxworthy and Meredith (2011); Foxworthy et al. (2013b); for visual
cortex area 17: Rockland (1985); Henderson (1987); Law et al.
(1988); Innocenti et al. (2002) (also for areas 18, 19 and 21); area 20
(20a, 20b): Manger et al. (2004); SSy and other areas: Cantone et al.
(2005). The region of SSy has been renamed by several authors, for
example see Homman-Ludiye et al. (2010). For AMLS, ALLS we used
Manger et al. (2008); for auditory cortex (primary and higher order
cortex) we used Bizley et al. (2005); Bajo et al. (2007); Atiani et al.
(2014); for PSSC we used Ramsay and Meredith (2004). For frontal
cortex (dPFC, PM and CG; also for primary motor cortex) we refer-
enced Mustela and Cercoleptes (Brodmann, 1909), dog (Kreiner,
1961), ferret PFC (Duque and McCormick, 2010; Fritz et al., 2010)
studies; for PL (cat) (Room et al., 1985). For RSG and PSCwe referred
to the cat (Olson and Musil, 1992).

Quantification of within- and between-network connectivity

We noticed two interesting features in our dataset: first, gICA
analysis revealed two separate components embodying the anterior
and posterior DMNs. Previous studies have shown that the DMN is
composed of dissociate, yet interconnected subnetworks (Andrews-
Hanna et al., 2010; Lu et al., 2012; Kyathanahally et al., 2015). Sec-
ond, we found an abundance of motor and somatosensory related
gICA components, which seemed to be unique to our dataset. To
shed light on these two features and to further quantify the con-
nectivity patterns present within our dataset, we computed within-
and between-network connectivity using correlation analysis. The
ferret brain was subdivided into a set of non-overlapping nodes or
regions-of-interest (ROIs, Fig. 5A) using the included RSNs detailed
above (Fig. 1: IC's #1-4 & #9, and Fig. 2; IC's #5 & #6]). Temporal
correlation was used to define the strength of connection between
Fig. 1. Ferret gICA networks. IC[#1] Motor/somatosensory network identified from
the gICA analysis. Connectivity maps included primary motor cortex (M1 located
on the PSG), premotor cortex (PM on ASG), primary somatosensory cortex (S1
on PSG and CNG), higher order somatosensory cortex (tertiary somatosensory
area (S3 on SSG), and basal ganglia (caudate nucleus (NC)). Connectivity maps are
overlaid onto T2-anatomical images with red-yellow color encoding using a
1.96oZ-scoreo12 threshold (see colorbar); same conventions for ICs #2-4. IC[#2]
Somatosensory network identified from the gICA analysis. Connectivity maps in-
cluded the brain regions primary somatosensory cortex (S1 on PSG and CNG),
multisensory cortex (MRSS on medial bank of rostral suprasylvian sulcus), pos-
terior parietal cortex (PPr on SSG) and higher order somatosensory cortex
(tertiary somatosensory area (S3 on SSG), and functionally unidentified cortex
rostrally adjacent to S1 (on PSG, pro-PSG, and CNG). IC[#3] Auditory network
identified from the gICA analysis. Connectivity maps included all primary and
higher order auditory cortex fields, and adjacent multisensory and higher or-
der visual cortex fields (summarized, see List 1 for all included regions). IC[#4]
Visual network identified from the gICA analysis. Connectivity maps included the
brain regions primary visual cortex (area 17), secondary and higher order visual
cortex (area 18/19 on LG; area 21 on SSG; ALMS on SSG; ALLS on MEG; supra-
sylvian cortex (SSy), posterior parietal cortex (PPc on SSG and LG), postsplenial
cortex (PSC), functionally undefined cortex (presumed higher order auditory
cortex on vPEG) and basal ganglia (caudate nucleus (NC)). IC[#9] Motor/somato-
sensory network identified from the gICA analysis. Connectivity maps included the
brain regions primary motor cortex (M1 on PSG), premotor cortex (PM on ASG),
and higher order somatosensory cortex (tertiary somatosensory area (S3 on LG).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)



