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ABSTRACT Diarrheal diseases are a leading cause of death in children under the
age of 5 years worldwide. Repeated early-life exposures to diarrheal pathogens can
result in comorbidities including stunted growth and cognitive deficits, suggesting
an impairment in the microbiota-gut-brain (MGB) axis. Neonatal C57BL/6 mice were
infected with enteropathogenic Escherichia coli (EPEC) (strain €2348/69; AescV [type
Il secretion system {T3SS} mutant]) or the vehicle (Luria-Bertani [LB] broth) via oro-
gastric gavage at postnatal day 7 (P7). Behavior (novel-object recognition [NOR] task,
light/dark [L/D] box, and open-field test [OFT]), intestinal physiology (Ussing cham-
bers), and the gut microbiota (16S Illumina sequencing) were assessed in adulthood
(6 to 8weeks of age). Neonatal infection of mice with EPEC, but not the T3SS mu-
tant, caused ileal inflammation in neonates and impaired recognition memory (NOR
task) in adulthood. Cognitive impairments were coupled with increased neurogenesis
(Ki67 and doublecortin immunostaining) and neuroinflammation (increased microglia
activation [Iba1]) in adulthood. Intestinal pathophysiology in adult mice was charac-
terized by increased secretory state (short-circuit current [/, ]) and permeability (con-
ductance) (fluorescein isothiocyanate [FITC]-dextran flux) in the ileum and colon of
neonatally EPEC-infected mice, along with increased expression of proinflammatory
cytokines (Tnfa, 112, and 1I6) and pattern recognition receptors (Nod1/2 and Tir2/4).
Finally, neonatal EPEC infection caused significant dysbiosis of the gut microbiota,
including decreased Firmicutes, in adulthood. Together, these findings demonstrate
that infection in early life can significantly impair the MGB axis in adulthood.

KEYWORDS microbiota-gut-brain axis, behavior, neuroinflammation, neurogenesis,
bacterial infection

espite advances in sanitation and access to clean drinking water, enteric infections
remain a global public health issue, with diarrheal diseases being a leading cause of
death in children under the age of 5 years worldwide (1). While treatment of diarrhea
with an oral rehydration solution has significantly decreased childhood mortality,
repeated exposures to diarrheal pathogens have been correlated with impaired growth
and cognitive deficits into adulthood (2-4). Malnutrition caused by enteric bacterial
pathogens may support ongoing dysbiosis, resulting in gastrointestinal (Gl) barrier dys-
function and systemic translocation of bacterial products (3, 5). This translocation may
drive systemic inflammation, and neuroinflammation, which could contribute to cogni-
tive deficits. Despite this association, the underlying cause of enteric infection-induced
cognitive deficits is unknown.
Early neonatal life is a critical time for neural development (6), differentiation and matu-
ration of the Gl tract (7), and colonization of the gut microbiota (8), together comprising
the microbiota-gut-brain (MGB) axis. Signaling of the MGB axis occurs via hormones,
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FIG 1 Study design and EPEC colonization. (A) Mouse pups were challenged at P7 (EPEC, AescV, or LB broth
[sham]), and adults were divided into 3 experimental groups. (B) Colonic (left) and ileum (right) samples grown
on MacConkey agar plates at 1, 4, 8, and 12 days postinfection to quantify EPEC and AescV colonization. Data

represent 1 to 2 pups per litter from 3 to 4 separate litters per group per time point.

neurotransmitters, and immune cells, although the precise pathways involved remain to
be fully elucidated (9, 10). Dysbiosis, induced following either antibiotic administration (11)
or infection with a bacterial pathogen (12), can result in long-lasting impairments in MGB
axis signaling, including behavioral deficits and Gl pathophysiology. For example, in adult
mice, infection with the murine bacterial pathogen Citrobacter rodentium causes acute anx-
iety-like behavior (13) and stress-induced cognitive deficits (12), with exposure to social
stress increasing the severity of infection (14). These studies highlight the association
between infection, dysbiosis, inflammation, and behavioral impairments, which may be
further enhanced following initiation during early neonatal life.

Here, we sought to identify the effects of neonatal bacterial enteric infection on the
MGB axis by infecting mouse pups with enteropathogenic Escherichia coli (EPEC). While
EPEC does not colonize adult mice without antibiotic pretreatment (15), it can effectively
colonize both the ileum and colon in neonatal mice (16). Epithelial cell attachment and
EPEC microcolony formation depend on the presence of functional bundle-forming pili
and the type lll secretion system (T3SS) (16). This molecular syringe permits the injection
of virulence factors into the host cell and triggers inflammatory responses to infection.
Following neonatal EPEC infection, we identified recognition memory deficits, Gl patho-
physiology, and dysbiosis in adult mice. These MGB axis defects were coupled with
increased hippocampal neurogenesis and neuroinflammation, identifying a potential
novel pathway through which neonatal enteric bacterial infection can cause cognitive
deficits in adulthood.

