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Abstract

Insular cortex (INS) plays a critical role in pain processing and shows sex differences in functional
activation during noxious visceral stimulation. Less is known regarding functional interactions
within the INS and between this structure and other parts of the brain. Cerebral blood flow
mapping was performed using [14C]-iodoantipyrine perfusion autoradiography in male and female
rats during colorectal distension (CRD) or no distension (controls). Forty regions of interest
(ROIs) were defined anatomically to represent the granular, dysgranular, and agranular INS along
the anterior-posterior (A-P) axis. Inter-ROI correlation matrices were calculated for each group to
characterize intra-insular functional connectivity (FC). Results showed a clear FC segregation
within the INS into an anterior (rostral to bregma +2.4mm), a posterior (caudal to bregma -1.2
mm), and a mid INS subregion in between. Female controls showed higher FC density compared
to males. During CRD, intra-insular FC density decreased greatly in females, but only modestly in
males, with a loss of long-range connections between the anterior and mid INS noted in both
sexes. New functional organization was characterized in both sexes by a cluster in the mid INS and
primarily short-range FC along the A-P axis. Seed correlation analysis during CRD showed sex
differences in FC of the anterior and mid agranular INS with the medial prefrontal cortex,
thalamus, and brainstem areas (periaqueductal gray, parabrachial nucleus), suggesting sex
differences in the modulatory aspect of visceral pain processing. Our findings suggest presence of
substantial sex differences in visceral pain processing at the level of the insula.
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1. Introduction

The insular cortex (INS) is generally considered a center for inter-oception, where
information arising from the viscera is processed and integrated with other sensory,
cognitive, and affective information (Craig, 2009). Clinical and basic research has
implicated the INS in an astonishingly broad range of functions, including pain, visceral
sensation, motor control, cognition, and emotion among others (Nieuwenhuys, 2012). This
diversity in INS function suggests heterogeneity in subregional and circuit-level organization
(Shura et al., 2014). Recently, meta-analysis of task-related activation in the INS and
functional connectivity (FC)-based cluster analysis of human resting-state functional
magnetic resonance imaging (rs-fMRI) data have shed new light on the functional
differentiation of the INS (Kurth et al., 2010; Cauda et al., 2011; Deen et al., 2011,
Cloutman et al., 2012; Chang et al., 2013; Uddin et al., 2014; Fan et al., 2016). While details
differ, these neuroimaging studies collectively suggest functional segregation along the
anterior-posterior (A-P) axis, and likely a dorsalventral subdivision in the anterior INS.
Differential structural and resting-state FC have also been reported for the anterior, mid, and
posterior insula with other pain-relevant brain regions in human (Wiech et al., 2014).

Much has been learned about the structure and function of the INS through investigation in
rodents. The INS, from its dorsal to ventral aspect, consists of cytoarchitectually distinct
granular (G), dysgranular (D), and agranular (A) zones, with the part of agranular INS
rostral to the bregma being further subdivided into a dorsal (Ad) and a ventral component
(Av) (Paxinos and Watson, 2005). In support of an integrative function of the INS, tract
tracing studies have shown afferent and efferent connections of the INS with broad areas of
the brain, including prefrontal, motor, sensory, and association cortical areas, as well as
limbic (amygdala, thalamus, subiculum), striatal, and brainstem areas (periaqueductal gray
[PAG], dorsal raphe, and parabrachial nucleus) (Shipley, 1982; Guldin and Markowitsch,
1983; Cechetto and Saper, 1987; Krushel and van der Kooy, 1988; Allen et al., 1991; Yasui
etal., 1991; Shi and Cassell, 1998b; Jasmin et al., 2004; Zingg et al., 2014). In contrast to
this well-established understanding of the INS neuroanatomy, functional segregation and
functional connectivity of the INS in association with different behavioral states remain
largely unknown. The present study begins to address this knowledge gap in a rat model
during exposure to noxious visceral stimulation.

The INS plays a critical role in visceral pain processing and shows sex differences in its
functional activation during noxious visceral stimulation in both humans (Berman et al.,
2000; Kern et al., 2001; Naliboff et al., 2003; Berman et al., 2006; Kano et al., 2013) and
rodents (Wang et al., 2009). Disease and sex-related alterations in insular reactivity and
resting-state FC, have been reported in chronic pain conditions, including irritable bowel
syndrome (IBS) (Maleki et al., 2012; Ichesco et al., 2014; Hong et al., 2016; Gupta et al.,
2017). Sex differences in circuit-level functional interactions, both within the INS and with
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other parts of the brain, are just beginning to be investigated (Hong et al., 2014; Dai et al.,
2018). To characterize sex differences in insular FC in rats during noxious visceral
stimulation, we applied new FC analysis to a published autoradiographic cerebral blood flow
(CBF, as a proxy measure for neuronal activity) mapping data set (Wang et al., 2008, 2009)
in which sex differences in brain responses to visceral pain were investigated using the
colorectal distension model (Ness and Gebhart, 1988). To our best knowledge, insular FC
has only been examined in resting-state in human fMRI studies, but not in acute state of
pain. And there has not been rodent neuroimaging report on insular FC. We aim to fill these
knowledge gaps. Understanding sex- and pain-related changes in insular FC in rodent model
is critical for bridging human and animal research, and for guiding future mechanistic
research in animals at molecular (neurochemistry) and cellular (tract tracing) level.

