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SUMMARY

We have established experimental systems to assess the effects of early-life ex-
posures to antibiotics on the intestinal microbiota and gene expression in the
brain. This model system is highly relevant to human exposure and may be devel-
oped into a preclinical model of neurodevelopmental disorders in which the gut-
brain axis is perturbed, leading to organizational effects that permanently alter
the structure and function of the brain. Exposing newborn mice to low-dose peni-
cillin led to substantial changes in intestinal microbiota population structure and
composition. Transcriptomic alterations implicate pathways perturbed in neuro-
developmental and neuropsychiatric disorders. There also were substantial
effects on frontal cortex and amygdala gene expression by bioinformatic interro-
gation, affecting multiple pathways underlying neurodevelopment. Informatic
analyses established linkages between specific intestinal microbial populations
and the early-life expression of particular affected genes. These studies provide
translational models to explore intestinal microbiome roles in the normal and
abnormal maturation of the vulnerable central nervous system.

INTRODUCTION

Early life is a critical period for neurodevelopment (Krebs et al., 2017; Perry et al., 2017; Robinson-Drummer
et al., 2019). In recent decades, there has been a rise in the incidence of childhood neurodevelopmental
disorders including autism spectrum disorder (ASD), attention deficit/hyperactivity disorder (ADHD),
and learning disabilities worldwide (Antshel and Barkley, 2020; Baio et al., 2018; Davidovitch et al., 2020;
DuPaul et al., 2013; Hertz-Picciotto et al., 2018). Although increased awareness and diagnosis are likely
contributing factors, environmental perturbations early in development are posited as critical in initiating
pathology. The rapid increases in case numbers are consistent with changes in environmental exposures,
but few exposures are sufficiently global or of significant scale to explain the development of these disor-
ders in multiple countries around the world. The challenge is identifying the environmental perturbations,
understanding the neurobehavioral targets, and identifying interventions for public health benefit.

One class of exposures to nearly all children of the world, which essentially did not exist before 1945, is antibi-
otics. In the USA, an average child receives nearly 3 courses of antibiotics before the age of 2 years, and similar
or greater exposure rates have been found across the globe including both developed and low- and middle-
income nations (Rogawski et al., 2017). Antibiotics could affect the brain directly, or could have effects via their
actions on the human microbiome (Cox et al.,, 2014, 2019; Cox and Weiner, 2018). In recent years, there has
been a focus on the human microbiome as an important environmental factor to which all children are exposed
(Blaser, 2006). The human microbiome is a vast consortium of microorganisms that live in and on us, persisting
throughout the life span. For every human cell, there is more than one microbial cell, and for each of the 23,000
human genes, there are hundreds of microbial genes (Sender et al., 2016; Tierney et al., 2019). The particular
microbiome taxa living with us are ancient, dating to our earliest origins (Ochman et al., 2010). The microbiome
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(STAT) to livestock for growth promotion. This is an effective and widely used practice (Ozawa, 1955), indi-
cating that antibiotic exposure changes early-life development with lifelong consequences; that growth
promotion is ineffective in germ-free animals indicates that the antibiotic effects are transduced via the mi-
crobiome (Coates et al., 1963), which also was shown in experimental murine models (Cox et al., 2014).

A growing body of evidence links phenomena in the intestinal tract with signaling to the brain, a field of
inquiry known as the ‘gut-brain axis’ (Cryan et al., 2019; Margolis et al., 2021; Mayer et al., 2014). There
is heightened interest in this fast-moving field to help explain whether or not modulating the gut-brain
axis, especially early in development, can alter risk in developing neuropsychiatric (Fetissov and Déche-
lotte, 2011; Malan-Muller et al., 2018; Warner, 2019) and/or neurodegenerative disorders (Breen et al.,
2019; Cox et al., 2014, 2019; Cox and Weiner, 2018; Parashar and Udayabanu, 2017) in adulthood. Such in-
vestigations may open new avenues of therapeutic interventions for severe central nervous system (CNS)
diseases that currently are incurable.

To study mechanisms underlying early antibiotic exposure, we have established models of STAT in developing
mice (Cho et al., 2012; Lieber et al., 2019; Mahana et al., 2016; Schulfer et al., 2018). These mice display perma-
nently altered metabolism and increased adiposity among other externalities (Cho and Blaser, 2012; Cox et al.,
2014; Lieber et al., 2019; Mahana et al., 2016; Schulfer et al., 2018). For example, in mouse pups, even transient
effects of STAT on community composition of the maturing gut microbiome may have permanent develop-
mental metabolic consequences (Cox et al., 2014; Schulfer et al., 2018). Moreover, multiple independent
research groups studying rodents have shown that early antibiotic exposure likely has a profound, organiza-
tional impact on gene expression, brain structure and function, and behavior (Diaz Heijtz et al., 2011; Guida
etal., 2018; Leclercg et al., 2017; Minter et al., 2016; Ogawa et al., 2020; Schmidtner et al., 2019). These findings
have direct translational relevance since antibiotic exposure at birth in humans has been shown to alter recog-
nition memory in one-month-old infants, as assessed by event-related potentials (Hickey et al., 2021). Taken
together, existing research is provocative but incomplete, clearly indicating that additional preclinical research
is necessary to determine the overall impact of early antibiotic exposure on neurodevelopment.

