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Abstract

Recently, there has been a surge of interest in the possibility that microbial communities inhabiting
the human gut could affect cognitive development and increase risk for mental illness via the
“microbiome-gut-brain axis”. Infancy likely represents a critical period for the establishment of
these relationships, as it is the most dynamic stage of postnatal brain development and a key
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period in the maturation of the microbiome. Indeed, recent reports indicate that characteristics of
the infant gut microbiome are associated with both temperament and cognitive performance. The
neural circuits underlying these relationships have not yet been delineated. To address this gap,
resting-state fMRI scans were acquired from 39 one-year-old human infants who had provided
fecal samples for identification and relative quantification of bacterial taxa. Measures of alpha
diversity were generated and tested for associations with measures of functional connectivity.
Primary analyses focused on the amygdala as manipulation of the gut microbiota in animal models
alters the structure and neurochemistry of this brain region. Secondary analyses explored
functional connectivity of nine canonical resting state functional networks. Alpha diversity was
significantly associated with functional connectivity between the amygdala and thalamus and
between the anterior cingulate cortex and anterior insula. These regions play an important role in
processing/responding to threat. Alpha diversity was also associated with functional connectivity
between the supplementary motor area (SMA, representing the sensorimotor network) and the
inferior parietal lobule (IPL). Importantly, SMA-IPL connectivity also related to cognitive
outcomes at 2 years of age, suggesting a potential pathway linking gut microbiome diversity and
cognitive outcomes during infancy. These results provide exciting new insights into the gut-brain
axis during early human development and should stimulate further studies into whether
microbiome—associated changes in brain circuitry influence later risk for psychopathology.

Introduction

There has been a recent surge of interest in the possibility that the trillions of microbes
inhabiting the human gut (the gut microbiome) influence brain development and risk for
mental disorders (Rogers et al., 2016). Studies in rodents have established that
manipulations of the gut microbiome alter stress-reactivity, anxiety and depression-like
behaviors, as well as social interaction (Carabotti et al., 2015; Rogers et al., 2016). In
considering what neural circuits might mediate associations between the gut microbiota and
these outcomes, the amygdala has attracted considerable research attention due to its central
role in fear (Amaral, 2003; Canteras et al., 2010), stress (Ressler, 2010), emotional
regulation (Banks et al., 2007), and social cognition (Adolphs, 2010). Indeed, rodent studies
have shown gut microbiota-related alterations in volume (Luczynski et al., 2016), dendritic
morphology (Luczynski et al., 2016), monoamine levels (Desbonnet et al., 2010), and gene
expression (Bercik et al., 2011; Diaz Heijtz et al., 2011; Neufeld et al., 2011b; Stilling et al.,
2015) of the amygdala. Importantly, one of our recent studies (Salzwedel et al., 2018) on
human amygdala development during infancy has shown significant associations between
one- and two-year amygdala functional connectivity growth and 4 year emotional behavior
outcomes, supporting the hypothesis that the amygdala acts as a critical link between the gut
and emotional/social behaviors, which are disrupted in a wide range of psychiatric disorders.

In humans, the initial period of postnatal development is critical for microbial colonization
of the intestine, which is relatively sterile at birth and rapidly progresses to an adult-like
profile by the end of the first year (Backhed et al., 2015) (Koenig et al., 2011). This period is
also characterized by rapid structural brain growth (Knickmeyer et al., 2008) and immense
functional reconfigurations reflected by the assembly of a variety of functional brain
networks(Gao et al., 2009; Smyser et al., 2010; Fransson et al., 2011; Gao et al., 2014 Gao et
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al., 2016; Gilmore et al., 2018). Proper cross-talk between the gut microbiota and the brain
during this period may be critical for long-term developmental outcomes as subtle
perturbations in either domain could have cascading effects on the other, which are
increasingly difficult to reverse with increasing age. Indeed, animal models have shown that
recolonization of germ-free mice normalizes anxiety phenotypes at 3 weeks of postnatal age
(Clarke et al., 2013) but not at 10 weeks of age (Neufeld et al., 2011a), suggesting a
windowing effect. Therefore, a better understanding of the gut-brain axis during early
development represents one of the priorities in this line of research.