Results

Autoradiographic CBF mapping was performed in the CRD model of experimental visceral
pain in 4 groups of rats: male/control, male/distended, female/control, female/distended.

Regional CBF was quantified by autoradiography and analyzed in 3-dimensionally
reconstructed brains. Forty unilateral regions of interest (ROISs) in the INS were defined
manually in the left hemisphere of a template brain, to which all brains were spatially
normalized. One ROI was drawn for each cytoarchitectural INS zone on one coronal section
of the template with a 0.6 mm inter-section interval (Fig. 1). Each ROI label contained an
index number denoting its A-P location. Mean optical density of each ROl was extracted for
each animal.

2.1. Sex and CRD-related differences in intra-insular functional connectivity

Pearson’s correlation coefficients between pairs of ROIs were calculated across subjects
within each group to construct intra-INS correlation matrices. Controls showed strong intra-
insular FC with females showing higher density (the number of connections as a proportion
of the maximum possible number of connections) at 0.34 compared to males at 0.15 (Fig.
2A, B). Clear functional segregation was seen along the A-P axis, with the demarcation of a
distinct posterior insular subregion caudal to bregma —1.2 mm (approximate border between
index #9 and #10). Females showed significantly more FC anterior to the division, whereas
males showed significantly more FC in the posterior INS (Fig. S4A, Fisher’s Z transform, P
< 0.05). During CRD, intra-insular FC density was 0.13 in females (=6 2 % compared to
controls) and 0.14 in males (=7 % compared to controls) (Fig. 2C, D). New functional
segregation appeared along the A-P axis between bregma + 2.7 mm (index #3) and +2.1 mm
(index #4) (approximate border at bregma + 2.4 mm). These segregations observed in the
control and distended groups divided the INS into an anterior (rostral to bregma +2.4 mm), a
mid (between bregma +2.4 and —1.2 mm), and a posterior subregion (caudal to bregma -1.2
mm). Compared to controls, distension caused statistically significant loss of connection
within the anterior and mid INS in females (Fig. S4C), but not in males (Fig. S4D). In fact,
distension in males resulted in no substantial change in connectivity density withinany
insular subregions, whereas females were unaffected only for the FC within the posterior
INS. In both sexes, distension resulted in sharp decreases in connectivity density between
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the anterior and mid INS, but small increases in connections between the posterior INS and
the other subregions. Next, we calculated the length of functional connections along the A-P
axis between any two ROIs as the difference in index number (e.g. the length of D3 <> Ad7
is 4; the length of G3 <> Av3 is 0.). This revealed that in females, CRD resulted in a 50%
decrease in short-range FC (length < 2) and an 84% decrease in long-range FC (length = 3).
In males, CRD caused a 21% /ncrease in short-range FC and a 78% decrease in long-range
FC. The loss of long-range FC was primarily between the anterior and mid INS in both
sexes. In the distended groups, there was a persistence of an inter-connected cluster in the
mid INS and primarily short-range FC along the A-P axis (significant correlations near the
upper-left to lower-right diagonal line in Fig. 2).

Degree analysis identified network hubs, which are marked with symbol ‘x” in the schematic
INS flat map (Fig. 3). While network hubs were found in both the anterior and mid INS in
the control groups, most hubs fell in the mid INS in the distended groups, with a
predominance of ventral agranular ROIs in the mid INS emerging as hubs in the female

group.

Cytoarchitectural zone-specific FC in the insula was further examined in Fig. 4. This showed
the connectivity density in female/control animals to be higher than in male/control animals
for all connections within and between insular zones. CRD-induced FC loss was substantial
in females, particularly of the granular zone, G-A (-87%), G-D (-82%), D-D (-72%), G-G
(-70%), D-A (-55%), and A-A (-29%). CRD-induced FC changes in males were more
modest, showing decreases in G-D (-38%), D-D (—36%), and G-A (-29%), no change in G-
G, and increases in A-A (+12%) and D-A (+11%). This display clarifies that the CRD-
induced FC loss in females was near complete in the anterior INS, with residual connections
in the mid and posterior INS noted mostly for dysgranular and agranular ROIs. Fig. 4 also
highlights the loss of long-range FC in the distended groups (females, males) compared to
controls, with remaining FC predominantly being short-range and between neighboring
ROls.

2.2. Sex and CRD-related differences in whole-brain functional connectivity of the insular

cortex

Seed correlation analysis was done for every insular ROI in every group to assess whole-
brain level FC. The number of voxels across the whole brain (including the INS) showing
statistically significant correlation with the seed was counted as a proportion of the total
number of voxels in the template brain, and is summarized in Fig. 5. The female/control
group showed the highest level of whole-brain FC at 0.20 (mean of 40 ROIs), which was
reduced to 0.14 (-30%) in the female/distended group. In contrast, the average FC level in
the male/control and male/distended group was 0.12 and 0.14 (+17%), respectively. ROIs
with the highest level of whole-brain FC were noted in the mid INS in the females, and in
the anterior and mid INS in the males.
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2.3. Sex and CRD-related differences in insular functional connectivity with pain-related
brain regions

To evaluate region-specific FC of the INS across the whole brain, correlation matrices were
calculated between the 40 insular ROIs and 20 structural ROIs representing brain regions
implicated in pain processing with known structural connections with the INS (Fig. 6A, B,
D, E). Sex-related differences in FC were further analyzed and presented in Fig. 6C and F.