Although early-life antibiotic treatment has long been considered to have minimal adverse effects, much
less than the benefit for their use, one hypothesis we are testing herein is that antibiotic exposure may have
a potentially deleterious organizational effect by perturbing the developing microbiome in early life and
subsequently altering signaling within the developing brain. This hypothesis could help explain the rising
incidence in neuropsychiatric diseases of childhood, but must be tested rigorously to assess causation.
Although epidemiologic and observational studies have associated early-life antibiotic exposures with
an increased risk of health-related outcomes including obesity, asthma, and celiac disease (Aversa et al.,
2021; Hviid et al., 2011; Manco, 2012; Patrick et al., 2020; Trasande et al., 2013; Wickens et al., 1999) and
importantly neurodevelopmental disorders including ASD and ADHD (Aversa et al., 2021; Hamad et al.,
2019; Lee et al., 2019; Slob et al., 2021; Wimberley et al., 2018), the results of these correlational analyses
often conflict (Hamad et al., 2018, 2019; tukasik et al., 2019; Slob et al., 2021) and do not infer causality. To
initiate mechanistic inquiry, we began studies exposing newborn mice to low-dose (sub-therapeutic) levels
of penicillin (LDP) to determine whether there might be effects in vulnerable portions in the developing
brain. We chose penicillin because beta-lactams, such as penicillin, are the most widely used antibiotics
in early childhood (Chai et al., 2012) and because we have extensive experience in mouse models using
LDP, showing that these have substantial effects on the development of metabolism (Cho et al., 2012;
Cox et al., 2014; Lieber et al., 2019; Mahana et al., 2016; Schulfer et al., 2018) and inflammation (Cho
etal., 2012; Cox et al., 2014; Lieber et al., 2019; Mahana et al., 2016; Schulfer et al., 2018). We now ask (Fig-
ure 1) whether exposure of newborn mice to LDP will again alter the early-life intestinal microbiome and
whether it will affect gene expression in the frontal cortex and amygdala, two critical areas underlying
emotional and cognitive functions that are vulnerable to early-life perturbations (Raineki et al., 2019; Rob-
inson-Drummer et al., 2019; Tottenham and Sheridan, 2010). The infant amygdala and frontal cortex circuit
is also recognized as acutely sensitive to maternal rearing (Sullivan et al., 2000). Moreover, triggers that
impact maternal caregiving can readily influence the social behavioral switch from attraction to fear
learning in pups that contribute to lifelong emotional and learning deficiencies (Moriceau and Sullivan,
2006; Sullivan et al., 2000). Accordingly, using the established murine LDP model and interrogating the
frontal cortex and amygdala, we tested the hypothesis that selective gut microbiome changes in specific
taxa linked to brain level gene expression differences can be identified during the early postnatal period
within mouse brain regions relevant to dysfunction observed in human neurodevelopmental disorders.
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Figure 1. Study design: assessing effects of early-life antibiotics on gene expression in the brain

Pregnant C57BL/6 mice were either exposed to low-dose penicillin G, as described [Cox], during the last week of
pregnancy and until sacrifice of their pups on PND10 (STAT group; n = 8 pups), or exposed starting on the day of birth
(STAT-Birth; n = 7 pups), or were unexposed (Control; n = 8 pups). The pups were sacrificed at PND10 for examination of
microbiome and CNS transcription. Pups were born on PO, and all dams were sacrificed by P22.

RESULTS
Microbiome analyses

The composition and population structure of the intestinal microbiomes of the pups and their dams and
sires were significantly different, as expected (Figures S1 and S2). There were no significant differences in
the alpha-diversity in the small intestinal and cecal contents of the pups according to their treatment
groups (antibiotic-exposed groups [STAT, STAT-Birth] and the Control group) (Figure S1). However,
the groups differed significantly in their population structure; in the cecum, all three groups differed
from one another and in the small intestine, the Control and STAT groups were significantly different
(Figure 2).

The antibiotic exposures selected for particular taxa and against others (Figure 3). The strongest and
most consistent were in the small intestinal microbiota; the antibiotic treatments strongly selected
against the dominant Lactobacillus species, with replacement by Corynebacterium, Lachnospiraceae,
Sphingomonaceae, Enterococcus, Pseudomonas, and Stenotrophomonas, among others. The most
numerous significant effects were in the cecum, with selection against Staphylococcus, Lactobacillus
and Roseburia species, and Oscillospiraceae, among others, with replacement by Enterobacteriales,
Enterococcus, and Pseudomonales, among others. Taken together, these results indicate that exposure
to even low (sub-therapeutic) doses of penicillin substantially changes the early-life intestinal microbiota
in developing mice.

Differential regulation of key genes within the frontal cortex and amygdala by early-life
antibiotic exposure

We examined transcriptional profiles in the frontal cortex and amygdala of the pups at a global level across
all measured transcripts. The major comparison was between each of the antibiotic-exposed groups (STAT,
STAT-Birth) versus the Control group. By applying principal component analysis (PCA), we found that pat-
terns of gene expression in both the frontal cortex and amygdala differed significantly across the three
groups along the PC1 axis (Figure 4). We then examined differential expression across individual genes
to identify statistically significant differences between the exposed and control groups in each brain region.
In each of these comparisons between the controls and antibiotic-exposed groups, there were a large num-
ber (>500) of significantly differentially expressed genes (DEGs) in both the frontal cortex and amygdala
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Figure 2. Beta-diversity of pup intestinal contents, based on a Bray-Curtis distance matrix
The significance of differences was tested by Permanova-pairwise test with 999 permutations (*p < 0.05; **p < 0.01).