RESULTS

EPEC colonizes neonatal mice and leads to Gl inflammation. Mice were infected
with EPEC or AescV at postnatal day 7 (P7) and colonization assessed over time until
weaning (P21) (Fig. 1A). EPEC and AescV both effectively colonized mice, as demon-
strated by increased CFU per gram of tissue, reaching 108 to 10° CFU/g tissue (colon)
and 10° to 107 CFU/g tissue (ileum) by 1 to 4 days postinfection (p.i.), and reduced bacterial
burden starting at 12 days p.i, with all mice clearing the bacteria by 16 days p.i. (Fig. 1B).
An absence of overt histological damage was observed in the ileum of EPEC- or
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A. Histology
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FIG 2 Neonatal Gl histology. (A) Representative histological images (H&E staining) of ileum and colon from sham-, EPEC-, and

AescV-challenged mice at 7 days postinfection (left) and quantification of the crypt-villus axis (ileum) and

crypt depth (colon) (right).

(B) Representative images of epithelial cell proliferation assessment by Ki67 (proliferation marker) (green), CDH1 (epithelial cell
marker) (red), and DAPI (nuclei) (blue) in the ileum and colon (left) and quantification of cell numbers (right) (n=3 to 5 mice per

group) (*, P=0.05; **, P=0.01 [by one-way ANOVA and Tukey's post hoc test]). Bars=100 um.

AescV-infected mice at 7 days p.i. (Fig. 2A). Despite the lack of obvious damage,
characterization of the crypt-villus axis in the ileum identified a significant shortening in
length in EPEC-infected mice compared to sham- or AescV-infected mice (Fig. 2A). This short-
ening in the ileum was coupled with a decrease in epithelial cell proliferation, indicated by
decreased numbers of Ki67-positive (Ki67*) cells (Fig. 2B). In contrast, no damage, change in
crypt depth, or impact on epithelial cell proliferation was found in the colon (Fig. 2A and B).
These results indicate that EPEC infection of neonatal mice causes ileal damage in a T3SS-
dependent manner.

In order to further support histological findings, the expression of cytokines and pat-
tern recognition receptors (PRRs) was assessed in the ileum and colon by quantitative PCR
(gPCR). The expression of /13, 1110, I112, and Tnfa was significantly increased in the ileum
of EPEC-infected versus sham-infected mice at P14 (7days p.i.) but absent in AescV/-
infected mice (Fig. 3A). In the colon, immune activation was limited in EPEC-infected mice,
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FIG 3 Neonatal Gl inflammation. Relative mRNA expression levels in the ileum (A), colon (B), and hippocampus (C) at P14 are shown for cytokines and
pattern recognition receptors (n=8 to 16 mice per group) (*, P=0.05 [by one-way ANOVA and Tukey's post hoc test]).

with only /I70 expression being significantly increased (Fig. 3B), while no evidence of
immune activation was seen in the hippocampus (Fig. 3C). Infection also significantly
increased the expression of the PRRs Nod1 and Nod2 in the ileum and Nod?2 in the colon,
whereas in the hippocampus, EPEC infection reduced Nod2 expression and increased Tir4
(Fig. 3A to Q). Inflammation was dampened by P21, with only //73 in the ileum and /l6,
1170, and Tnfa in the colon being elevated as the bacterial burden decreased (see Fig. S1 in
the supplemental material). In the hippocampus, elevated levels of /I738 and /l6 were seen,
along with increased expression of the microglia marker Iba7 (Fig. S1), suggesting ongoing
mild immune activation at P21 in both the gut and the brain.

Neonatal EPEC infection causes cognitive deficits in adulthood. To study the
impact of neonatal EPEC infection on the MGB axis in adulthood, behavioral testing
was performed. Recognition memory (novel-object recognition [NOR] task) was
impaired in EPEC-infected mice versus sham-infected controls, as indicated by a
decreased exploration ratio (Fig. 4A). This effect was dependent on infection via the
T3SS, as recognition memory was unaffected in mice infected with the AescV mutant
strain (Fig. 4A). In contrast, EPEC infection did not impact anxiety-like behavior (light/
dark [L/D] box), with time spent in the light and transitions between the light and dark
boxes being similar among sham-, EPEC-, and AescV-infected groups (Fig. 4B).
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FIG 4 Neonatal EPEC infection induces cognitive deficits in adulthood. (A) Recognition memory was
assessed using the novel-object recognition (NOR) task by quantification of the exploration ratio
(percent). (B) Anxiety-like behavior was assessed using the light/dark (L/D) box by measuring the time
spent in the light box and transitions between the light and dark boxes. (C) General locomotor
activity was determined using the open-field test (OFT), by measuring the total distance traveled,
frequency of transitions to the inner zone, and time spent in the inner zone (n=15 to 34 mice per
group) (***, P<<0.001 [by one-way ANOVA and Holm-Sidak’s post hoc test]).