In the female/control group (Fig. 6A), the anterior and mid INS showed similar FC pattern:
positive FC with the infralimbic area of the medial prefrontal cortex and somatosensory
cortex (primary and secondary), and lateral hypothalamus. The posterior INS showed
positive FC with the amygdala (basomedial, basolateral, central, and lateral nuclei) through
agranular ROIs. In the male/control group (Fig. 6B), the anterior and mid INS showed
positive FC with the amygdala, thalamus (ventral posteromedial and ventral posterolateral
nuclei), nucleus accumbens, and parabrachial nucleus; and negative FC with the parvi-
cellular part of the ventral posterior nucleus of the thalamus. The mid INS was also
positively connected with somatosensory cortices. The posterior INS showed positive FC
with the cingulate and somatosensory cortices, amygdala (basomedial and central nuclei),
and thalamus (ventral posteromedial and ventral posterolateral nuclei); and negative FC with
lateral nucleus of the amygdala, mediodorsal nucleus of the thalamus, PAG, and dorsal
raphe. Statistically significant sex differences in the control groups were noted with the
insula’s FC with the cingulate and somatosensory cortices, amygdala (basolateral and lateral
nuclei), and brainstem areas (PAG, dorsal raphe, parabrachial nucleus) (Fig. 6C).

In the female/distended group (Fig. 6D), the anterior INS showed positive FC with the
lateral orbital (through Adl, Avl) and secondary somatosensory cortices, and nucleus
accumbens; and negative FC with the lateral orbital (through Ad3) and prelimbic cortices,
and ventral posteromedial thalamic nucleus. The mid INS showed positive FC with the
ventral orbital and secondary somatosensory cortices, central nucleus of the amygdala,
ventral posterolateral thalamic nucleus, and nucleus accumbens; and negative FC with the
prelimbic cortex, mediodorsal thalamic nucleus, and PAG. The posterior INS showed
positive FC with the ventral orbital cortex, ventral posterolateral thalamic nucleus; and
negative FC with the parvicellular part of the ventral posterior nucleus of the thalamus. In
the male/distended group (Fig. 6E), similar pattern of FC were noted along the A-P axis.
Positive FC was noted with the lateral orbital, ventral orbital, prelimbic, infralimbic, and
somatosensory cortices, as well as with the amygdala (basolateral and central nuclei), and
nucleus accumbens. Broad negative FC was noted with the thalamus and brainstem areas.
Compared to the female/distended group (Fig. 6F), statistically significant sex differences
were noted primarily in the anterior INS and the rostral part of mid INS in their FC with the
medial prefrontal (prelimbic, infralimbic) and lateral orbital cortices, thalamus, and
brainstem areas.

Fig. 7 highlights sex and CRD-related differences in insular FC withthe prelimbic area of the
prefrontal cortex. The strength of prelimbic FC with individual insular ROIs is color coded
in insular flat maps (Fig. 7, left column). CRD induced negative FC between the
anterior/mid INS and the prelimbic cortex in females, but positive FC in males.
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Representative seed correlation results using Ad4 as the seed further showed this striking sex
difference (Fig. 7, right column).

Fig. 6 also revealed a strong, positive functional connection between the mid INS and
ventral orbital cortex (VO) in the female/distended, but not other groups. Seed correlation
analysis using Ad7 as seed showed this highly specific functional interaction, as well as a
strong, negative connection with the periaqueductal gray (PAG) (Fig. S5 of the Supplemental
Material).

3. Discussion

We took a data-driven approach to investigate sex and visceral pain-related differences in the
INS functional connectivity. To our best knowledge, this is the first effort to systematically
map both internal and whole-brain FC of the INS in rodents at the mesoscopic level. Our
main findings are as follows. (1) Based on functional segregation of intra-insular FC along
the A-P axis, the INS could be subdivided into anterior, mid, and posterior subregions. (2)
Females compared to males showed greater density in both internal and whole-brain FC, and
greater loss of FC during visceral pain. (3) Visceral pain was associated with a loss of long-
range intra-insular connections, particularly between the anterior and mid INS, while the
remaining networks were characterized by predominantly short-range connections and mid
INS hubs. (4) During noxious visceral stimulation, the anterior and mid INS showed in
males significant positive FC with prefrontal cortical areas and broad negative FC with the
thalamus and brainstem, whereas in females they showed negative FC with prefrontal areas.