(Figure 5). Since these analyses identified hundreds of DEGs in each comparison (Tables S1-54), we
increased the stringency of the comparisons. Genes were first filtered based on having a robust fold change
in at least one condition (>1.5 absolute log,-fold change) and an adjusted p value <0.01, with false discov-
ery rate (FDR) under 5% (Tables S5-58). We then highlighted genes found to be differentially expressed in
either of the comparisons between the control group and the antibiotic-exposed (STAT and STAT-Birth)
groups.

Using these criteria, we identified 209 genes in the frontal cortex and 41 genes in the amygdala, some of
which overlap between the two antibiotic groups (Figure 6; Tables S9 and S10). Comparing across treat-
ment conditions, there were 17 genes in the frontal cortex and 3 genes in the amygdala that were signif-
icantly differentially regulated in relation to the Control group (Table 1). Significant frontal cortex genes
include adenylate kinase 7 (Ak7) (2.01-fold upregulated in STAT and 1.58-fold upregulated in STAT-Birth);
coiled-coil domain containing 121 (Ccdc121) (1.78-fold upregulated in STAT and 1.57-fold upregulated in
STAT-Birth); canopy FGF signaling regulator 1 (Cnpy?1) (2.52-fold upregulated in STAT and 2.87-fold upre-
gulated in STAT-Birth); dynein axonemal light intermediate chain 1 (Dnali1) (2.24-fold upregulated in STAT
and 1.81-fold upregulated in STAT-Birth); ETS homologous factor (Ehf) (1.96-fold upregulated in STAT and
1.91-fold upregulated in STAT-Birth); neurotensin (Nts) (1.64-fold upregulated in STAT and 1.97-fold upre-
gulated in STAT-Birth); serpin family A member 9 (Serpina9) (2.91-fold upregulated in STAT and 3.69-fold
upregulated in STAT-Birth); SIX homeobox 3 (Six3) (3.14-fold upregulated in STAT and 4.51-fold upregu-
lated in STAT-Birth); and solute carrier family 6 member 4 (Slcéa4; also known as serotonin transporter
SERT [2.00-fold upregulated in STAT and 2.46-fold upregulated in STAT-Birth]). The amygdala genes
included diacylglycerol kinase kappa (Dgkk) (1.57-fold upregulated in STAT and 1.66-fold upregulated in
STAT-Birth) and gastrulation brain homeobox 1 (Gbx1) (2.18-fold upregulated in Control vs STAT and
2.11-fold upregulated in Control vs STAT-Birth].

We also performed an analysis combining the STAT and STAT-Birth group into a single “Antibiotics” group
compared with the Control group (Tables S11 and S12), which revealed differential regulation of 74 frontal
cortex genes and 23 amygdala genes (Figure S3; Tables S13 and S14). These included overlapping genes
from the aforementioned analyses in the frontal cortex (Ak7, Ccdc121, Cnpy1, Dnali1, Ehf, Nts, Serpina9,
Six3, and Slcéad) along with notable genes including: Draxin (1.74-fold upregulated in Antibiotics);
gamma-aminobutyric acid type A receptor subunit rhol1 (Gabrr1) (1.44-fold upregulated in Antibiotics);
interleukin 12B (I112b) (1.52-fold downregulated in Antibiotics); interleukin-2 receptor subunit beta 2
(IN2rb2) (1.65-fold upregulated in Antibiotics); troponin C1 (Tnnc1) (1.61-fold downregulated in Antibi-
otics); T-Box transcription factor 22 (Tbx22) (1.51-fold downregulated in Antibiotics); and transthyretin
(Ttr) (1.44-fold upregulated in Antibiotics). Similarly, overlap was observed with amygdala genes Dgkk
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Figure 3. Heatmap representing taxa (at genus level) in the pup samples that are significantly different between
STAT vs. Control and STAT-Birth vs. Control

Each row represents a different taxon and each column a different treatment. Logqo taxon relative abundance is shown in
the scales for each intestinal sampling site at right. Significantly different taxa were inferred by MaAsLin2 analysis.

(A) Cecal contents.

(B) Colonic contents.

(C) Small intestinal contents.

and Gbx1 and additional notable genes including: gamma-aminobutyric acid type A receptor subunit
alphaé (Gabrab) (2.84-fold upregulated in Antibiotics); potassium voltage-gated channel subfamily E reg-
ulatory subunit 1 (Kene1) (1.54-fold downregulated in Antibiotics); LIM homeobox 8 (Lhx8) (2.09-fold upre-
gulated in Antibiotics); resistin-like alpha (Retnla) (2.06-fold upregulated in Antibiotics); serpin family clade
A, member 3G (Serpina3g) (1.65-fold upregulated in Antibiotics); somatostatin receptor 5 (Sstr5) (1.63-fold
upregulated in Antibiotics); and Ttr (3.48-fold upregulated in Antibiotics).
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Figure 4. Gene expression in the frontal cortex and amygdala in the three study groups

In the groups (STAT, STAT-Birth, and Control), there are three samples per pup. Global expression data for each sample
in each site are represented by PCA. The significance of differences was tested by pairwise Mann-Whitney tests on PC1
(*p < 0.05; **p < 0.01; not significant: p > 0.05). See also Figure S3.
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Figure 5. Volcano plots of differentially expressed genes in the frontal cortex (left) and amygdala (right) between
antibiotic-exposed and control pups

Genes differentially expressed with p < 0.01 are represented by colored points (e.g., no change in gray, upregulation in
red, and downregulation in blue).