Locomotor activity (open-field test [OFT]) was also normal, with total distance traveled,
frequency of transitions, and time spent in the center of the arena being the same in
EPEC-infected mice and sham-treated controls (Fig. 4C). These findings suggest that
neonatal EPEC infection causes recognition memory deficits in adulthood in a T3SS-de-
pendent manner, without inducing anxiety-like behavior or reducing locomotor
activity.

Neonatal EPEC infection increases hippocampal neurogenesis in adult mice. As
the primary site of adult neurogenesis, the dentate gyrus (DG) region of the hippo-
campus plays a critical role in hippocampal plasticity (17), learning, and memory
(18). Immature neurons (doublecortin-positive [DCX*] neurons per cubic microme-
ter [*, P < 0.05]) and proliferating cells (Ki67 " cells per cubic micrometer [*, P < 0.05])
were significantly increased in the DG of EPEC-infected mice versus sham-infected
controls (Fig. 5A and B). Increased neurogenesis in EPEC-infected mice was associ-
ated with increased expression of brain-derived neurotrophic factor (BDNF), critical
for supporting neuronal growth and neurogenesis (18) (Fig. 5C). Taken together,
these findings suggest that neonatal EPEC infection increased hippocampal neuro-
genesis in adulthood.

Neonatal EPEC infection causes neuroinflammation and microglia activation in
adulthood. Neurogenesis can be detrimentally impacted by the presence of neuroin-
flammation. Since neonatal EPEC infection reduced recognition memory and increased
hippocampal neurogenesis in adulthood, neuroinflammation was assessed by gPCR.
Although levels of hippocampal expression of //70 and /22 were both increased, no
change was observed in 113, 16, or Tnfa in adult mice neonatally infected with EPEC.
Increased expression of several PRRs (Nod1, Nod2, and TIr2) was also observed, along
with increased expression of the microglia marker /baT, in adult EPEC mice, suggesting
immune activation (Fig. 6A). This was specific to the hippocampus, with the cerebellum
and prefrontal cortex (PFC) region showing little evidence of immune activation (Fig. S2).
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FIG 5 Neonatal EPEC infection impairs hippocampal neurogenesis in adulthood. (A) Confocal imaging
was used to assess neurogenesis via quantification of cell proliferation (Ki67) (red) and immature
neurons (doublecortin [DCX]) (green). Bars=100um. (B) Quantification of Ki67* and DCX* cells per
cubic micrometer in the dentate gyrus (DG) (n=5 mice per group) (¥, P=0.05 [by Student’s t test]).
(C) Relative mRNA expression of Bdnf in the hippocampus (n=16 mice per group) (¥, P=0.05 [by
Student’s t test]).

Microglia are resident immune cells in the brain, with their activation regulated in
part by the gut microbiota (19, 20). Upon activation, microglia retract their processes
becoming more amoeboid, changing their morphology (20). Hippocampal microglia in
EPEC-infected mice had a more activated phenotype, characterized by significantly
decreased process lengths, decreased numbers of branch points, and reduced num-
bers of terminal points in the DG and cornu ammonis 1 (CA1) regions, coupled with
increased cell numbers (Fig. 6B). Taken together, these findings support the activation
of microglia in the adult hippocampus following neonatal EPEC infection.

Neonatal EPEC infection results in intestinal pathophysiology in adulthood.
Diarrheal disease is caused by an imbalance between secretory and absorptive functions
of the intestinal epithelium, often coupled with impaired permeability (21). Neonatal
EPEC infection increased baseline ileal and colonic ion transport (short-circuit current [/,])
compared to sham-infected controls (Fig. 7A). Increased permeability was also demon-
strated in neonatally EPEC-infected mice by elevated conductance (G) (Fig. 7B) and fluo-
rescein isothiocyanate (FITC)-dextran flux (Fig. 7C) in both the ileum and colon, indicating
increased tight junction and macromolecular permeability, respectively. No obvious histo-
pathology was observed, suggesting the absence of overt damage in either the ileum or
colon (Fig. 7D). Despite the absence of microscopic damage, neonatal EPEC infection
increased the expression of proinflammatory cytokines (/l6, /122, and Tnfca), PRRs (Nod1,
Nod2, TIr2, and Tir4), Regllly, and Bdnf in the ileum (Fig. 7E) and increased the expression
of TIr2 in the colon in adult mice. Therefore, while neonatal EPEC infection leads to
impaired mucosal barrier function in the adult ileum and colon, evidence of mild immune
activation was observed only in the ileum.