3.1. Three-compartment parcellation of the insula based on internal functional

connectivity

Based on FC segregation, we proposed to subdivide the INS into 3 subregions along the A-P
axis: an anterior (rostral to bregma + 2.4 mm), a posterior (caudal to bregma —1.2 mm), and
amid INS in between. No clear pattern of functional segregation was noted along the dorsal-
ventral axis across the groups. The mid INS contained an interconnected core that took a
central position in the insular network in all groups. Most network hubs belonged to the mid
INS. The posterior INS formed a less densely interconnected cluster which was largely
separated from the rest of the network in all groups. The anterior INS was more diverse in
FC and did not form consistent clusters across the groups.

Subdivision of the INS along the A-P axis has been an evolving issue. Based on
connectional and electrophysiological evidence, the INS has been subdivided by Cechetto
and Saper (1987) into an anterior (rostral to bregma + 2 mm) and a posterior part (from
bregma + 2 mm to bregma —2 mm). Based on patterns of cortical, thalamic, and amygdaloid
structural connections, Shi and Cassell extended the INS posteriorly beyond the caudal end
of the claustrum and subdivided the INS into three subregions: an anterior (rostral to bregma
+ 2 mm), a posterior (from bregma + 2 mm to bregma) and a “parietal insular” part (caudal
to bregma) (Shi and Cassell, 1998a,b). The FC-based, tripartite parcellation revealed by our
data is in general agreement with the latter anatomic parcellation.
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3.2. Sex-related differences in the intra-insular functional connectivity

Compared to the male controls, the female controls showed higher intra-insular FC density.
The anterior and mid INS were almost fully connected in the females, whereas the posterior
INS was almost fully connected in the males. Sex differences in the FC density in the control
condition may reflect sex differences in the underlying structural connectivity or in resting-
state network dynamics. In the distended groups, intra-insular FC density was similar
between females and males following a sharp drop in FC density in females. The drop in FC
density may reflect a shift of attention to the noxious visceral stimulation, while switching
off network activity noted in the animals at rest (Wang et al., 2012). Cytoarchitectural zone-
specific FC comparison (Fig. 4) showed more FC in the agranular zone, but less FC in the
dysgranular and granular zones in the female/distended group compared to the male/
distended group. These results suggest that in response to noxious visceral stimulation,
female rats compared to males may have greater recruitment of the circuit in the agranular
zone associated with emotional processing, and less recruitment of the granular zone, which
is concerned with visceral sensory processing (Allen et al., 1991; Shi and Cassell, 1998a,b).
It is recently reported that women showed higher interoceptive awareness than men
(Grabauskaite et al., 2017). Considering that the INS is an interoceptive center of the brain
and despite possible inter-species differences, it may be postulated that higher intra-insular
FC in the female compared to male controls reflect higher interoceptive processing and
awareness in female rats at rest. Further research is needed to better understand the
biological meaning of these sex differences.

3.3. Visceral pain-related differences in the intra-insular functional connectivity

Comparing the distended and control groups showed clear network reorganization due to
noxious visceral stimulation: (1) Long-range connections along the A-P axis between the
anterior and mid INS were diminished in the distended groups; (2) reorganized networks
preserved a mid INS cluster as the network core and featured predominately short-range
connections along the A-P axis; and (3) the posterior INS which was largely disconnected
from the rest of the INS in the control groups, was integrated into the INS network in the
distended groups. Tract tracing studies have documented extensive reciprocal connections
within the INS along both the A-P and the dorsalventral axis (Shi and Cassell, 1998a,b). In
our study, both male and female distended groups, demonstrated within-zone FC densities
that exceeded between-zone FC densities, i.e. functional connections along the A-P axis
exceeded those in the dorso-ventral axis. Much evidence exists in support of a posterior-to-
anterior flow of information in the human INS with three stages, arrival and processing of
interoceptive and other sensory information posteriorly (granular zone), integration with
inputs from other neural resources in the middle, and eventual instantiation of emotion and
cognition anteriorly (agranular zone) (Craig, 2010). The FC data presented here are
consistent with such a cascade of information flow along the A-P axis, although the
correlation-based analysis does not provide information about directionality.
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3.4. Sex and visceral pain-related differences in the whole-brain functional connectivity
of the insula

In the male/distended group, the anterior/mid INS showed positive connections with the
medial prefrontal cortex (including the prelimbic and infralimbic cortices), anterior cingulate
cortex (ACC or Cgl), lateral and ventral orbital cortices. In contrast, in the female/distended
group, the anterior/mid INS showed regative connections with the medial prefrontal cortex
and ACC, and positive connections with lateral and ventral orbital cortices. The prelimbic
area of medial prefrontal cortex in rodents has features of the dorsolateral prefrontal cortex
and perigenual ACC in primates (Preuss, 1995; Uylings et al., 2003; Vertes, 2006), while the
infralimbic cortex has features of infragenual ACC (Preuss, 1995). The prefrontal cortex and
ACC have been implicated in executive control (Dalley et al., 2004), as well as top-down
modulation of pain (Calejesan et al., 2000; Lorenz et al., 2003; Bushnell et al., 2013; Gu et
al., 2015; Kang et al., 2015; Wang et al., 2015). These data suggest important sex differences
in how the INS interacts with pre-frontal cortical regions, which may underlie sex
differences in the processing and modulation of pain and other emotions. In humans, there
have been only a few studies examining sex differences in the functional interactions
between the INS and these prefrontal regions. Based on resting-state FC analysis of fMRI
data, Hong et al. (2014) reported that the right dorsal anterior INS is positively connected to
the right medial prefrontal cortex in both male healthy controls and male IBS subjects, but
negatively connected in both female healthy controls and female I1BS subjects. Dai et al.
(2018) reported increased resting-state FC in male compared to female healthy subjects
between the left dorsal dysgranular INS and right rostral ACC. Although these sex
differences were noted in resting-state in humans, the noteworthy parallel with present
findings in rats during CRD suggests sex-dependent interaction of the INS with medial
prefrontal cortex across species.