Fig. 2. Anterior and posterior default mode networks of the ferret brain. (A). Putative anterior default mode network (IC[#5]) identified from the gICA analysis. Connectivity
maps included the brain regions medial PFC, medial dPFC, and PM. Connectivity maps are overlaid onto T2-anatomical images with red-yellow color encoding using a
1.96oZ-scoreo12 threshold (see colorbar). (B). Putative posterior default mode network (IC[#6]) identified from the gICA analysis. Connectivity maps included the brain
regions posterior parietal cortex, posterior cingulate cortex, S3, MRSS and M1. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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nodes and the total pair-wise representation, or correlation matrix,
was used to compute graph measures. The mean Fisher's-Z trans-
formed correlation matrix (Fig. 5B) was typified by strong within
network connectivity (main diagonal) and moderate between net-
work connectivity. Within and between RSN connectivity was
quantified using the average correlation measures for each set of
nodes (Fig. 5C within-white and between-grey). All RSNs had sig-
nificant (Fig. 5C; * represents Po0.05 uncorrected, μZ-Correlation

Z0.10) within-network connectivity. Significant between-network
connectivity was also detected for a subset of networks including
somatosensory/motor (IC #1 and #2; P¼0.011), anterior DMN and
posterior DMN (IC #5 and #6; P¼0.015), and motor with both
anterior DMN (IC #9 and #5; P¼0.014) and posterior DMN (IC #9
and #6; P¼0.012).

Graph measures confirm “small-world” brain network topology in
ferrets

The human brain exhibits network properties that are char-
acterized by optimal spatial and metabolic efficiency for global and
local parallel information processing (Bullmore and Sporns, 2012;
Uehara et al., 2014). To determine if the ferret brain also displays this
economic network organization, we used graph theory to quantify
the efficiency of ferret brain connectivity. Overall brain network
architecture was assessed in each animal using the “small-world”
(SW) graph measure (Table 2), a metric based on the clustering
coefficient (CC) and characteristic path length (PL) of the actual data
versus random simulations (see methods for full details). Small-
world networks (SW41) are characterized by a short overall PL and
a high CC. The PL was similar between the actual and random data
however the CC was statistically different (P¼0.002) resulting in an
average SW significantly greater than 1 (P¼0.003). Taken together,
these results indicate that the functional connectivity patterns
within and between networks in the ferret brain are optimized for
efficient local and long-range communication.
Discussion

Due to the ability to acquire data from both animals and hu-
mans in the same manner, rsfMRI has emerged as a powerful
translational method for bridging preclinical and human studies.
In conjunction with data-driven gICA and graph theory analysis
methods, rsfMRI has proven to be a robust approach to identify
and characterize similar brain networks across species. Here we
report the presence of seven networks (two motor/somatosensory,
somatosensory, auditory, visual, anterior DMN, and posterior
DMN) in the ferret brain similar to those previously shown in



Fig. 3. Excluded gICA Networks. Group-level ICA components #7, 8, and 10 were excluded from further analysis upon failing the following criteria, components 1) consisted
of relatively large continuous regions with Z-Correlations41.96, 2) connectivity patterns were largely bilateral, and/or 3) could be referred to anatomical landmarks
comparable to well-known structures in existing literature of ferrets and other mammals. Connectivity maps are overlaid onto T2-anatomical images with red-yellow color
encoding using a 1.96oZ-scoreo12 threshold (see colorbar). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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human and animal data (Damoiseaux et al., 2006; Vincent et al.,
2007; Lu et al., 2012; Belcher et al., 2013; Mechling et al., 2014;
Stafford et al., 2014; Kyathanahally et al., 2015). We found inter-
connected motor and somatosensory networks, and inter-
connected DMN sub-networks using correlation analyses. We
further explored the network topology using graph theory analysis
and found that the ferret brain is economically organized in a
small-world manner. Together, our data supports the presence of
modular and stereotyped resting state networks, including a DMN,
conserved across species. Further, these results argue for the study
of the ferret as an animal model for translational research, and
provide a foundation for future ferret brain mapping.

Comparison to human and animal resting state literature

Previous resting state functional connectivity studies have re-
ported a breadth of canonical resting state networks stable across
species and sessions. Consistent with existing studies, we observed
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the presence of multiple sensory and motor networks (Damoiseaux
et al., 2006; Lu et al., 2012; Belcher et al., 2013). Fractionation of
sensory and motor networks is observed in human and non-human
primate literature (Damoiseaux et al., 2006; Belcher et al., 2013),
perhaps indicative of distinct primary and higher-order networks. We
found several somatosensory and motor networks similar to studies
in mice, rats, and non-human primates (Hutchison et al., 2010;
Belcher et al., 2013; Mechling et al., 2014; Gozzi and Schwarz, 2016);
however, we found a single network for the visual regions, con-
trasting the primary and higher-order separations seen in the afore-
mentioned studies. This may be explained by the limited coverage of
V1 in our scans (due to constrained field of view parameters), or that
the ferret visual system is integrated in its functional connectivity. The
fractionation of sensory areas may arise from a structural basis: for
example, S1, S2, and S3 of rats, ferrets, monkeys receive inputs from
distinct regions of thalamus (Friedman and Murray, 1986; Spreafico
et al., 1987; Foxworthy and Meredith, 2011). Thalamic subdivisions
Table 1
Main anatomical regions labeled in gICA maps. Anatomical regions that were la-
beled in the gICA connectivity maps are listed for each network. These main foci
structures were defined by areas with strong correlation (Z-scores labeled in yellow
in the gICA maps). All labeled brain areas spanned at least two consecutive slices.
Additional conventions and criteria for anatomical labeling can be found in the
methods. See List 1 for anatomical abbreviations.