Previous research in human toddlers suggests that differences in gut microbiome
composition, including alpha diversity, beta diversity, and abundances of specific bacterial
species, are related to aspects of infant temperament including surgency/extraversion,
effortful control, and fear (Christian et al., 2015). This is in line with animal studies and
again indicates the critical involvement of amygdala-based emotional/social circuits in gut-
brain interactions. In addition to the links between gut microbiome and emotional/social
behaviors, prior research by our group (Carlson et al., 2018) has shown that microbial
diversity at one year of age is also associated with cognitive performance at two years of age
measured using the Mullen Scales of Early learning. Specifically, greater alpha diversity was
associated with poorer cognitive performance, an effect that was particularly evident when
measuring receptive and expressive language. This suggests that the gut microbiome may
also shape cortical circuits associated with cognitive development, however the particular
networks involved in this relationship have not yet been identified. In our previous studies
(Alcauter et al., 2014a; Alcauter et al., 2014b; Gao et al., 2016) (Salzwedel et al., 2018),
functional connectivity properties of the brain’s various resting-state functional networks
were shown to be correlated with cognitive development scores. Therefore, the potential of
microbiome influencing cognitive outcomes through different resting-state functional
networks deserves further exploration.

To address these gaps, we performed resting-state functional magnetic resonance imaging
(rsfMRI) (Biswal et al., 1995; Gao et al., 2016; Gilmore et al., 2018) on 39 1-year-old
infants who had donated fecal samples for the identification and quantification of bacterial
taxa. Given previous findings on the involvement of the amygdala in gut-brain interactions
in both animal (Diaz Heijtz et al., 2011; Luczynski et al., 2016) and human studies
(Christian et al., 2015), our primary analyses focused on functional connectivity of the
amygdala. We also carried out a series of exploratory analyses using nine cortical seeds,
each representing a canonical resting state network (Smith et al., 2009) in order to identify
potential neural circuits underlying previously observed associations between microbial
diversity and cognitive outcomes. We hypothesized that there would be significant
correlations between gut microbiome diversity and amygdala functional connectivity in
human infants. Moreover, we also expected to detect significant microbiome-functional
connectivity relationships among other cortical functional networks that are essential for
cognition(Carlson et al., 2018).
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2.0 Methods
2.1 Subjects.

Infants were drawn from the UNC Early Brain Development Study, an ongoing prospective
longitudinal study of early brain development being carried out at the University of North
Carolina at Chapel Hill (Gilmore et al., 2007; Knickmeyer et al., 2008; Gilmore et al., 2010;
Gao et al., 2014; Gao et al., 2016; Knickmeyer et al., 2017; Carlson et al., 2018; Gao et al.,
2018; Gilmore et al., 2018) To be included in the present study infants were required to have
fecal samples as well as usable resting state functional and structural magnetic resonance
imaging data. Initial microbiome characterization was conducted using a larger cross-
sectional sample of one-year old infants (n=89) with fecal samples. 39 of these infants also
completed structural MRI and resting-state fMRI scans (success rate of 44%). The other 50
children either did not go to sleep or woke up before scanning was complete. The final
microbiome-functional connectivity analyses were conducted using the 39 infants with fecal
samples and usable structural / functional imaging data. Informed written consent was
obtained from a parent or legal guardian. This study was approved by the Institutional
Review Board of the University of North Carolina at Chapel Hill.