Sex and CRD-related differences were also noted in other brain areas implicated in pain
processing and modulation, including the somatosensory cortex, amygdala, thalamus, and
brainstem. Our data suggest that in the control state, the INS in male rats interacted
extensively with relay regions of the ascending afferent input from the viscera (parabrachial
nucleus and thalamic nuclei), and regions concerned with emotional processing (amygdala)
and descending modulation (PAG). The INS in female rats primarily interacted with
somatosensory cortices.

In the distended groups, the INS demonstrated positive FC to the central amygdaloid nucleus
in both males and females, and to the basolateral amygdaloid nucleus in males. While males
and females had similar pattern in INS-thalamic, INS-brainstem FC, they differed in extent.
Males compared to females showed strikingly broader negative FC between all INS
subregions and the thalamus and brainstem. The INS in females showed negative FC with
limited areas of the thalamus (mediodorsal, ventral posteromedial nuclei, parvicellular part
of the ventral posterior thalamic nuclei) and brainstem (PAG, trend in parabrachial gray);
and positive FC with the ventral posterolateral thalamic nucleus. The deactivation and
negative cortical FC of thalamic nuclei and parabrachial nucleus may reflect cortical
inhibition of these relay centers for visceral input (Wang et al., 2008). The PAG is in general
implicated in descending pain inhibition, although it can also mediate pain facilitation
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(Vanegas and Schaible, 2004). Deactivation and negative cortical FC of the PAG may reflect
inactivation of the PAG-mediated descending pain modulation in this model of visceral pain.

3.5. Translational and other considerations

While general similarities in cytoarchitecture, structural connection, and function of the INS
exist across species, it is important to note that there are also major differences (Craig, 2009;
Butti and Hof, 2010; Nieuwenhuys, 2012). In primates, the INS consists of an anterior
agranular region, a posterior granular region, and a dysgranular region in between (Mesulam
and Mufson, 1982; Augustine, 1996). In rodents, the INS has a different orientation, with a
ventral agranular, a dorsal granular, and a dysgranular zone in between, while all zones
extend along the A-P axis (Cechetto and Saper, 1987; Shi and Cassell, 1998b). Important
differences between primates and rodents also exist in the organization of ascending
pathways from the spinal cord to the INS (Craig, 2002). The INS in humans and some other
mammals contains large, spindle-shaped von Economo neurons, which are not found in
rodents (Butti and Hof, 2010). Certain functions involving the INS in humans may be
substantially different or not applicable in rodents, such as self-awareness and language.
Therefore, caution needs to be taken when comparing human and rodent neuroimaging
findings concerning the INS.

We acknowledge some limitations of our study. Autoradiographic measures of brain FC
were obtained at a single time point. This approach differs from the intra-subject cross
correlation analysis often used on fMRI time series data (Pawela et al., 2008; Magnuson et
al., 2010; Liang et al., 2011). Caution needs to be taken comparing FC results between
different brain imaging modalities (FMRI, PET, EEG) and between different analytic
methods (Di and Biswal, 2012; Buckner et al., 2013; Hutchison et al., 2013; Scholvinck et
al., 2013; Wehrl et al., 2013). Different analytic tools have been adapted to allow the
determination of functional associations, either by examining the temporal aspects of time
series within subjects or, as in the current study, by modeling the system over an
experimental period across subjects (Stephan, 2004). While many regions exhibit congruent
effects under both analytic approaches (Honey et al., 2007), in some regions the two
analyses produce divergent results (Roberts et al., 2016). The advantages and limitations of
each analytic method, their applicability to studies of task activation or resting state, and
their interpretation with regards to neural activity, brain metabolism and cerebral structure
are issues of ongoing investigation (Handwerker et al., 2004; Buckner et al., 2013;
Hutchison et al., 2013). Compared to other rodent functional neuroimaging methods, the
autoradiographic perfusion method of brain mapping has a favorable combination of
features, including the ability to map brain activity in awake, nonrestrained animals (which
is particularly important for pain and other behavioral research in animals), high spatial
resolution (~ 0.1 mm), and good temporal resolution (~ 10 s).

We also acknowledge that insular FC was evaluated in only one type of pain state (CRD-
induced visceral pain). It would be important to examine insular FC during other types of
experiment pain, as well as in chronic pain models. To what extent changes in insular FC
mediate pain processing remain to be evaluated using known analgesics. It may be

postulated that certain aspect of insular FC reported here is independent of pain modality
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(considering the extensive neuroimaging evidence showing INS responses to different pain
modalities) and that there is modality-specific recruitment of the insular circuit during pain
processing.