Neonatal EPEC infection causes long-lasting changes to the gut microbiota. In
order to characterize changes to the gut microbiota following neonatal EPEC infection,
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FIG 6 Neonatal EPEC infection increases hippocampal neuroinflammation in adulthood. (A) Relative mRNA
expression in the hippocampus (n=12 to 16 mice per group) (*, P=0.05; **, P=0.01 [by Student’s t test, with
a Mann-Whitney test and Welch's correction where appropriate]). (B) Confocal imaging and morphological
characterization of microglia in the dentate gyrus (DG) (top) and CA1 region (bottom) of the hippocampus.
(Left) Microglia (Iba1) (green) with single-cell overlays (red) identified with 3DMorph and morphology
characterized using Imaris. (Right) Process lengths, terminal points, branch points, and cell numbers were
quantified. Nuclei were stained with DAPI (n=5 to 6 mice per group) (**, P<0.01; ***, P<0.001 [by Student’s t
test]). Bars = 15 um.

16S rRNA sequencing of fecal samples from 6- to 8-week-old mice was performed. The
Shannon and Chao1 indices suggest a trend toward decreased alpha diversity in neona-
tally EPEC-infected mice compared to sham-infected controls (Shannon index P value of
0.09 and Chao1 index P value of 0.07 by a Kruskal-Wallis pairwise comparison) (Fig. 8A).
Using genus-level abundance, partial least-squares discriminant analysis (PLS-DA)
showed that adult sham- and EPEC-infected mice formed separate and distinct clusters
(Fig. 8B). Phylum-level abundances show marked increases in Actinobacteria and
decreased Firmicutes following neonatal EPEC infection compared to sham-infected
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FIG 7 Neonatal EPEC infection caused impaired intestinal physiology in adulthood. (A to C) Ussing chambers were used to
assess the secretory state (short-circuit current [/.]) (A) and tight junction permeability via conductance (G) (B) and FITC-
dextran flux (C) in both the ileum and colon. (D) Histology of ileum (left) and colon (right) with representative H&E
staining. (E) Relative mRNA expression in the ileum and colon (n=12 to 16 mice per group) (*, P=0.05; **, P=0.01; ***,
P <0.001 [by Student’s t test, with a Mann-Whitney test and Welch’s correction where appropriate]).

controls (Fig. 8C). At the family level, several members of the Lachnospiraceae and
Ruminococcaceae families were decreased in EPEC-infected mice (Fig. 8D), whereas
Lactobacillaceae and Bifidobacteriaceae were significantly increased (Fig. 8D). Taken to-
gether, these findings suggest that neonatal EPEC infection impairs the colonization of
the gut microbiota, with persistent dysbiosis in adulthood.

DISCUSSION

Given that the establishment of the MGB axis occurs in early life, neonatal enteric
infections can potentially have long-lasting effects on microbiota composition, intesti-
nal physiology, the brain, and behavior. Here, we demonstrate for the first time that
neonatal EPEC infection can have lasting adverse effects on the MGB axis in mice, well
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FIG 8 Dysbiosis in adult mice following neonatal EPEC infection. 16S rRNA lllumina sequencing was performed on fecal pellets to characterize the
microbiota. (A) Shannon and Chao1 measures of alpha diversity. (B) Multivariate analysis using partial least-squares discriminant analysis (PLS-DA) of genus-
level abundances. (C and D) Phylum-level (C) and family-level (D) abundances, with the highest-abundance species presented and statistics outlined in the
tables (n=12 mice per group) (***, P<<0.001 [by a Holm-Sidak test]).

past the resolution of infection. Adult mice neonatally infected with EPEC exhibited
cognitive deficits, increased neurogenesis, neuroinflammation, intestinal pathophysiol-
ogy, and altered gut microbiota composition compared to sham-infected controls.
These adverse effects appear to be pathogen associated, as neonatal intestinal inflam-
mation and behavioral impairments in adulthood were absent in mice infected with a
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T3SS mutant strain. Our findings have implications for better understanding the long-
term consequences of enteric infections in early life and other diarrheal diseases in
humans.