Network # Main anatomical regions included in gICA networks

Network 1 M1, PM, S1, S3, NC
Network 2 S1, MRSS, PPr, S3
Network 3 A1, AAF, PPF/proPPF, PSF, AVF, ADF, PSSC, VP, MRSS, LRSS, AMLS,

ALLS
Network 4 Area 17, Area 18/19, Area, 21, PPc, SSy, AMLS, ALLS, PSC, vPEG, NC
Network 5 mPFC (PL), dPFC, PM
Network 6 PPr, PPc, CG, S3, MRSS, M1
Network 9 M1, PM, S3

Fig. 4. Nissl stain sections corresponding to MRI slices. Nissl stained sections of the ferre
Schuller) corresponding to the MR images from this study are shown with relevant ana
anatomical labels for orientation. The labeling of anatomical structures used in this atlas
cat and dog). Functional and structural nomenclatures are indicated on the left and rig
encode and relay unique information (Marlinski and McCrea, 2008),
and may synchronize with cortical subregions in different commu-
nication channels (ie. functional networks).

The DMN, which has been extensively characterized in several
other animals and the human, is of particular interest due to its
involvement in states of self-reference and rest and its relevance to
mental disorders (Raichle and Snyder, 2007; Buckner et al., 2008;
Raichle, 2015). Human and non-human primate studies con-
sistently show that the DMN is comprised of the medial PFC,
posterior cingulate cortex (PCC), inferior parietal cortex, lateral
temporal cortex, and the hippocampus (Damoiseaux et al., 2006;
Buckner et al., 2008). Similar connectivity patterns have been
observed in animal studies with medial PFC and PCC showing up
the most consistently in the reported DMNs (Vincent et al., 2007;
Andrews-Hanna et al., 2010; Lu et al., 2012). We found in the ferret
a putative anterior DMN that included the medial and dorsal PFC,
and a posterior DMN that included the posterior cingulate and
posterior parietal cortex. Key differences between the ferret and
rodent DMNs lie in the presence of the orbitofrontal cortex and
hippocampus (Lu et al., 2012; Sforazzini et al., 2014; Zerbi et al.,
2015). The orbitofrontal cortex is present in the DMN of both ro-
dents but not the ferret, and the hippocampus is present in the rat,
but not the ferret and mouse. The absence of orbitofrontal cortex
in the ferret DMN may not be a surprising observation as it seems
to form its own network in higher order animals (Belcher et al.,
2013), and occupies a functional role in reward-related behavior
rather than rest and quiescence (Kringelbach, 2005). Despite these
differences, our results overall support the presence of defined and
consistent resting state networks, invariant of animal species.

While there is evidence that anesthesia alters the dynamic
properties of functional connectivity (Barttfeld et al., 2015; Liang
et al., 2015), resting state networks persist during anesthesia, al-
beit slightly diminished in connectivity magnitude (Vincent et al.,
2007; Hutchison et al., 2013). Signatures of functional networks in
awake states, such as anatomically-confined and bilateral
t brain atlas (50 mm thick cryostat sections; ferret atlas provided by author Radtke-
tomical and functional labels for the main foci found in the gICA maps and further
was based on currently published data on the ferret and/or other carnivores (mainly
ht hemisphere, respectively.