2.1.1 Infant microbiome analysis.—Participating families were provided with a
sample collection kit at the infant’s 1-year MRI visit. Parents were instructed to collect
approximately 200mg of feces from a single diaper, immediately submerge in a tube
containing Allprotect reagent (Qiagen cat # 76405), and mail it back through overnight mail
(samples can be stored up to 7 days at 15-25°C). Once received, the tubes were stored at
—80°C until analysis. The MiSeq platform (Illumina, San Diego, CA) was used for 16S
rRNA amplicon sequencing of the V1-V2 gene region and subsequent identification and
relative quantification of bacterial taxa. Quantitative Insights Into Microbial Ecology
(QIIME) (Lozupone and Knight, 2005; Lozupone et al., 2006) software was used for
operational taxonomic unit picking via the de novo algorithm and chimeric sequences were
removed with ChimeraSlayer. For the current study, QIIME was used to produce four
measures of alpha diversity (Shannon Index (SHAN), observed species (OS), Faith’s
Phylogenetic Diversity (PD), and Chaol), which were used as the primary predictors of
interest. All of these are measures of within individual diversity. Observed species is simply
the observed number of OTUs per sample. Chaol is an estimate of the total number of OTUs
that would be observed with infinite sampling. Shannon Index is a measure of richness and
evenness. Finally, Faith’s Phylogenetic Diversity is a phylogenetic measure of taxon richness
and is expressed as number of tree units observed in the sample. (Navas-Molina 2013).
(Additional Details in Supplemental Methods and Materials.)

2.1.2 Cognitive Testing.—The Mullen Scales of Early Learning (Mullen, 1995) were
used to measure cognitive development status at 2 years of age. The Mullen includes five
separate scales including gross motor, fine motor, visual reception, expressive language, and
receptive language, each with their own age-group standardized normative T scores and
percentiles. An Early Learning (Cognitive) Composite (ELC) similar to an 1Q score or the
Bayley Mental Development Index can also be derived. The standardized T scores of four
scales (gross motor not included) are combined to create the ELC. The Mullen has good
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standardization and reliability data, with median internal consistency scores ranging between
0.75 and 0.91, and test-retest correlations over 0.82 for 1 to 25 months. Mullen data were
collected over a period of 3 years by several experienced examiners who were blind to
microbiome characteristics. All cognitive data were screened for quality control and no data
warranted exclusion from this study (see Supporting Materials-Quality Control for Cognitive
Testing). This provided cognitive data for 30 subjects at 2 years of age.

2.2.3 Participant Characteristics and Covariate Identification.—In order to
detect associations between gut microbiome properties, functional connectivity and
behavior, proper control of covariates is essential. In this study, the pool of potential
covariates included different participant characteristics (Table 1) extracted from either
parental report (PR) or medical record review (MRR): income (PR; rank based on poverty
level for the household size at the year of visit; low <200%, middle 200%-400%, and high
>400% federal poverty level), maternal/paternal psychosis [PR or MRR positive for
psychiatric history of schizophrenia spectrum, bipolar, depressive, anxiety, attention-deficit/
hyperactivity, and/or autism spectrum disorders as well as Tourette’s syndrome), gestational
age at birth (MRR; days), postnatal age at scan ((MRR, days), birth weight (MRR; grams),
>24hr stay in neonatal intensive care (MRR), APGAR scores at 5 minutes post-birth (MRR),
maternal/paternal age (PR), maternal/paternal education (PR; years), surgical anesthesia
(MRR), older siblings (PR & MRR), currently breast feeding (PR), currently on formula
(PR), ever on formula (PR), sex (MRR), delivery method (vaginal or Caesarian; MRR),
receipt of milk other than breast milk or formula (cow or goat; PR), kind of milk received
other than breast milk or formula (none, cow, or goat; PR), illness in the week preceding
MRI (PR), gastrointestinal symptoms in the week preceding MRI (PR), antibiotics during
the first year of postnatal life (PR or MRR; oral antibiotics count as positive finding), and
maternal use of antibiotics during pregnancy (MRR).