3.6. Conclusions

Our functional connectivity analysis revealed important sex differences in internal and
whole-brain functional connectivity of the insular cortex at rest and during noxious visceral
stimulation, which may underlie sex differences in the affective/motivational and
modulatory aspect of visceral nociceptive processing. The results highlight an urgent need
for investigation of possible sex differences in structural connectivity of the insular cortex, as
well as for a better understanding of sex differences in the excitatory/inhibitory circuits
within the insula and across the pain circuit (e.g., Fernandez et al. (2015)). The mesoscopic
level functional connectivity analysis presented here offers a unique map that may be useful
for such investigation.

4. Experimental procedure

4.1. Functional brain mapping data

Data collection has been described in details previously (Wang et al., 2009). Adult, male and
female Wistar rats (3 months old, Harlan Inc., Indianapolis, IN, USA) were randomized
intofour groups: male/control (n = 12), male/distended (7= 12), female/control (n7= 10),
female/distended (n7 = 12). The rats were individually housed on a 12 h light/12 h dark cycle
with free access to water and rodent chow. The experiments were conducted under a
protocol approved by the Institutional Animal Care and Use Committee of the University of
Southern California and in accordance with ethical guidelines for investigations of
experimental pain in conscious animals provided by the International Association for the
Study of Pain. For radiotracer injection, the animals were cannulated through the right
external jugular vein 1 week before the CBF mapping experiments. To measure abdominal
electromyographic responses to CRD, electrodes were implanted in the left external oblique
musculature and connected to an infrascapular, subcutaneous telemetry transmitter
(TALO0ETA-F20, Data Sciences Intl., St. Paul, MN, USA). The animals were allowed to
recover for 7 days and were habituated to an inserted, uninflated colorectal balloon and an
experiment cage for 45 min per day for 3 days prior to CBF mapping. Under a 3 min
isoflurane sedation, a latex balloon (length = 6 cm) was inserted intra-anally such that its
caudal end was 1 cm proximal to the anus. A silicone tubing connecting the balloon and a
barostat (Distender Series 11, G&J Electronics, Toronto, Canada) was fixed to the base of the
tail with adhesive tape and covered by a protective stainless steel spring. The animals were
allowed to recover for 30 min in the experiment cage. At the end of the recovery period, a
piece of tubing filled with a radiotracer, [1*C]-iodoantipyrine (125 uCi/kg in 300 pL of 0.9%
saline, ARC, St. Louis, MO, USA) was connected to the animal’s cannula on one end, and
to a syringe filled with euthanasia agent (pentobarbital 75 mg/kg, 3 mol/L potassium
chloride) on the other. The unrestrained animal was allowed to rest for 5 min before
receiving a distension of 60-mmHg (distended group) or 0-mmHg (control group) with 60 s
duration. Thirty-five seconds after the onset of distension, the radiotracer was infused by a
motorized pump at 2.25mL/min, followed immediately by euthanasia, which resulted in

Brain Res. Author manuscript; available in PMC 2019 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

4.2.

Page 11

cardiac arrest within ~ 10 s, termination of brain perfusion, and death. This 10 s time
window provided the temporal resolution during which the distribution of regional CBF-
related tissue radioactivity was mapped. Brains were rapidly removed, flash frozen in
methylbutane on dry ice, and later cryosectioned into 20-um thick coronal slices (interslice
spacing 300 um). The slices were exposed for 2 weeks to Ektascan Diagnostic Film
(Eastman Kodak, Rochester, NY, USA), and autoradiographic images were digitized on an
8-bit gray scale.

Image preprocessing

Regional CBF was quantified by autoradiography and analyzed on a whole-brain basis using
statistical parametric mapping (SPM, version SPM5, Wellcome Centre for Neuroimaging,
University College London, London, UK) (Friston et al., 1990, 1991). For each animal, a 3-
dimensional brain was reconstructed using 57 serial coronal sections (voxel size: 40 x 40 x
300 um). Adjacent sections were aligned both manually and using TurboReg, an automated
pixel-based registration algorithm implemented in ImageJ (version 1.35) (Schneider et al.,
2012). One “artifact free” brain was selected as reference. All brains were spatially
normalized to the reference brain. Following spatial normalization, the normalized images
were averaged to create a final brain template. Each original brain was then spatially
normalized into the standard space defined by the template and smoothed with a Gaussian
kernel (FWHM = 3 x voxel dimension). Sex differences in visceromotor responses and
regional brain activation have been reported previously (Wang et al., 2008, 2009). The
present work is focused on FC analysis.