Fig. 5. Within- and between-network connectivity analysis. (A). Seeds for connectivity analysis. To compute within- and between-network connectivity, five spherical
(radius of 1 mm) regions-of-interest (ROIs) were identified for each network. These ROIs were centered at the top five local maxima of the correlation map (minimum
distance between each maxima was 3 mm), and served as representative samples of each network. Average BOLD time-series were extracted from each of the ROIs for
subsequent correlation analysis. (B). Mean connectivity matrix. Group-level connectivity matrix of the average pair-wise correlations between the generated ROIs. Cells along
the diagonal represent within-network connections and those that are off the diagonal represent between-network connections. Z-correlation strengths from 0 to 1 are
represented by colors ranging from black to red to white (see colorbar). (C). Quantification of within- and between-network connectivity. To quantify the degree of within-
and between-network connectivity, ROI correlation values were averaged across pairs for each network. Each bar graph represents mean correlation values relative to a
particular network. White bars signify average correlation values for ROI pairs within the network and gray bars signify average correlation values for pairs where native ROIs
were connected to ROIs in outside networks. *Po0.05 (uncorrected) and μZ-Corr.Z0.1. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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connectivity patterns, remain prominent under low levels of iso-
flurane anesthesia (Grandjean et al., 2014). Nevertheless, the use of
anesthesia is a potential confound and limitation for our study
(Sellers et al., 2013, 2015).

The functionally connected brain regions that comprised the
gICA network maps ultimately depend on the analysis method and
the level of thresholding applied to the dataset (Hutchison et al.,
2013). We opted for a conservative approach to identify brain re-
gions that contribute to the gICA networks. Brain regions were
defined by areas in the gICA connectivity map that passed the
criteria of 1) Z-Correlations41.96, 2) strong, contiguous correla-
tion values, and 3) labels spanning at least two consecutive slices.
Using these criteria, we identified functional network maps that
were both anatomically relevant and stringently defined.
Significance of the ferret DMN

Several studies have reported that the DMN exhibits modular or-
ganization; in other words, the DMN is composed of sub-networks
centered on key hubs. Comparative anatomy in monkeys and humans
suggests that the medial PFC and PCC serve as hubs due to their rich
connectivity patterns with other association areas that are also pre-
sent in the DMN (Buckner et al., 2008). Indeed, we found two distinct
interconnected networks that contained the PFC and PCC, suggesting
that ferrets possess a subset of resting state networks that resemble
the DMN in higher-order animals.

Lu and colleagues highlighted that the rat DMN runs along the
length of the midline from medial PFC to the PCC, as opposed to a
focal localization in the monkey (Lu et al., 2012). Taking into ac-
count the motor sub-network connected with the DMN, we



Table 2
Consistent small-world network properties across animals. The small-world (SW)
metric was calculated as a ratio of the relative clustering coefficient (CC) to the
relative characteristic path length (PL). Relative CC and PL were calculated as a ratio
of the average values from the actual data (A) to that of randomly generated per-
mutations (R). As small-world networks exhibit higher local clustering and similar
path lengths compared to random networks, we would expect CC41 and PL¼1. A
SW value significantly greater than 1 indicates that the network exhibited small-
world properties. μ¼mean, SE¼Standard Error.

Animal CCA CCR CCA
CCR

PLA PLR PLA
PLR

SW [ ]
[ ]
CCA /CCR
PLA /PLR

1 0.123 0.101 1.221 0.853 0.841 1.013 1.206
2 0.063 0.049 1.281 0.891 0.888 1.003 1.277
3 0.094 0.069 1.365 0.889 0.887 1.002 1.362
4 0.055 0.047 1.161 0.912 0.912 1.000 1.161
5 0.129 0.106 1.213 0.843 0.825 1.021 1.187
6 0.120 0.075 1.596 0.884 0.881 1.004 1.590
μ 0.097 0.075 1.306 0.879 0.872 1.007 1.297
SE 0.013 0.010 0.065 0.011 0.013 0.003 0.066
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observed a similar pattern of posterior to anterior spread. Cat PCC
receives input from higher-order sensory and premotor areas
(Olson and Musil, 1992), and is active during visually-guided eye
movements (Olson and Musil, 1992; Vogt and Gabriel, 1993). Given
that cats and ferrets are both in the order Carnivora, it may be
possible that PCC of both species share similarities in connectivity,
explaining the inclusion of the midline motor regions in ferret
DMN. The conclusions we are able to draw regarding the re-
lationship between structural and functional connectivity are re-
stricted by the limited number of ferret brain anatomical, and
especially connectivity, studies. Future work may address this gap
in the literature using diffusion tensor imaging and tract tracing.