Multiple studies in adult germfree (12, 22, 23), antibiotic-treated (24, 25), or bacterially
infected (12, 26) mice have established that changes to the gut microbiota significantly
affect the brain and behavior. In developmental studies, maternal antibiotic administra-
tion resulted in dysbiosis, coupled with anxiety-like behavior and social behavioral deficits
in the pups (11). Similarly, early-life stress induced by maternal separation leads to intesti-
nal dysbiosis and pathophysiology (27) as well as behavioral deficits, including despair
and anxiety-like behavior (28). Here, we found that neonatal infection with a bacterial
pathogen led to cognitive deficits without causing anxiety-like behavior in adulthood.
These EPEC-induced cognitive deficits required bacterial virulence factors as mice infected
with the avirulent AescV EPEC strain did not induce memory deficits. These findings
indicate that altered host behaviors are due to active infection and not simply due to
Enterobacteriaceae colonization. Additionally, these findings suggest that impaired host-
microbe interactions caused by a bacterial pathogen in early life can disrupt cognitive
function in adulthood.

Neurogenesis is important for maintaining hippocampus-dependent cognitive func-
tion, with perturbations seen in neurodegenerative disorders (29). Early-life experien-
ces, particularly exposure to stress, can impair the rate of adult hippocampal neurogen-
esis as demonstrated by decreases in cell proliferation and immature neuron
production in the DG of adult rats that are maternally separated as pups (30). In addi-
tion, germfree mice have increased hippocampal neurogenesis in adulthood, suggest-
ing a role for the microbiota in the regulation of this process (31). In our studies, neo-
natal EPEC infection increased hippocampal BDNF expression and the numbers of
proliferating cells and immature neurons, suggesting an increase in neurogenesis.
Given the importance of neurogenesis in memory formation and retention, increased
hippocampal neurogenesis could in part explain the recognition memory deficits
observed in neonatally EPEC-infected adult mice.

Neuroinflammation occurs in numerous behavioral and cognitive disorders, with
microglia activation implicated in the onset and progression of neurodevelopmental
and neurodegenerative diseases (20). These resident immune cells of the brain survey
their microenvironment and are essential for the phagocytosis of dying cells; addition-
ally, they play an important role in the regulation of neurogenesis and can induce syn-
aptic remodeling (20). Systemic injection of nonpathogenic E. coli in neonatal rats
caused microglial activation, impaired neurogenesis, and behavior deficits following
subsequent immune challenge with lipopolysaccharide in adulthood (32). Similarly,
we identified adult memory deficits in neonatally EPEC-infected mice that coincide
with long-term neuroinflammation, characterized by immune activation, including
increased hippocampal cytokines, and increased hippocampal microglia numbers and
morphology representing activation. Taken together, these findings reinforce the sus-
ceptibility of the developing neonatal brain to the MGB axis, with defects that persist
until adulthood.

Enteric bacterial pathogens are a major cause of diarrhea in humans, resulting in
disease in part due to increased ion transport, driving water efflux to flush away the
pathogen from the epithelium. Chronic diarrheal illness is associated with a combina-
tion of blunted villi, intestinal barrier dysfunction, and submucosal inflammation (33).
In addition, early-life enteric infections that impair intestinal barrier function have been
proposed to cause a shift in the gut microbiota, promoting chronic systemic inflamma-
tion and, consequently, impaired cognitive development (3). In our studies, neonatal
EPEC infection resulted in intestinal pathophysiology, with increased ileal and colonic
ion secretion persisting until adulthood. This prosecretory state was associated with
increased permeability, suggesting an increased potential for the translocation of bac-
teria and bacterial products. Indeed, gene expression studies identified increases in
many immune-related targets in the ileum of EPEC-infected mice, including /16, Tnfe,

September 2021 Volume 89 Issue9 e00059-21

Infection and Immunity

iai.asm.org

10


https://iai.asm.org

Neonatal Infection Disrupts the MGB Axis

Regllly, Nod1, Nod2, Tir2, and Tlr4, which suggests chronic, low-grade ileal inflammation.
These results are in keeping with findings in children hospitalized with noncritical
infections who have increased intestinal permeability and altered innate immune
responses, which potentially increase their risk of subsequent infections (34). This sug-
gests that neonatal bacterial infection can impair the establishment of intestinal muco-
sal barrier function, leading to a chronic mild inflammatory state.

Colonization of the Gl tract by the microbiota is crucial for the establishment of the
intestinal epithelial barrier, maintenance of the mucosal immune response, and resist-
ance to pathogens. The dynamic composition of the microbiota in early life makes it
more susceptible to dysbiosis. Here, we found that neonatal infection with EPEC
decreased the abundance of Firmicutes, particularly the Lachnospiraceae family, in adult
mice. Given the role of Lachnospiraceae in short-chain fatty acid production, including
butyrate and acetate, decreases in colonization may detrimentally impact host-microbe
interactions. Decreased Lachnospiraceae were also found in mice exposed to early-life
stress that exhibited impaired social behavior (35), suggesting that these bacteria aid in
maintaining gut-brain communication. Taken together, these findings highlight the criti-
cal role of neonatal colonization in maintaining host-microbe interactions and suggest
that restoration of Lachnospiraceae levels may be beneficial for gut-brain axis deficits.