(A) Comparison of STAT vs. Control.

(B) Comparison of STAT-Birth vs. Control.

Differential regulation of key pathways within the frontal cortex and amygdala by early-life
antibiotic exposure

To assess differences at the pathway level based on DEGs, we used the DAVID database to complete
pathway enrichment, focusing on genes that were significantly differential by p value, fold change,
and FDR value (Table 2). Multiple pathways related to neuronal development were identified as signifi-
cantly upregulated in STAT-Birth vs. Control, including neuron differentiation (GO:0030182) which
included key genes such as Six3 and Slcéad. Similarly, within the amygdala, a key neuronal development
pathway, neuron fate commitment (GO:0048663), was significantly upregulated in the STAT-Birth vs.
Control group. We also performed pathway analysis combining the STAT and STAT-Birth group into a
single "Antibiotics” group and compared with the control mice (Figure S4). This analysis resulted in iden-
tification of the multicellular organism development GO pathway (GO:0007275, %FDR 3.11) in the amyg-
dala which was differentially upregulated (LHX1, NTRK1, DRAXIN, OTX2, SIX3, EOMES, ISL1, and
MAB21L1 genes upregulated and BMP8A gene downregulated) in the Antibiotic group compared
with the Control group.

Linking CNS transcriptional alterations to changes in microbiota after early-life antibiotic
exposure

We linked observed changes in CNS gene expression with differences in the abundances of specific taxa
observed in the intestine (Figure 7). Normalized mean expression for each DEG (DEseq analysis) was
divided into tertiles, which were used to group the relative abundance of each taxon in each sample.

6 iScience 24, 102797, July 23, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

Frontal Cortex

Amygdala

B

-
&

Y.
Draxin =
| Akric19 s
| 1700123J17Rik £
Otx2 =
e £
Cbin3 =
Sstrs 22
Gm30873 =
Gmaoa7s B
m Hem
Gm26644 o
Retnla =
Rnase2a 2
Brs3 =4
6731()046J19R|k il
pir EF
]| Gpr101 e
Dgkk I
Frem3 e
iy e, =
m =L
I o £
- e
HJ 11 M Drd3 &=
Serplnaag e
__ Sprr2ai -
I ‘\II 1 Capn11 [Pl
| | Ttr oy
Gabra6é g S8
Kcne1 N
D630010B17Rik g
&93(2317022!?“( bl
a :
| | Gm31692 B
olt1a

Ostn
LOC1 08167556

LOC1 02640059
LOC102641351

u,,a 'T'

Z-score Condition

I 3 M Control

2 B STAT
1 [l STAT-Birth
0

- -1

T L T

Figure 6. Heatmap of genes in the frontal cortex and amygdala that are differentially expressed in the Control vs. STAT and/or the Control vs.
STAT-Birth mice comparisons
Genes that are significantly significant (p < 0.01 with log fold change > 1.5) are depicted. See also Figure S4.

iScience 24, 102797, July 23, 2021 7



¢? CellPress iScience
OPEN ACCESS

Table 1. Overlap in differential gene expression in the two antibiotic groups vs. controls

A. Frontal cortex, n = 17 genes

Control vs. STAT-Birth Control vs. STAT

Gene Base mean log,FC log,FC-SE Z-stats p value p-Adj Base mean log,FC log,FC-SE Z-stats p value p-Adj

2610528A11Rik 5.62 1.63 0.45 3.67 2.48e-4 1.75e-3 6.25 1.78 0.48 3.73 1.8e-4  3.33e-3
Ak7 3.35 1.58 0.39 4.05 5.15e-5 4.90e-4 4.35 2.01 0.38 5.34 9.05e-8 1.62e-5
Ccdc121 1.29 1.56 0.45 3.48 4.00e-4 3.00e-3 1.55 1.78 0.50 5.60 3.20e-4 4.91e-3
Cnpy1 8.49 2.86 0.52 5.53 3.23e-8 1.37e-6 7.12 2.52 0.52 3.40 1.12e-6 8.81e-5
Col10a1 2.86 1.63 0.39 4.22 2.42e-5 2.70e-4 2.87 1.57 0.45 4.87 4.40e-4 6.15e-3
Dnali1 1.31 1.81 0.55 3.33 8.80e-4 4.74e-3  1.77 2.23 0.55 3.51 4.13e-5 1.17e-3
Ehf 2.96 1.90 0.49 3.90 9.72e-5 8.00e-4 3.18 1.95 0.50 4.10 8.19e-5 1.89e-3
Fam216b 1.76 1.83 0.55 3.34 8.40e-4 4.61e-3 240 2.26 0.50 3.94 5.44e-6 2.80e-4
Lhx1os 3.25 2.39 0.56 4.28 1.84e-5 2.20e-4 239 1.74 0.47 4.55 2.00e-4  3.50e-3
Nts 14.67 1.97 0.26 7.64 2.04e-14 1.12e-11 12.49 1.64 0.35 3.72 3.54e-6 2.10e-4
Pcp2 2.22 3.29 0.99 3.33 8.50e-4 4.62e-3 291 3.66 0.97 3.78 1.50e-4 2.92e-3
Serpina9 2.03 3.69 0.88 4.17 2.99e-5 3.20e-4 1.21 2.91 0.84 3.48 5.00e-4 6.76e-3
Six3 3.82 4.51 1.13 3.99 6.72e-5 6.10e-4 1.55 3.14 0.78 4.00 6.28e-5 1.57e-3
Slc6ad 4.48 246 0.38 6.47 9.90e-11 1.23e-8 3.17 1.99 0.39 5.06 4.16e-7 4.64e-5
Tjp3 2.00 1.96 0.39 5.07 4.08e-7 1.07e-5 1.73 1.66 0.45 3.69 2.20e-4  3.72e-3
Tmem212 1.80 3.64 0.88 4.18 3.36e-5 3.10e-4 1.40 3.21 0.82 3.93 8.43e-5 1.95e-3
Tnncl 54.70 -1.69 0.33 -5.29 1.18e-7 3.97e-6 57.26 -1.54 0.30 -5.17 2.31e-7 3.01e-5