While the functional relevance of the DMN in animals is de-
bated, some studies shed light on how such a network could be
important in animal behavior. One study showed that the homo-
logous DMN in chimpanzees is most active at rest, moderately
active during social tasks, and minimally active during non-social
tasks (Barks et al., 2015). Additionally, the DMN sub-network
centered on the posterior cingulate and mPFC is active during self-
relevant affective cognition (Andrews-Hanna et al., 2010). Social
behavior is evolutionarily conserved across animals and is bene-
ficial to species survival. It may be possible that collective DMN
brain activity relates to social, affective cognition known to be
present in rodents, non-human primates, and potentially ferrets
(Poole, 1978; Trezza et al., 2011; Gunaydin et al., 2014; Harris,
2015). Given these previous findings, the DMN poses as a prime
target for the study of brain pathologies and impairments in these
functional domains. Although our study lacked targeted manip-
ulation of the resting state networks, such perturbation would be
the logical progression for future translational studies.

Small-world network properties of the ferret brain

This modular organization of the DMN and, more broadly,
complex networks subserves efficiency and optimization of in-
formation transfer across brain regions. Highly complex natural
networks that require a balance between metabolic cost and in-
formation processing capacity exhibit a large degree of local
clustering and few random, long-range connections (Watts and
Strogatz, 1998; Achard et al., 2006; Bullmore and Sporns, 2012).
Such organization facilitates specialization within local nodes, as
well as efficient parallel processing of distributed sub-networks.
Several studies have utilized graph theory metrics, such as small-
world and rich-club properties, to show that human and animal
brain networks exhibit pronounced local clustering with sparse
long-range connections (Hosseini and Kesler, 2013; Baliki et al.,
2014; Collin et al., 2014; Miranda-Dominguez et al., 2014). We
used the small-world graph theory metric to similarly measure
how efficiently the ferret brain is connected. We found that, con-
sistent across all recorded animals, the ferret brain network ex-
hibits small world properties of high clustering coefficients. The
characteristic path length was longer than expected of a small
world network; however, recent studies have shown that path
length increases with loss of consciousness (Monti et al., 2013;
Uehara et al., 2014). As a whole, these data concur with previous
reports of small-world characteristics of human and animal resting
state networks. Our results add to the growing evidence that op-
timal brain metabolism and information processing benefit from
highly-connected, specialized local nodes and distributed long-
range wiring patterns.

Importance of ferret brain research

Systems neuroscience has experienced a dramatic shift away
from using a broad set of model species towards the almost ex-
clusive use of mice due to the availability of genetic tools. More
recent developments in the realm of genetic engineering are now
enabling a reconsideration of model species beyond the mouse. As
a result, the interest in intermediate model species such as the
ferret is undergoing a resurgence. For example, recent research has
made considerable headway in mapping distinct anatomical and
functional regions of the ferret brain. In particular, the function of
the ferret visual and auditory cortices has been well characterized
(Basole et al., 2003; Li et al., 2008; Bizley and King, 2009; Bizley
et al., 2015; Smith et al., 2015; Town et al., 2015; Roy et al., 2016).
There is substantial evidence for the sophistication of the ferret
visual system through development. Specifically, the development
of motion and orientation selectivity in the ferret visual cortex
depends on propagating population activity dynamics within sti-
mulus-selective columns (Li et al., 2008; Smith et al., 2015). These
stimulus-property-selective dominance columns, present in cats,
non-human primates, and humans, may play an expanded role in
downstream visual information processing. Studies in the ferret
auditory cortex have highlighted similarities between ferret and
human uni-modal and multi-modal auditory processing (Bizley
et al., 2012; Atiani et al., 2014; Town et al., 2015). As many neu-
ropsychiatric disorders involve multi-modal impairments in sen-
sory processing, the dissection of mechanisms underlying such
facilities is particularly important. Additionally, recent efforts have
been made to establish the role of frontal cortex regions in sensory
regulation (Fritz et al., 2010; Zhou et al., 2016b). Ferret frontal
cortex provides top-down sensory gating and stimulus selection in
both auditory and visual conditions, reminiscent of the regulatory
role of prefrontal cortex in monkeys and humans (Fuster, 2015).
Results in our study provide functional validation for the inter-
areal connections (overlapping sensory regions in networks 3 and
4) important for cross-modal cognitive processing, and may serve
as a foundation for exploring new circuits involved in such
processes.
Conclusion

In summary, we assessed whether the resting ferret brain ex-
hibits distinct, functionally connected networks similar to those
reported in humans and non-human primates. Indeed, we pro-
vided evidence for the presence of multiple, consistent sensory,
motor, and higher-order networks in the ferret brain. Importantly,
these results support the notion that resting state functional net-
works are conserved across species, and reflect the optimized
brain architecture that subserves demanding cognitive computa-
tions. Our data provide a foundation for modeling psychiatric
disorders through perturbation of intrinsic connectivity, and
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ultimately, the assessment of the mechanisms underlying these
disorders.
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