4.3. Region of interest definition and data extraction

4.4,

The FC analytic methods have been described previously (Wang et al., 2011, 2012;
Holschneider et al., 2014). Forty unilateral regions of interest (ROISs) in the INS were
defined manually in MRIcro (version 1.40. http://www.mccauslandcenter.sc.edu/crnl/tools)
(Rorden and Brett, 2000) in the left hemisphere of the template brain according to a rat brain
atlas (Paxinos and Watson, 2005) using the rhinal fissure and external capsule as primary
local landmarks. One ROI was drawn for each cytoarchitectural INS zone on one coronal
section of the template brain, with an inter-section interval of approximately 0.6 mm. All
cytoarchitectural zones were represented along the A-P axis, from bregma + 3.9 mm to
bregma —2.7 mm (Fig. 1). Each ROI label contained an index number denoting its A-P
location. Mean optical density of each ROI was extracted for each animal using the Marsbar
toolbox for SPM (version 0.42, http://marsbar.sourceforge.net/) (Brett et al., 2002). Analysis
was also performed using unilateral ROIs from the right hemisphere. While FC patterns
were qualitatively similar across hemisphere, we noted greater sex and CRD-related
differences in the left hemisphere compared to the right hemisphere (see Supplementary
Materials Figs. S1-S3). We have therefore focused our reporting on findings from left ROls
for simplicity purposes.

Intra-insular functional connectivity analysis

We applied inter-ROI correlation analysis to investigate FC. This is a well-established
method, which has been applied to analyze rodent brain mapping data of other modalities,
including autoradiographic deoxyglucose uptake (Soncrant et al., 1986; Barrett et al., 2003),
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cytochrome oxydase histochemistry (Fidalgo et al., 2011; Padilla et al., 2011), activity
regulated genes (c-fos) (Wheeler et al., 2013), and fMRI (Schwarz et al., 2007; Roberts et
al., 2016). In these studies, correlations are calculated in an inter-subject manner, i.e., across
subjects within a group. Perfusion mapping using autoradiographic methods presents a
‘snap-shot’ of brain activity at a single point in time, and thus, precludes analysis of the
dynamics of functional brain activation (see discussion below). Pearson’s correlation
coefficient between each pair of insular ROIs was calculated across subjects within each
group in Matlab (version 6.5.1, Mathworks, Inc., Natick, MA, USA) to construct correlation
matrices. The ROIs were arranged from anterior to posterior, and from dorsal to ventral at
each bregma level. Pearson’s coefficients were transformed into Z values using Fisher’s
transformation for statistical analysis. Correlation matrices were visualized as heatmaps in
Matlab. To control Type | error attributable to the large number of correlations computed, we
implemented a jackknife procedure following Barrett et al. (2003). For a group of 77 subjects,
niterations were performed in which one subject was dropped sequentially and the
correlation matrix was recalculated with the remaining (/7 - 1) subjects. A correlation was
considered statistically significant only if < 0.05 in all iterations. These correlation
matrices formed the basis for the following degree centrality analysis and cytoarchitectural
zone-specific FC analysis.

Degree centrality

In an intra-insular network, hubs are defined as ROIs that are central to the organization of
the network. To identify hubs, we calculated degree centrality, which is defined as the
number of statistically significant functional connections. Nodes with degrees ranked in the
top 20% are interpreted as hubs.

Cytoarchitectural zone-specific functional connectivity analysis

To characterize zone-specific FC in the insular network, we plotted within-zone (A-A,
agranular; D-D, dysgranular; G-G, granular) and between-zone (D-A, G-D, and G-A) FC
separately, and calculated zone specific FC densities.

Whole-brain level seed functional connectivity analysis

We applied seed correlation analysis in SPM to assess sex and CRD-related differences in
whole-brain FC of individual insular ROIs. Threshold for significance was set at £< 0.05 at
the voxel level and an extent threshold of 100 contiguous voxels.

Functional connectivity of the insular ROIs with pain-related regions

We have previously proposed to use structural connectivity information to constrain FC
analysis, thereby putting more emphasis on direct neural interactions (Wang et al., 2013). To
evaluate region-specific FC of the INS, correlation matrices were calculated between the 40
insular ROIs and 20 structural ROIs representing regions implicated in pain processing with
known structural connections with the INS (Shipley, 1982; Guldin and Markowitsch, 1983;
Cechetto and Saper, 1987; Krushel and van der Kooy, 1988; Allen et al., 1991; Yasui et al.,
1991; Shi and Cassell, 1998b; Jasmin et al., 2004). These structural ROIls were drawn in
MRIcro in the left hemisphere of the template brain. Statistical significance of between-
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group difference in correlation coefficients was evaluated using Fisher’s Z-transform (P <
0.05). It is important to note though that while the insular ROIs were at a mesoscopic level,
some ROIs for the other broader brain regions (e.g. primary somatosensory cortex) were at a
macroscopic level. Examining FC at a mesoscopic level for all regions would greatly
increase the size of the correlation matrix and is beyond the scope of the present study.
Therefore, the results should be interpreted as information on the general pattern of whole-
brain FC of the INS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Sex differences in insular functional segregation along the anterior-posterior
axis.

Greater insular functional connectivity in female than in male at rest.

Colorectal distension caused loss of long-range connections and
reorganization.

Sex differences in insular-prefrontal functional connectivity during distension.
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Fig. 1.