In conclusion, neonatal EPEC infection leads to disruption of the MGB axis, character-
ized by cognitive deficits, neuroinflammation, intestinal pathophysiology, and gut dys-
biosis in adulthood, via the T3SS. Future studies will serve to determine the directionality
of these effects, for example, whether neonatal EPEC-induced dysbiosis leads to gut
pathophysiology and subsequent neuroinflammation in adulthood or whether these
effects occur independently of one another. Given the correlation between enteric bac-
terial infection in children and cognitive function in adulthood, these studies highlight
the impact that enteric infections can have on the MGB axis and the importance of rees-
tablishing signaling in early life to prevent persistent impairments in adulthood. Future
studies assessing the role of beneficial bacteria in ameliorating enteric bacterial infec-
tion-induced MGB axis deficits in neonates are therefore highly warranted.

MATERIALS AND METHODS

Mice. Mice (male and female C57BL/6J; originally from Jackson Laboratories) were bred in-house.
Mice were housed in cages lined with cob bedding, exposed to a 12-h light/dark cycle, and had access
to food and water ad libitum. Mice were euthanized by CO, followed by cervical dislocation. All proce-
dures and protocols were approved by UC Davis (IACUC number 21862).

Study design. Neonatal mice were challenged on postnatal day 7 (P7) with 50 ul of EPEC (0127:H6
strain E2348/69 or a T3SS mutant [AescV {kindly provided by Andreas Baumler}] at 10° CFU) or a vehicle
(Luria-Bertani [LB] broth) (sham-infected mice) via orogastric gavage (Fig. 1A). Bacteria were grown over-
night in LB broth at 37°C and subcultured for 3 h prior to infection. Adult mice (6 to 8 weeks of age)
were used for three sets of experiments:

1. Behavioral testing. Mice were acclimated to the testing room overnight. Behavior was assessed
between 9:00 a.m. and 4:00 p.m. during the light cycle, with tests performed from least to most
stressful: L/D box, OFT, and NOR task. This strategy prevents carryover effects between tests
(36). Tissues (hippocampus, cerebellum, PFC region, distal ileum, and proximal colon) were
collected for qPCR. Fecal samples were collected for 16S rRNA lllumina sequencing.

2. Gl pathophysiology. The distal ileum and proximal colon were collected for Ussing chamber
studies. Mice were euthanized, and tissues were immediately collected and placed in ice-cold
Ringer’s buffer. Additional ileum and colon tissue samples were collected for histology.

3. Neuroinflammation and neurogenesis. Mice were anesthetized with isoflurane (5%) and
perfused with 4% paraformaldehyde (PFA), and brains were collected and processed for
immunofluorescence.

EPEC colonization. To monitor EPEC or AescV infection, bacterial colonization was assessed at 1, 4, 8,
and 12 days p.i. in 3 to 4 separate litters per group. Distal ileum and proximal colon samples (tissue plus
luminal contents/fecal pellets) were weighed, homogenized, serially diluted (10~" to 10~°) for plating on
MacConkey agar, and incubated at 37°C overnight. Fecal pellets were collected and plated between P21
and P23 to confirm clearance of the pathogen in all litters. An absence of growth was found in sham-

infected controls, confirming that all colonies seen from EPEC/AescV-challenged mice represent EPEC/
AescV and not commensal E. coli. Data are presented as CFU per gram of tissue.
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Behavior tests. (i) L/D box. Anxiety-like behavior was assessed using the L/D box test (36-38).
Briefly, mice were placed in a novel arena (40 by 20 cm) divided into a dark compartment (1/3) and a
light compartment (2/3) and allowed to explore for 10 min. Automated tracking software (Ethovision;
Noldus) was used to measure the time spent in the light box and count the number of transitions
between the light and dark compartments. Decreased time spent in the light box represents anxiety-like
behavior (37). Mice that spent more than 500s in the light box or made <3 transitions between the
light/dark box were removed as this demonstrated aversion to the dark box.

(ii) OFT. General locomotor activity and anxiety-like behavior were assessed using the OFT (36).
Briefly, mice were placed in a novel arena (30 by 30cm) and allowed to explore for 10 min. Locomotor
activity was assessed by measuring the total distance traveled (meters). Time spent in the center zone
(12 by 12.cm) and the number of transitions into the center zone served as secondary measures of anxi-
ety-like behavior. Automated tracking software (Ethovision; Noldus) was used to measure parameters.