B. Amygdala, n=3 genes

Control vs. STAT-Birth Control vs. STAT
Gene Base mean log,FC log,FC-SE Z-stats p value p-Adj Base mean log,FC log,FC-SE Z-stats p-value p-Adj
Dgkk 61.48 1.65 0.36 4.52 6.15e-6  1.20e-4 48.00 1.57 0.41 3.82 1.30e-4  3.08e-3
Gbx1 2.67 2.1 0.56 3.73 1.80e-4 1.8%9e-3 2.19 2.18 0.61 3.58 3.40e-4  5.90e-3
LOC102641351 4.45 -1.66 0.29 -5.69 1.24e-8 8.99e-7 3.63 -1.78 0.34 -5.25 1.49e-7  2.19e-5

We identified 39 significant gene-microbiota relationships in the frontal cortex and 19 significant gene—
microbiota relationships in the amygdala (Figure 7 and Tables S15-519). Significant relationships were
found with taxa in the small intestine, cecum, and colon. Both Enterococcus and Lactobacillus had multiple
significant positive or negative associations with specific gene expression in the frontal cortex. Specifically,
there was an increased relative abundance of colonic Lactobacillus in subjects with the highest tertile of
Gm30875 and 1700019L22Rik and reduced relative abundance of colonic Lactobacillus in subjects with
the highest tertile expression of Tbx22 and Gm42359 in the frontal cortex. Increased relative abundance
of colonic Enterococcus was found in subjects with the highest levels of Lhx9, Lhx1, and Chst9 in the frontal
cortex (Figure 7A). In the amygdala, those with the highest expression of Sstr5 also had increased relative
abundance of both cecal and colonic Lactobacillus (Figures 7C and 7D). The highest tertile of Gabraé and
CblIn3 expression was associated with increased colonic Erysipelotrichaceae and Enterococcus, respec-
tively (Figure 7D). Subjects with the highest Rnase2a and Retnla expression in the amygdala had increased
Enterococcus relative abundance in the small intestine (Figure 7E).

DISCUSSION

We and others have found changes in the microbiome as a result of the low-dose STAT (Cho et al., 2012;
Cox et al., 2014; Lieber et al., 2019; Mahana et al., 2016; Schulfer et al., 2018). However, since we did not
want to assume that there would be effects, we sought experimental validation. This also was the earliest
time point (PND10) we have examined in our studies. Moreover, most studies of antibiotics in early life use
super-pharmacological regimens, which are not particularly relevant physiologically to childhood expo-
sures, but which cause massive changes to the microbiome.
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Table 2. Significantly differential pathways of the DEGs, by site and comparison (DAVID database: log FC > 1.5,

p<0.01, and FDR<5%)*

A. Frontal cortex: STAT-Birth vs. Control

Directionality

¢? CellPress

OPEN ACCESS

GO Term Genes of the genes FDR%
GO:0007275~multicellular IRX3, TSHZ1, GDF6, DRAXIN, Upregulated 0.01
organism development BARHL2, OTX2, SIX3, EOMES, LMX1A,

EN2, ISL1, MEIS1, SFRP5, LHX1,

SHISA3, NTRK1, KRT8, WNT9B,

NHLH2, MAB21L1, UNCX
G0:0045944~positive regulation DRD3, DRD2, BARHL1, BARHL2, Upregulated 0.09
of transcription from RNA OTX2, SIX3, EOMES, EHF, EN2,
polymerase Il promoter LMX1A, GAL, ISL1, MEIS1, GRHL2,

GALRT1, SP7, TFAP2D, TFAP2C, PBX3
GO:0045665~negative regulation IRX3, SLC6A4, SIX3, Upregulated 0.19
of neuron differentiation LMX1A, ISL1, MEIS1
G0:0021516~dorsal spinal cord DRAXIN, PBX3, UNCX Upregulated 0.92
development
GO:0006355~regulation of IRX3, TSHZ1, TBX22, TBX21, IRX2, Upregulated 1.41
transcription, DNA-templated ZFP663, EHF, MEIS1, LHX1, LHX9, except for TBX22

BARHL1, OTX2, BARHL2, SIX3,

EOMES, EN2, LMX1A, ISL1, GRHL2,

NHLH2, TFAP2D, SP7, ST18,

TFAP2C, SP8, SP9, PBX3, UNCX
G0O:0030182~neuron OTX2, BARHL2, WNT9B, Upregulated 2.02
differentiation LMX1A, EN2, ISL1
G0O:0030901~midbrain development BARHL1, OTX2, LMX1A, EN2 Upregulated 3.20
B. Amygdala: STAT-Birth vs. Control
GO Term Genes Directionality of the genes FDR%
GO:0048663~neuron fate commitment  OTX2, GBX1, NKX2-1 Upregulated 0.96
GO:0007411~axon guidance DRAXIN, OTX2, GBX2, NKX2-1  Upregulated 1.10
G0:0002016~regulation of blood DRD3, NKX2-1 Upregulated 4.77

volume by renin-angiotensin

Al directionality is in relation to the control.