R(Sgion of interest definition for the insular cortex. One ROI is drawn for each
cytoarchitectural insular zone on one coronal section of the template brain, with an inter-
section interval of approximately 0.6 mm. Each ROI label contains an index number
denoting its anterior-posterior location. G: granular; D: dysgranular; A: agranular; Ad:
dorsal agranular; Av: ventral agranular.
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Fig. 2.
Intra-insular functional connectivity. Inter-regional correlation matrices show functional

connectivity patterns within the insular cortex in the female/control (A), male/control (B),
female/distended (C), and male/distended group (D). Z values of Pearson’s correlation
coefficients are color-coded. Positive and negative correlations are denoted with warm and
cold colors, respectively. Statistically significant correlations determined by the jackknife
procedure are marked with white dots. Segregations in functional connectivity across the
groups suggested a subdivision of the insular into three subregions: an anterior, a mid, and a
posterior part. G: granular; D: dysgranular; A: agranular; Ad: dorsal agranular; Av: ventral
agranular.
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Fig. 3.
Degree flat map of the intra-insular functional connectivity network. Degree analysis

identifies network hubs, which are marked with symbol ‘x” in the schematic insular flat map.
Sex differences and subregional specificity of intra-insular network hubs are shown. While
hubs are located in the anterior and mid INS in the control groups (A, B), they are almost
exclusively located in the mid INS in the distended groups (C, D). Also note in female/
distended group the emergence of hubs in the Av zone but loss of hubs in the G zone
compared to female/control. G: granular; D: dysgranular; A: agranular; Ad: dorsal
agranular; Av: ventral agranular.
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Fig. 4.

Se%( and CRD-related differences in the pattern of cytoarchitectural zone-specific intra-
insular functional connectivity. Within-zone (A-A, agranular; D-D, dysgranular; G-G,
granular) and between-zone (D-A, G-D, and G-A) functional connectivity are plotted for the
female/control (A), male/control (B), female/distended (C), and male/distended group (D).
Ad: dorsal agranular; Av: ventral agranular. This zone-specific visualization of intra-insular
network further highlights: loss of long-range connections (long horizontal links) in the
distended groups (C, D) compared to the control groups (A, B); loss of G-G and D-D
connectivity, as well as anterior-mid INS connectivity in female/distended (C) compared to
female/control (A); increased mid-posterior INS connectivity in male/distended (D)
compared to male/distended (B).
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Fig. 5.

Whole-brain functional connectivity density of the insular cortex. The female/control group
(A) showed the highest level of whole-brain functional connectivity density at 0.20 (mean of
40 ROIs), which was reduced to 0.14 (-30 %) in the female/distended group (C). In contrast,
the average connectivity density in the male/control (B) and male/distended group (D) was
0.12 and 0.14 (+17%), respectively. Regions of interest with the highest density (top 20%)
are marked with the symbol “x’.
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Fig. 6.

Fugnctional connectivity of the insular cortex with pain-related regions. Correlation matrices
were calculated for female/control (A), male/control (B), female/distended (D), and male/
distended group (E) between the 40 insular regions of interest and 20 brain areas implicated
in pain processing with known structural connections with the insular cortex. Significant
correlations are marked with white dots. Sex differences in functional connectivity are
compared for control (C) and distended groups (F). The matrices of Fisher’s Z-statistics
represent differences in Pearson’s correlation coefficients (r) between males and females.
Positive Z values indicate greater r in males, while negative Z values indicate smaller r in
males. Significant between-group differences (P < 0.05) are marked with white dots.
Abbreviations: cortex (LO = lateral orbital, VO = ventral orbital, Cgl = cingulate area 1, PrL
= prelimbic, IL = infralimbic, S1/S2 = primary/secondary somatosensory), NAcc = nucleus
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accumbens, amygdala (BL = basolateral, BM = basomedial, Ce = central, La = lateral), LH
= lateral hypothalamus, thalamus (MD = mediodorsal, VPM = ventral posteromedial, VPL =
ventral posterolateral, VPPC = parvicellular ventral posterior), PAG = periaqueductal gray,
DR = dorsal raphe, PB = parabrachial nucleus.

Brain Res. Author manuscript; available in PMC 2019 August 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al. Page 26

A. Female/ Control
12345678 9101112

G

D
Ad/A
Av

seed correlation

B. Male/ Control
12345678 9101112

G

D
Ad/A O

Av

C. Female/ Distended
12345678 9101112

Prelimbic cortex

D. Male/ Distended
1234567 8 9101112

Bregma + 2.5 mm

P E
-3-2-10123 05 .01 .0005

Fig. 7.

Se%( and CRD-related differences in insular functional connectivity with the prelimbic area
of the medial prefrontal cortex. The strength of prelimbic functional connectivity with
individual insular region of interest is color coded in insular flat maps (left column, with
coding of insular regions as in Fig. 1). Regions showing statistically significant correlations
are marked with white dots. Distension induced negative functional connectivity between the
anterior/mid insular cortex and the prelimbic cortex in females, but positive connectivity in
males. Representative seed correlation results using Ad4 (marked with O on the flat map) as
the seed further showed this striking sex difference (right column). Color-coded overlay over
the template brain at bregma +2.5 mm (right column) shows brain areas that are significantly
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correlated with the insular seed (P < 0.05 for clusters of > 100 contiguous, significant
voxels).
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