We sought to minimize the possibility that any observed associations were secondary to
known confounding factors. In our previous study, Fisher Exact Test (categorical variables)
and linear mixed effect modeling (continuous variables) were used to identify the following
covariates related to microbiome alpha diversity measurements (Carlson et al., 2018):
paternal ethnicity and older siblings. Covariates related to 2-year cognitive outcome
variables were also identified in a larger sample via adaptive lasso; these included sex,
maternal education, paternal age, paternal ethnicity, twin status, and income. Finally, several
covariates were shown to be related to 1-year global brain volumes via adaptive lasso
(Knickmeyer et al., 2017; Carlson et al., 2018): birth weight, sex, postnatal age at scan, twin
status, maternal education, and paternal education. Given that no previous studies have
systematically examined covariates for the brain’s functional connectivity at 1 year of age,
we decided to use this set of covariates related to the brain volume as surrogate covariates
for our functional connectivity related analyses. Therefore, when testing FC ~ gut
microbiome associations, covariates for both alpha diversity and FC were included, whereas
testing for FC ~ cognition relationships, any remaining unique covariates were also included
(i.e. income and paternal age). Additionally, residual frame-wise displacement after motion
scrubbing was included as a covariate in all models.
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2.2 Imaging and Image Preprocessing

2.2.1 Imaging.—Before imaging, each participant was fed, swaddled, and fitted with ear
protection. Subjects slept during image acquisition without sedation. Head position was
secured in the scanner using a vacuum-fixation device. Infant images were acquired using a
3T Siemens Tim Trio with 32-channel head coil. Functional images were acquired using a
T>*-weighted EPI sequence: time repetition (TR) = 2 s, time echo (TE) = 32 ms, 33 slices,
voxel size of 4 mm3, 150 volumes. Structural images were acquired using a 3D
Magnetization Prepared Rapid Acquisition Gradient-Recalled Echo sequence (MPRAGE:
TR = 1900 ms, TE = 3.74 ms, flip angle = 7°,), with a voxel size of 1 mm3,

2.2.2 Image preprocessing.—Functional data were preprocessed using two software
packages: FMRIB Software Library (FSL v4.1.9) and the Analysis of Functional
Neurolmages suite (AFNI v2011-12-21-1014). Steps included discarding the first 10
volumes, slice-timing correction, rigid-body motion correction, bandpass filtering (0.01-
0.08 Hz), and regression of whole brain [global signal regression (GSR)], white matter, CSF,
and the six motion parameters. Data scrubbing was also implemented; scrubbing criteria,
0.5% signal change and 0.5 mm frame-wise displacement (FD). A threshold of 90 volumes
remaining was used as the criterion for subject exclusion due to motion artifacts but none of
the 39 subjects was excluded. Alignment of functional data into a common space involved
two steps: (1) within-subject rigid alignment [FSL FLIRT (for FMRIB Linear Image
Restoration Tool)] between functional and T1-weighted images; and (2) nonlinear [FSL
FNIRT (for FMRIB Nonlinear Image Registration Tool)] registration of the T1-weighted
images to a 1-year template (Shi et al,. 2011). The combined transformation field (linear
plus nonlinear) was used to warp the preprocessed rsfMRI data to the template space.

2.3 Data Analyses and Statistics

2.3.1 Association between microbiome and amygdala functional
connectivity.—In this study we were primarily interested in the relationship between alpha
diversity (PD, SHAN, OS, and Chaol) and functional connectivity associated with the
amygdala. First, we used the seed-based approach to generate voxel-wise temporal
correlation measures (i.e., functional connectivity) (Biswal et al., 1995) for the left and right
amygdala using anatomically defined ROIs defined in the 1-year infant-specific brain atlas
(Shi et al., 2011). Then, for each voxel we used analysis of covariance (ANCOVA) to test for
microbiome related effects. In the ANCOVA we modeled the Fisher’s Z-transformed
correlation measure as the response variable and one of four microbiome alpha diversity as
the main-effect. Covariates in the alpha diversity related computations included older
sibling, paternal ethnicity, birth weight, post-natal age at scan, sex, twin status, maternal/
paternal education, and residual FD. Based on recent guidelines for multiple comparison
correction at the whole brain level (Eklund et al., 2016), significant effects were defined
using a voxel-wise P < 0.001 and a cluster size threshold of 7 face-connected voxels (AFNI;
3dClustSim, a < 0.05). Note these settings were computed using a non-gaussian or mixed
model (gaussian plus mono-exponential) auto-correlation function and smoothness estimates
from the data (AFNI; 3dFWHMX). Post-hoc cluster level responses were generated using the
average FC per subject for each cluster detected.
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2.3.2 Association between functional connectivity and behavior.—Next, for
those significant clusters (a < 0.05) demonstrating functional connectivity ~ alpha diversity
relationships we further explored the association between FC and MSEL using post-hoc
correlation analyses. Briefly, the average FC for each cluster/subject at 1-year served as the
predictor variable with Mullen ELC at 2-years as the outcome measure. Here we further
included paternal age and income as additional covariates given their association with MSEL
at this time point (Carlson et al., 2018).