(iii) NOR task. Recognition memory was assessed using the NOR task (36, 38, 39). Mice were placed in
an arena (30 by 30cm) and allowed to acclimate for 10 min. Behavior during the acclimation period was
recorded and analyzed as part of the OFT (described above). The NOR task consisted of two phases: training
and testing. In the training phase, mice explored two identical objects placed in the arena for 5 min, followed
by 45 min of rest in their home cage. During the testing phase, mice were returned to the arena, where one
of the familiar objects was replaced with a novel object, and exploratory behavior was recorded for 5 min.
The number of interactions with each object in the training and testing phases was scored manually (J. A.
Sladek and C. Hennessey), with the exploration ratio calculated as the number of interactions with the new
object divided by the total number of interactions. Recognition was determined by increased interaction
with the new object versus the familiar object. A decreased exploration ratio indicates a deficit in recognition
memory. Only mice that passed recognition criteria (no preference for either object [40 to 60% recognition]
during the training phase and at least 10 interactions with both objects in either phase) were included.

Histology. Tissue (distal ileum/proximal colon) was collected at P14 (7 days p.i.) and adulthood (6 to
8 weeks of age) and formalin fixed and paraffined embedded (FFPE). Briefly, tissues were fixed in 10%
formalin for at least 48 h, transferred to 70% ethanol, and processed for embedding in paraffin. Blocks
were cut using a microtome and transferred onto glass slides (5-um sections), which were deparaffi-
nized, dehydrated, and stained with hematoxylin and eosin (H&E). Images were taken on a light micro-
scope (Nikon Eclipse E600 microscope using a Nikon DS-U3 digital sight) and quantified for the crypt-vil-
lus axis (ileum) (micrometers) and crypt depth (colon) (micrometers) using ImageJ (NIH).

Immunofluorescence. (i) Intestinal epithelial cell proliferation. To characterize the host response
to infection, epithelial cell proliferation was assessed at P14 (7 days p.i.) in the distal ileum and proximal
colon via immunofluorescence and confocal microscopy (40). FFPE samples were deparaffinized and
stained for the cell proliferation marker Ki67 (rabbit anti-Ki67, Alexa Fluor 555 goat anti-rabbit [catalog
number A21428; Life Technologies]) and the epithelial cell marker E-cadherin (CDH1) (mouse anti-CDH1
[catalog number CM1681; ECM Biosciences] and streptavidin-Alexa Fluor 647 [catalog number S32357;
Invitrogen]) using a mouse-on-mouse (MOM) immunodetection kit (Vector Labs), and nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI). Confocal images were taken with a 40x objective
(SP8; Leica) using a tiling approach, with adjacent images acquired with 10% overlap. Tile scans were
stitched and autoscaled (Imaris) to quantify the number of Ki67* CDH1™ cells per crypt.

(ii) Neurogenesis. Perfused brains were postfixed in 4% PFA (48 h) and cryoprotected in 30% sucrose
plus 0.1% sodium azide in phosphate-buffered saline (PBS) at 4°C for at least 48 h. Brains were subsequently
embedded in optimal cutting temperature (OCT) medium (Fisher Scientific) and stored at —20°C. Coronal sec-
tions (40 wm) were cut using a cryostat (Leica, Germany). Neurogenesis was assessed by quantifying the num-
bers of proliferating cells (Ki67*) and immature neurons (DCX") in the DG region of the hippocampus (36).
Coronal sections were costained with primary antibodies (rabbit anti-Ki67 [catalog number LS-C141898;
Lifespan Biosciences, Seattle, WA] and guinea pig anti-DCX [catalog number AB2253; Millipore, Burlington,
MA]), followed by secondary antibodies (Ki67, Alexa Fluor 647 goat anti-rabbit [catalog number ab150155;
Abcam, Cambridge, UK]; DCX, Alexa Fluor 555 goat anti-guinea pig [catalog number A21435; Invitrogen]), and
nuclei were stained with DAPI. Confocal images were taken with a 20x objective (SP8; Leica) with a 1.04-um z-
step size, with the numbers of Ki67" and DCX™" cells per DG volume quantified using Imaris (8.2.1) (41) and pre-
sented as the number of positive cells per cubic micrometer.

(iii) Neuroinflammation. Microglia morphology was used to assess hippocampal neuroinflamma-
tion (19). Coronal brain sections (as described above for neurogenesis studies) were stained with rabbit
anti-lbal (catalog number 019-19741; Wako), followed by secondary antibody (Alexa Fluor 546 donkey
anti-rabbit; Invitrogen) and DAPI for nuclear staining. Confocal images were taken with a 63 x objective
and 0.3-um z-steps (SP8; Leica). Three-dimensional (3D) reconstructions of microglia were performed
using a modified version of the open-source 3DMorph Matlab script (42) and Imaris software for cell
quantification and characterization of processes (length, numbers, and branch points) in both the DG
and the CA1 regions to assess microglia morphology and quantify activation (43).