As posited, early-life low-dose penicillin exposure altered the composition and community structure of the
intestinal microbiome of PND10 mice. Specific changes in microbiota are consistent with our previous find-
ings in the STAT model (Cho et al., 2012; Cox et al., 2014; Lieber et al., 2019; Mahana et al., 2016; Schulfer
etal., 2018), but in this analysis, we focused on PND10, a key time point during the period of obligate lacta-
tion of the pups (Pantoja-Feliciano et al., 2013). Not surprisingly, we saw a diminishment in the dominant
Lactobacillus species colonizing normal mice (Pantoja-Feliciano et al., 2013). Also as expected, the changes
in the microbiota were more extensive in the STAT mice in which the exposure began during the gestation
of the dams, ensuring that the first transferred microbiota from dam to pup was already affected, before the
exposure in the STAT-Birth mice. Although differing in extent, many of the taxonomic changes were similar,
which facilitated combining the groups, in addition to the individual comparisons with Control mice.

We observed significant changes in gene expression in both the frontal cortex and amygdala in mice
exposed in their early life to LDP (Figures 5 and 6). Other groups have focused on select gene expression
changes and/or behavioral endpoints after early antibiotic exposure in rodents (Diaz Heijtz et al., 2011;
Guida et al., 2018; Leclercq et al., 2017; Minter et al., 2016; Ogawa et al., 2020; Schmidtner et al., 2019).
However, before this study, little information was available on the extent of expression level changes within
these brain regions which are vulnerable to perinatal insults that lead to long-lasting organizational
changes in how individuals behave and react to stressors as they develop into adults.

iScience 24, 102797, July 23, 2021 9
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Figure 7. Comparison of significantly expressed genes in the frontal cortex and amygdala from both STAT and STAT-Birth conditions with
microbiota identified from MaAsLin2 analysis

Normalized mean expression for each differentially expressed gene (determined by DEseq analysis) was divided into tertiles, which were used to group the
relative abundance of each taxon in each sample. A pairwise Kruskal-Wallis rank-sum test was performed to compare the gene tertiles with relative
abundance of each taxon identified by the MaAsLin2 analysis. Taxa with p value <0.05 were selected for the post-hoc Mann-Whitney test between the tertiles
with Benjamini—-Hochberg p value adjustment. Each of the taxa shown had at least one comparison with p value <0.05.

(A) Frontal cortex vs colon.

(B) Frontal cortex vs. small intestine (No significant differences were found in the comparison between frontal cortex vs. ceca).
(C) Amygdala vs. ceca.

(D) Amygdala vs. colon.

(

E) Amygdala vs. small intestine.

Limitations of the study

A limitation of this study is that we were not able to assess whether the changes were due to LDP exposure
directly or were due to the effects on the intestinal microbiota. That we used low-dose (sub-therapeutic)
levels of penicillin, approximately 1/50%" of therapeutic doses makes a direct effect less likely, but this
was not confirmed experimentally. Another limitation is that the mice received the penicillin through the
milk of their mother, and the effects observed in CNS expression could also be due to the penicillin effects
on the mother herself, with secondary effects on the development of the pups. Although we cannot rule out
that possibility, the low doses used in this study suggest this is not likely. Because of this route of differential
exposure to penicillin or not, we could not randomize the pups within a litter, which is another limitation,
since litter effects could bias interpretation of the findings. Finally, studying the pups at only a single time
point (PND10) did not permit an assessment of the durability of the findings; this question must be exam-
ined in future studies.

In any event, the changes in gene expression involved specific DEGs, often the same gene in the independent
analyses of the STAT group vs Control, and the STAT-Birth group vs. control (e.g., Slc6a4 and Dgkk), a conser-
vation increasing confidence that the findings were robust. Genes that play significant role(s) in early-life
neurodevelopment and have important signaling relevance in adulthood include Slcéa4 observed in the frontal
cortex and Dgkk observed in the amygdala. Upregulation of Slc6a4 (SERT) after STAT and STAT-Birth may indi-
cate microbiota perturbations impacting serotonergic signaling in the developing brain that could have
organizational effects persisting into adulthood. Early-life serotonergic signaling system alterations also link
antibiotic treatment and neurobehavioral deficits. Gut enterochromaffin cells are a major source of serotonin
(Liu et al., 2008), and the blood-brain barrier (BBB) is open to peripherally produced serotonin early in life, but
closes later. Increases in peripherally derived serotonin early in life alters brain development (Bonnin et al.,
2011; Bonnin and Levitt, 2011) and have been associated with mood disorders and limbic system dysfunction
(Gross and Hen, 2004). Transient increases in serotonin levels, induced by antibiotic effects in the microbiome,
may have long-lasting effects in the brain. Our observed alteration of the expression of SERT, a key regulator of
serotonin signaling in the synaptic cleft, supports this contention.