2.3.3 Association between microbiome and functional connectivity for other
brain regions.—To further explore microbiome-functional connectivity-behavior
relationships in other brain regions, nine seeds were generated based on adult resting-state
networks (Smith et al., 2009) warped into the 1-year old template space (Shi et al., 2011).
These seed-regions, defined as 6-mm spheres at network maxima (see Thl. S1 for
coordinates), were used to conduct similar microbiome ~ FC and FC-behavior analyses — see
sections 2.3.1 & 2.3.2. ldentical statistical thresholding procedures as those in amygdala-
based analyses were used for this set of seeds.

3.0 Results

3.1 Amygdala-mid/forebrain functional connectivity correlates with alpha diversity in one-

year olds.

Our initial analysis focused on detecting microbiome-amygdala functional connectivity (FC)
relationships at 1-year of age. We identified one significant cluster within the thalamic
regions (Fig. 1a; cluster size = 18 voxels and center-of-mass: x=—2.3, y=12.8, z=5) that had
a significant main-effect of microbiome alpha diversity (Faith’s Phylogenetic Diversity
(PD)) on the left amygdala functional connectivity (Shi et al., 2011). Post-hoc cluster-level
analysis revealed a strong linear relationship between PD and left amygdala FC in this
region (Fig. 1b; r = —0.55, P < 0.001). Similar relationships were observed for the other
alpha diversity measures within this cluster; SHAN: r = -0.36, P = 0.023; OS r = -0.40, P =
0.010; and Chaol r = -0.33, P = 0.040. However, FC associated with this cluster was not
significantly related to ELC at 2-years.

3.2 Anterior cingulate-insular and sensorimotor-parietal functional connectivity (FC)
correlates with alpha diversity in one-year olds and sensorimotor-parietal FC is associated
with 2-year cognitive outcomes.

Expanding the analyses to include other brain regions [i.e. using seeds regions based on
resting-state networks (Smith et al., 2009) warped into 1-year template space (Shi et al.,
2011) — see Table S1] we detected two additional clusters showing significant (a = 0.05) FC
~ alpha diversity relationships. First, connectivity between the anterior cingulate cortex
(ACC) and right anterior insula [Fig. 2a; cluster size = 14 voxels and center-of-mass: x=
-33.3, y=—-20.1, z=2.4) demonstrated a main-effect for Chaol. Here correlation analyses
revealed a negative relationship between FC and alpha diversity (Fig. 2b; r = -0.54 and P <
0.001). Similar relationships were observed for the other alpha diversity measures within
this cluster; PD: r = -0.31, P = 0.060; SHAN: r = -0.42, P = 0.009; OS r = -0.40, P = 0.020.
Moreover, FC between supplemental motor area (SMA) and the left parietal cortex [inferior

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 8

parietal lobule (IPL), Fig. 3a; cluster size = 8 voxels and center-of-mass: x=40.5, y=41,
z=44.5] exhibited a main-effect of alpha diversity for OS, with subsequent correlation
analyses revealing a positive relationship (Fig 3b; OS: r = 0.41, P = 0.009). Correlations with
other diversity measures were again similar: PD: r = 0.35, P = 0.031; SHAN: r=0.29, P =
0.070; and Chaol: r = 0.38, P = 0.020. Finally, FC associated with this cluster was
associated with Mullen ELC at 2-years (Fig. 3c; r = —0.42, P = 0.049).