Ussing chambers. The distal ileum and proximal colon were excised, cut along the mesenteric border,
and mounted onto cassettes (Physiologic Instruments, San Diego, CA) for Ussing chamber studies (36, 43).
Each cassette exposed 0.1 cm? of tissue area to 4 ml of circulating oxygenated Ringer’s buffer (115 mM NaCl,
1.25mM CadCl,, 1.2 mM MgCl,, 2.0 mM KH,PO,, and 25 mM NaHCO;, at pH 7.35 = 0.02 at 37°C). To provide the
tissue with energy, 10 mM glucose (Sigma) was added to the serosal compartment, which was osmotically bal-
anced with 10 mM mannitol (ileum) or glucose (colon) in the mucosal compartment. Two pairs of electrodes
attached to agar-salt bridges were used to (i) monitor the potential difference (PD) between the mucosal and
serosal compartments and (i) inject current to maintain the PD at zero during voltage clamping. Recordings
and current injection were performed using an automated voltage clamp and Acquire and Analyze software
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(Physiologic Instruments). After 15 min of equilibration, 4-kDa FITC-labeled dextran (88 mg/ml) (FD4; Sigma)
was added to the mucosal chamber to measure macromolecular permeability over time. Baseline active ion
transport was measured by short-circuit current (/) (microamperes per square centimeter), and tight junction
permeability was measured by conductance (G) (millisiemens per square centimeter). Serosal samples were
collected every 30 min for 2 h, with FITC-dextran flux (nanograms per milliliter per square centimeter per hour)
determined by measuring the FITC concentration on a plate reader (Synergy H1; BioTek). Values that were out-
side the standard physiological range (1 to 20 mV) (44) were omitted, as were samples with visible FITC in the
serosal side, indicating a tear in the tissue preparation.

qPCR. Gl (distal ileum and proximal colon) and brain (hippocampus, PFC, and cerebellum) samples
were collected and stored in TRIzol (Invitrogen, Carlsbad, CA) at —80°C. RNA was extracted according to
the manufacturer’s protocol (Invitrogen) and quantified using a Nanodrop spectrophotometer. RNA was
reverse transcribed into cDNA using an iScript cDNA transcriptase kit (Bio-Rad). Relative gene expression
levels of cytokines, PRRs, and neurotrophic factors were determined by qPCR (QuantStudio 6 Flex;
Applied Biosystems) with SYBR green master mix using primers from Primerbank (45) (see Table ST in
the supplemental material). The gPCR cycling conditions included an initial denaturation step at 95°C for
10 min followed by 40 cycles of 95°C for 155 and 60°C for 30s and a melt curve. Data were analyzed
using the 224" method with B-actin as the reference gene and are presented as fold changes relative
to sham-infected controls, which were normalized to 1.0.

Microbiome analysis. Fecal samples were collected at euthanasia, frozen at —80°C, and sent to
Molecular Research LLC (MR DNA) for processing and sequencing. DNA was extracted using the PowerSoil
fecal extraction kit (Qiagen), with library preparation and sequencing performed using primer pair 515F and
806R in a 300-bp paired-end run on an lllumina MiSeq platform (lllumina, San Diego, CA). Sequencing data
were analyzed using QIIME2 version 2019.7.0 (46) with demultiplexed paired-end sequences with barcodes
and adapters removed. DADA2 was used for quality filtering and feature (operational taxonomic unit [OTU])
prediction (47). Based on sequence quality, the forward reads were truncated to 220 nucleotides (nt), and the
reverse reads were truncated to 230 nt. MAFFT was used to align representative sequences (48), which were
organized into a phylogenetic tree using FastTree 2 (49). Taxonomic classification using OTUs/features was
performed using a pretrained naive Bayes taxonomy classifier, Silva132_99%OTUs (50), to generate taxonomic
counts and percentage (relative frequency) tables. Diversity analyses were run on the resulting OTU/feature.
biom tables to provide both phylogenetic and nonphylogenetic metrics of alpha and beta diversity (51).

Statistical analysis. Results are presented as averages =+ standard errors of the means (SEM). One-way
analysis of variance (ANOVA) (with Holm-Sidak or Tukey post hoc analysis) or Student’s t test (with Welch’s
correction for unequal variances) and a Mann-Whitney test (nonparametric data) were performed where
appropriate using Prism V.9 (GraphPad, San Diego, CA). A Kruskal-Wallis pairwise comparison was used for
microbiome analysis for alpha diversity. A P value of =0.05 was considered to be statistically significant.

Data availability. Raw sequences have been uploaded to the NCBI Sequence Read Archive under
accession number PRINA478451.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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