In addition to specific genes in the frontal cortex and amygdala that were altered by LDP, we identified key
pathways through DAVID with specific early-life neural development functions that were significantly
altered by the antibiotic exposure. GO (Gene Ontology) pathways regulating neuron differentiation, fate
development, and axon guidance were altered by LDP (Table 2). The preponderance of GO pathways
related to neurodevelopment that were altered by early antibiotic exposure suggests high potential for
organizational change in the developing brain, especially in vulnerable regions with cognitive and
emotional functions.

Importantly, our analyses linked LDP-induced changes in specific microbial taxa and differences in CNS
gene expression, with key translational implications. Multiple linkages involved relative abundances of
Lactobacillus species, which dominate during the obligate lactation period in mouse development
(Pantoja-Feliciano et al., 2013). That differences in abundances of these critical species in early life
might be directly associated and/or mechanistic drivers of a mosaic CNS including select gene expres-
sion and/or key developmental pathways is a foundational finding and requires further investigation.
Conversely, Enterococcus species, enriched by LDP, emerged as an important potential actor in
the gut-brain axis interaction. Whether these changes are important per se for neurodevelopment
within critical brain regions or merely reflective of broader taxonomic changes remains to be
determined.
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In summary, these initial proof-of-concept studies establish the STAT model for investigating the effects of
early-life antibiotic perturbation of the intestinal microbiome in the context of CNS development. Epide-
miologic and observational studies have shown associations of early-life antibiotic exposure with neurode-
velopmental disorders including ASD and ADHD (Aversa et al., 2021; Hamad et al., 2019; Lee et al., 2019;
Slob et al., 2021; Wimberley et al., 2018), but these findings are only correlative, and the literature is con-
flicting (Hamad et al., 2018, 2019; kukasik et al., 2019; Slob et al., 2021). Therefore, future experimental
studies should be carried out in suitable antibiotic-exposure models, with extensive assessment of the mi-
crobiome, expression profiling of key brain circuits, and physiological and/or behavioral readouts to allow
testing for causal inferences. Further experiments to validate these findings are needed to generalize from
these data.

By analogy, these results provide evidence that early-life antibiotic exposure in humans may have effects
not only on the infant microbiome but also on gene expression within critical brain structures, including
the frontal cortex and amygdala, which are vulnerable to perinatal insults. These initial findings require
further validation but suggest a paradigm shift in early-life antibiotic use should be considered. Although
not considered a potentially severe CNS teratogen such as alcohol, cocaine, or toxoplasmosis, other (such
as syphilis, varicella, mumps, parvovirus, and HIV), rubella, cytomegalovirus, herpes simplex (TORCH) path-
ogens (Al-Haddad et al., 2019; Bennett, 1999), early-life antibiotic use may have unexpected consequences.
Our present findings should trigger re-examining widespread antibiotic prescriptions when their use is not
directly indicated.
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Chemicals, peptides, and recombinant proteins

Penicillin G Sigma, St. Louis MO P3032

Critical commercial assays
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Software and algorithms
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Materials availability

No new materials were generated in this study.

Data and code availability
The 16S rRNA and RNA-Seq FASTQ files generated during this study are available at SRA with accession
numbers: SRA: PRINA730313 (RNA-Seq) and SRA: PRINA731131 (16S).

Animals and protocols. Mice were housed in a specific pathogen-free environment with a 12-hr light/dark
cycle. C57BL/6 mice (Jackson Laboratories, Bar Harbor ME) were obtained at 6 weeks of age and accli-
mated to the animal facility for 1 week before initiating breeding. After a 5-day period, breeder pairs
were separated, and pregnant dams were randomized into 3 treatment groups. One-third of the dams
were given low-dose penicillin G (Sigma, St. Louis, MO) in their drinking water (STAT) starting during the
last week of pregnancy and continuing to postnatal day 10 (PND10) as described (Cox et al., 2014; Schulfer
etal.,, 2018). One-third of the dams were given STAT in their drinking water starting at birth and continuing
to PND10 (STAT-Birth). One-third of the dams did not receive antibiotics in the drinking water and served
as controls (CTR). The STAT dams received penicillin G at 1 mg/kg body weight daily, effectively the mid-
range of the Food and Drug Administration (FDA)-approved dosing for use of penicillin for growth promo-
tion in farm animals, approximately 2% of the levels used therapeutically (Cho et al., 2012; Cox et al., 2014);
pups received the penicillin via their mother’s milk. We used this approach to avoid handling the pups
directly, which could create trauma and bias. For this preliminary study, for the pups to receive the anti-
biotic through their mother’s milk seemed optimal under the circumstances to minimize excessive handing.
Animal protocols for this study were compliant with NIH guidelines and approved by the Institutional An-
imal Care and Use Committee (IACUC) of the NYU Grossman School of Medicine.

Analysis of CNS transcription. Brains were removed from offspring at PND10 after cervical dislocation. For
RNA-seq studies, the third male pup of each litter was used. A regional dissection containing the frontal
cortex (FC) and the amygdala (A) were performed on frozen brain slabs using microforceps and a dissecting
microscope using landmarks from the Allen Developing Mouse Brain Atlas (2017) and the procedure fol-
lowed by Chen et al. (Chen et al., 2017). RNA was isolated from frozen FC and A samples using the
mRNAeasy Micro Kit (Qiagen, Valencia, CA) according to manufacturer specifications. The Agilent 2100
Bioanalyzer (Agilent Biotechnologies, Santa Clara, CA) was used to determine RNA concentration and
quality. RNA integrity number (RIN) values ranged from 9.6 to 10. Construction of the mRNA sequencing
libraries and subsequent RNAseq was performed at the NYU Grossman School of Medicine Genome Tech-
nology Center (NYUGSOM GTC) Core Facility. Approximately 300 ng of total RNA was applied to the Tru-
Seq RNA Sample Preparation Kit v2 (lllumina, San Diego, CA) per manufacturer recommendations. The
quality of the libraries was assessed using Agilent bioanalysis. Libraries were applied to runs of paired-
end 50-base pair sequencing on a HiSeq 4000 platform (Illumina), using the rapid run mode. A total of
23 samples were successfully used for RNA-seq (12 FC and 11 A) from four mice per condition (STAT,
STAT-Birth, and CTR), with one exception. For the RNA-seq examination of the A samples, three STAT-
Birth mice were studied.