Discussion

The amygdala is a key node in the neural circuit that allows humans and animals to learn,
detect, and respond to threats (Canteras et al., 2010). Germ-free mice, which are microbiota
deficient from birth, exhibit increased amygdala volume (Luczynski et al., 2016), dendritic
hypertrophy in the basolateral amygdala (Luczynski et al., 2016), and changes in gene
expression that suggest increased neural activity of the amygdala (Stilling et al., 2015).
These changes are accompanied by altered stress hormone signaling and anxiety-like
behaviors, as well as deficits in social cognition (Carabotti et al., 2015; Rogers et al., 2016).
In this preliminary study of 39 one-year-old human infants, we found evidence of
associations between the gut microbiome and functional connectivity of the amygdala,
suggesting similar mechanisms are at play during human brain development. Specifically,
we observed significant negative associations between 1-year microbiome diversity
measures and connectivity between the left amygdala and mid/forebrain regions that
overlapped with the thalamus. Thalamic connections with the amygdala likely relay critical
sensory information to the amygdala for initial emotional appraisal (Jones, 2000). Given
well-documented effects of the gut microbiome on anxiety-related behaviors in rodents, it is
particularly interesting to note that the paraventricular nucleus of the thalamus (PVT) is
strongly connected to the lateral division of the central amygdala, and this circuit plays a key
role in fear processing (Penzo et al., 2015) and negative emotionality (Li et al., 2010).
Therefore, the negative correlations observed here (i.e., higher levels of microbiome
diversity is related to weaker thalamusamygdala connectivity) suggest that increased levels
of gut microbiome diversity in 1-year olds infants may be associated with less efficient fear/
emotion processing. In this study, the lateralized findings centered on the left amygdala is
intriguing and consistent with our previous reports showing that prenatal drug exposures
also affect the left amygdala more than the right (Grewen et al., 2015; Salzwedel et al.,
2015). These findings may be related to the functional bias of the left amygdala toward
sustained emotional processing (Baas et al., 2004; Wagner et al., 2006) but future studies are
needed to validate and more specifically address this phenomenon.

Beyond the amygdala, results from our exploratory analysis of canonical brain networks also
implicated effects of the microbiome in circuits relevant to fear and anxiety. Specifically, we
observed significant negative associations between one-year microbiome diversity measures
and connectivity between anterior cingulate cortex and the right anterior insula. The anterior
insula acts a salience control center that weighs the importance of both internal and external
signals, including those related to threat, for proper attention allocation and behavioral
switching (Menon and Uddin, 2010). The cingulate cortex has long been thought to play a
central role in emotional processing (Papez, 1995), with the dorsal anterior cingulate
(dACC) and adjacent dorsomedial prefrontal cortex (dmPFC) playing a specific role in the
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appraisal and expression of fear (Kalisch and Gerlicher, 2014). The emergence of fear-
related processing in infancy is normal and critical for survival and well-being (Jessen and
Grossmann, 2016). However, high levels of fear-reactivity and heightened attention to fear-
relevant stimuli are associated with increased vulnerability to later anxiety disorders (Shin
and Liberzon, 2010). Notably, insula hyper-reactivity to threat has been proposed to play a
key role in social anxiety disorder(Duval et al., 2015), and this hyper-reactivity may be
related to the altered connectivity between the anterior insula and anterior cingulate
observed in this study. Indeed, Klumpp et al (Klumpp et al., 2012) have reported that greater
insula reactivity during a fear processing task is related to reduced functional connectivity
between the insula and the dorsal anterior cingulate cortex. Although the current study did
not include direct measures of fear reactivity and negative emotionality, taken together, the
observed significant correlations between gut microbiome diversity and two of the brain’s
essential emotion regulation circuits (i.e., amygdala-thalamus and insula-ACC) suggest that
the microbiome likely influences anxiety-related behaviors during infancy. Future studies
with direct emotional/social behavioral measures (e.g., temperament) are needed to
explicitly test this hypothesis.

Finally, we also observed positive associations between alpha diversity and functional
connectivity between the supplementary motor area (SMA, representing the sensorimaotor
network) and the inferior parietal lobule (IPL), a multi-modal association area linking
auditory, visual, and somatosensory cortices (Catani and ffytche, 2005). This area also has
extensive connections to Broca’s area and Wernicke’s area, classic components in the
language-processing network(Catani and ffytche, 2005). The IPL is likely a crucial node in
the fronto-parietal system responsible for sustaining attention, detecting salient or novel
events, phasic alerting and switching between task-sets (Singh-Curry and Husain, 2009).
These foundational abilities are expected to support cognitive development and language
acquisition. In keeping with this hypothesis, SMA-IPL connectivity at 1 year of age was
related to cognitive outcomes at 2 years of age (Fig. 3C), providing potential pathways
linking gut microbiome diversity and cognitive outcomes during infancy (Carlson et al.,
2018). This finding suggest that early variation in functional connectivity may induce
developmental cascades that ultimately influence later cognitive outcomes. Indeed, the idea
that function in one domain or level or system influences another system or level of function
over time, resulting in spreading effects, is widely accepted in developmental science
(Masten and Cicchetti, 2010). Our own prior work demonstrating that amygdala functional
connectivity growth during the second year is associated with 4-year emotional and
cognitive developmental outcomes is in keeping with this model (Salzwedel et al. 2018), as
is our prior study demonstrating that 1-year-old thalamus-salience network connectivity
significantly predicts working memory performance in 2-year-olds (Alcauter et al, 2014b).

Limitations of the current study include the small sample size, the lack of developmental
measures directly related to amygdala function (e.g., temperament and social cognition), and
the assessment of the microbiota at a single time point. In the future, studies with larger
sample sizes are needed to confirm the current findings with potentially more stringent
corrections of multiple corrections that take into account not only whole-brain voxel-wise
corrections, as conducted in this study, but also the number of diversity measures and
functional connectivity metrics evaluated. Moreover, additional studies with dense sampling
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of microbiome, brain, and behavior are needed to elucidate the potentially intricate
relationships between these different domains across development. Such studies could also
incorporate additional potential confounding variables which were not available for the
current including direct measured of maternal stress and the type and diversity of solid
foods. Further, microbiome composition may be important in addition to diversity. Our
previous work indicates that one-year-old infants can be clustered into three enterotypes
based on the relative abundance of different bacterial genera. One cluster is characterized by
high levels of Faecalibacterium, one by high levels of Bacteroides, and one by high levels of
an unclassified genus of Ruminococcaceae. However, the numbers of children in each
cluster were not sufficient for us to examine relations with functional connectivity in this
study. Nonetheless, the current study provides important, new information about the
microbiome-gut-brain axis in human infants.

In conclusion, this study provides initial evidence that the diversity of the gut microbiome is
associated with the integrity of functional neural circuits during early human development.
The circuits detected are critical for fear-processing and cognitive development, both of
which are associated with later vulnerability to psychopathology (Degnan and Fox, 2007;
Hirshfeld-Becker et al., 2008; Gartstein et al., 2010). Therefore, these findings may have
important implications for improving mental health. Future studies should determine
whether microbiome—associated changes in neurocircuitry influence later risk for
psychopathology, particularly in the realm of anxiety-related behaviors. It would also be of
interest to determine whether differences in functional connectivity are mirrored by
differences in anatomical connectivity measured by diffusion tensor imaging, particularly
given the reported hypermyelination of prefrontal cortex in germ-free mice (Hoban et al.,
2016). Ultimately, modulation of the gut microbiota may be a tractable strategy for
preventing or ameliorating disorders characterized by altered processing of threat or delayed
cognitive development.
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Refer to Web version on PubMed Central for supplementary material.
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Seed Cluster
Left Amygdala <> Mid/forebrain Thalamus
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Functional connectivity between the left amygdala (seed-region, blue color) and mid/
forebrain (cluster localization) correlates with alpha diversity in one-year olds. (a)
Visualization of significant cluster (a < 0.05; voxel-wise P < 0.001 and 7+ face-connected
voxels) located primarily within the thalamic region. (b) Corresponding cluster-level plot of
average functional connectivity versus microbiome alpha diversity (Faiths Phylogenetic
Diversity). Data-points correspond to individual subjects (N = 39). Line shows best linear fit;

r =-0.55, P < 0.001).
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Figure 2:

Functional connectivity between the anterior cingulate cortex (seed-region, blue color) and
right insula (cluster-localization) correlates with alpha diversity in one-year-olds. (a)
Visualization of significant cluster (a < 0.05; voxel-wise P < 0.001 and 7+ face-connected
voxels) located primarily within the right anterior insula. (b) Corresponding cluster-level
plot of average functional connectivity versus microbiome alpha diversity (Observed
Species). Data-points correspond to individual subjects (N = 39). Line shows best linear fit; r
=-0.54, P <0.001).
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Figure 3:

Functional connectivity between the supplemental motor area (seed-region, blue color) and
inferior parietal lobule (cluster-localization) correlates with alpha diversity and behavior at
2-years. (a) Visualization of significant cluster (a < 0.05; voxel-wise P < 0.001 and 7+ face-
connected voxels) located in left parietal cortex. (b) Corresponding cluster-level plot of
average functional connectivity versus microbiome alpha diversity (Chao 1 Index). Data-
points correspond to individual subjects (N = 39). Line shows best linear fit; r = -0.41, P=
0.000). (c) Corresponding cluster-level plot of 2-year behavior [Mullen Scales of Early
Learning (MSEL) Early Learning Composite (ELC)] versus average functional connectivity.
Data-points corresponding to individual subjects (N = 30). Line shows best linear fit; r =
-0.42, P = 0.049.
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Table 1:
Participant Characteristics
Overall
Descriptive Variable
N | %
High 16 | 41
Middle 9 23.1
Income Low 12 | 308
Not Available 2 51
T Yes 13 | 333
Maternal Psychiatric History No 2% | 667
L Yes 5 12.8
Paternal Psychiatric History No 3 | 872
- Yes 20 | 51.3
Cesarean Section No 19 | 287
. . - Twin 24 | 615
Single or Twin Gestation Singleton 15 | 385
Male 16 | 41
Sex Female 23 | 50
Yes 10 | 25.6
NICU No 20 | 744
White 32 | 821
- Black 6 15.4
Maternal Ethnicity Asian 0 0
Native American | 1 2.6
White 28 | 71.8
. Black 9 23.1
Paternal Ethnicity Asian 2 51
Native American | 0 0
Overall
Descriptive Variable
N | %
. Yes 17 | 43.6
Older Siblings No 2 | 562
Yes 14 | 359
Currently Breastfed No 5 | sa1
- Yes 26 | 66.7
Ever Given Formula No 13| 333
: Yes 10 | 25.6
Currently Given Formula No 29 | 724
. . . Yes 34 | 87.2
Given Milk Other Than Breastmilk or Formula No 5 128
Breastmilk Exclusively | 5 12.8
Type of Other Milk Cow’s Milk 31| 795
Other (almond, soy) 3 7.7
: . Yes 21 | 538
Symptoms of IlIness in Previous Week No 18 | 262
. . . . Yes 5 12.8
Gastrointestinal Symptoms in Previous Week No 3 | 872
S Yes 0|0
Antibiotics within Last Year No 39 | 100
L . Yes 5 12.8
Antibiotics During Pregnancy No 3 | 872

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 May 01.

Page 17



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gao etal.

Overall
Descriptive Variable

N Mean = SD
Gestational Age at Birth (days) | 39 | 259.5+19.5
Birth Weight (grams) 39 | 2810+716.8
APGAR at 5 Minutes 39| 85x11
Maternal Age at Birth (years) 39 | 30.8+4.7
Maternal Education (years) 39 ] 16926
Paternal Age at Birth (years) 39 | 33+£55
Paternal Education (years) 39 |1 1635
Age at MRI (days) 39 | 404.1+38.3
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