FASTQ files were trimmed to a quality score of 30 with TrimGalore (v 0.5.0) (http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) and then aligned to the GRCm38 (mm10) mouse genome
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/) from Genome Reference Consortium with
bbmap (v 38.25) [jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbmap-guide/] using the first
best site and minimum alignment identity of 0.9. Samtools (v 1.9) () were used to sort and convert aligned
SAM files to BAM format. Reads were quantified with the featureCounts (Liao et al., 2014) command line
tool by counting only primary alignments and ignoring duplicate reads. The DESeq2 package (v 1.22.2)
(Love et al.,, 2014) in R (v 3.5.2) was used to identify differentially expressed genes. Genes with p value
<0.01 and logy-fold change of 1.5 were selected for GO enrichment analysis by utilizing DAVID (Huang
et al., 20093, 2009b) database. PCA was performed on genes separately from the amygdala and frontal cor-
tex to find differences between groups (STAT, STAT-Birth, and Control). Mann-Whitney test was applied to
principal component 1 to calculate the significance for the comparisons between the groups.

Microbiome sample collection and processing. At sacrifice, the contents of the small intestine, cecum, and

colon were collected in cryopreservative tubes, then snap frozen in liquid nitrogen, and stored at - 80°C.
Fecal samples were obtained from dams and sires and used to compare with the pup samples. The
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microbiota DNA was extracted using the PowerSoil-htp 96-Well DNA Isolation Kit (MoBio, Carlsbad, CA).
The V4 region of bacterial 16S rRNA genes was amplified in triplicate reactions using barcoded fusion
primers 515F/806R, which amplifies bacterial and archaeal 16S genes (Walters, 2016 #15856). The DNA con-
centration of the V4 amplicons for each sample was measured using the Quant-iT PicoGreen dsDNA assay
kit (Life Technologies, Eugene, OR), and samples were pooled in equal quantities. These pools were
treated with the Qiaquick PCR purification kit (Qiagen) to remove primers, quantified using the high-sensi-
tivity dsDNA assay kit and the Qubit 2.0 Fluorometer (Life Technologies), and then combined at equal con-
centrations to form the sequencing library. The ~254-bp V4 region was sequenced using the llumina MiSeq
2 % 150 bp platform at the NYUGSOM GTC.

16S rRNA sequence analysis. Quantitative insights for microbial ecology (QIIME, version Qiime 2-2020.8)
was used for quality filtering and downstream analysis for a-diversity, B-diversity, and compositional anal-
ysis (https://view.qgiime2.org). Sequences were filtered for quality, trimmed, de-noised, merged, and then
the chimeric sequences were removed using DADA2 (Callahan et al., 2016) to generate the feature table.
The Shannon index was used as a measure of the intra-individual (a-) diversity [Figure S1]. The inter-indi-
vidual (B-) diversity was computed as Bray—Curtis distance matrix (Bray and Curtis, 1957), and differences
in B-diversity were visualized with principal coordinates analysis (PCoA) plots [Figure S2]. Taxonomy was
assigned using Silva 138 (Pruesse et al., 2007) (release of December 2019). Differential features of relative
abundance of bacterial taxa were identified using the MaAsLin algorithm (https://huttenhower.sph.
harvard.edu/maaslin/).

Statistical analysis for microbial data. Graphical representation of the data was obtained using Graph-
PadPrism software (version 6; GraphPad Software, San Diego, CA) and R. For the microbiota analysis, sig-
nificant differences in a-diversity between experimental groups were determined using the Kruskal-Wallis
method, while differences in B-diversity were tested by Pairwise PERMANOVA with 999 permutations. Sig-
nificant differences in relative abundance were assessed using MaAsLin 2 (http://huttenhower.sph.harvard.
edu/maaslin2) R package, version 1.4.0, and thresholds for significance were performed at the default
setting.

Comparison between microbiome and CNS transcription. DEGs from both STAT and STAT-Birth condi-
tions from the frontal cortex and amygdala generated with DESeq2 package were compared with micro-
biota from three different sites resulted from MaAsLin2 analysis in the following manner. Normalized
mean expression for each differentially expressed gene was divided into tertiles, which were used to group
relative abundance of each bacterial species in each sample. Pairwise Kruskal-Wallis rank-sum test was per-
formed to compare the gene tertiles with relative abundance of each bacteria identified by previous anal-
ysis. In the correlation analysis, each tertile had an equal number of samples in it. Each RNA-seq sample
represented an average of the three normalized replicates. Bacteria with a p value <0.05 were selected
for the post-hoc Mann—-Whitney test between the tertiles with Benjamini-Hochberg p value adjustment.
The reported bacteria had at least one comparison with a p value <0.05.
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