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The incidence of autoimmune and inflammatory diseases has risen dramatically in post-industrial soci-
eties. ‘‘Biome depletion’’ – loss of commensal microbial and multicellular organisms such as helminths
(intestinal worms) that profoundly modulate the immune system – may contribute to these increases.
Hyperimmune-associated disorders also affect the brain, especially neurodevelopment, and increasing
evidence links early-life infection to cognitive and neurodevelopmental disorders. We have demonstrated
previously that rats infected with bacteria as newborns display life-long vulnerabilities to cognitive dys-
function, a vulnerability that is specifically linked to long-term hypersensitivity of microglial cell func-
tion, the resident immune cells of the brain. Here, we demonstrate that helminth colonization of
pregnant dams attenuated the exaggerated brain cytokine response of their offspring to bacterial infec-
tion, and that combined with post-weaning colonization of offspring with helminths (consistent with
their mothers treatment) completely prevented enduring microglial sensitization and cognitive dysfunc-
tion in adulthood. Importantly, helminths had no overt impact on adaptive immune cell subsets, whereas
exaggerated innate inflammatory responses in splenic macrophages were prevented. Finally, helminths
altered the effect of neonatal infection on the gut microbiome; neonatal infection with Escherichia coli
caused a shift from genera within the Actinobacteria and Tenericutes phyla to genera in the
Bacteroidetes phylum in rats not colonized with helminths, but helminths attenuated this effect. In
sum, these data point toward an inter-relatedness of various components of the biome, and suggest
potential mechanisms by which this helminth might exert therapeutic benefits in the treatment of
neuroinflammatory and cognitive disorders.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Autoimmune and immune hypersensitivity disorders are dra-
matically on the rise in recent decades, including asthma, allergies,
multiple sclerosis, thyroid and gastrointestinal disorders, and
many others, a rise that is difficult to account for by changes in
genetic susceptibility alone. Numerous environmental factors have
been implicated in these increases (e.g., industrial toxins and
chemicals), but the associations of single agents with hypersensi-
tive immune diseases have been relatively weak. We and others
(Rook et al., 2013; Bilbo et al., 2011; Parker and Ollerton, 2013;
Weinstock and Elliott, 2014; Maizels, 2005; Hewitson et al.,
2009) have suggested a paradigm shift in the understanding of
immune-related disorders, one that points not to individual genes
or environmental triggers, but rather to a fundamental disruption
of the human ‘‘biome’’ by modern society. This biome is composed
of all life associated with the ecosystem of the human body, includ-
ing microbial communities (the microbiome, which is increasingly
disrupted by modern dietary changes and over usage of antibi-
otics), as well as multicellular organisms such as helminths
(intestinal worms), which profoundly modulate the vertebrate
immune system and the microbiome (McKenney et al., 2015),
and are omnipresent in pre-industrial societies (Bilbo et al.,
2011; Parker and Ollerton, 2013; Rook, 2009). Thus, the central
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hypothesis is that immune destabilization due to the loss of hel-
minths and similar organisms (a.k.a. biome depletion) leads to
hyperimmune-associated disease in individuals also exposed to
environmental triggers and/or genetic susceptibilities, leading to
a population-wide increase in the overall incidence of disease
associated with immune system dysfunction (see Bilbo et al.,
2011 for review).

Immune system dysfunction also affects the brain, due to exten-
sive well-defined interactions between the nervous and immune
systems. Importantly, there are parallels between the ‘‘sickness
behaviors’’ caused by an acute illness, which are largely adaptive
responses, and the behaviors expressed by individuals with certain
neurological and neuropsychiatric disorders, which are arguably
pathological (Dantzer et al., 2008; Dantzer and Kelley, 2007). For
instance, the symptoms of depression are strikingly similar to
behavioral changes during acute illness, including decreased food
intake, social withdrawal, and increased sleep disturbance; sug-
gesting that many psychiatric disorders may involve a dysregula-
tion of immune function (e.g. chronic inflammation) even in the
absence of an overt immune challenge (Pace and Miller, 2009;
Dantzer, 2006; Rook and Lowry, 2009; Salim et al., 2012; Waeber
and Moskowitz, 2005). Supporting the importance of the biome
in inflammation-associated brain dysfunction, supplementation
with helminths in humans has recently been found to benefit a
number of neuropsychiatric disorders, including major depressive
and anxiety disorders (Cheng et al., 2015).

In addition to the vulnerability of the adult brain to inflamma-
tion, the brain is particularly susceptible to inflammation during
development. Immune molecules are critical for normal brain
development, but aberrant expression of these same molecules
are increasingly implicated in neuropathology (Bilbo and
Schwarz, 2012; Deverman and Patterson, 2009). For instance, aut-
ism is associated with a wide range of immune abnormalities,
including the presence of auto-antibodies in a subset of autism,
and increased incidences of asthma, allergies and other autoim-
mune disorders in families with autistic children (Ashwood and
Van de Water, 2004a,b; Ashwood et al., 2006; Becker, 2007).
Notably, functional changes in microglial cells, the primary
immunocompetent cells of the brain, have been observed in
patients with autism (Pardo et al., 2005; Vargas et al., 2005). In
addition to their primary roles in immune defense, microglia are
important for several aspects of healthy brain development,
including cellular differentiation, axon guidance, and developmen-
tal synapse elimination (Schafer et al., 2012; Tremblay et al., 2011;
Stevens et al., 2007; Merrill, 1991). Taken together, these data sug-
gest a mechanism in which either a disruption of normal microglial
development, or their abnormal activation by immune stimuli
and/or environmental factors, leads to aberrant neural develop-
ment, and thereby behavioral pathology.

One mechanism by which the biome may impact the immune
system, and thus the brain, is via the gut microbiome. There is
increasing evidence of the importance of the gut-brain axis in
behavior (Cryan and Dinan, 2012). For instance, mice raised in
germ-free environments exhibit social deficits, which are reversed
following bacterial recolonization (Desbonnet et al., 2014).
Moreover, in a maternal immune activation (MIA) model that
induces autism-like behaviors in male offspring, post-weaning pro-
biotic treatment stabilized the gut, normalized the peripheral
immune response, and reversed some of the persistent behavioral
abnormalities that occur as a consequence of the early inflamma-
tion (e.g., increased anxiety, stereotypy) (Hsiao et al., 2013).
Notably, a recent report suggests raising mice germ-free also mark-
edly alters the development and function of microglia within the
healthy brain, providing a potential mechanism by which the
microbial environment could impact behavioral development
(Erny et al., 2015). Importantly, helminth colonization of
laboratory rats causes significant shifts in the gut microbiome,
affecting approximately 25% of the total (McKenney et al., 2015),
the functional consequences of which are currently being explored.

Taken together, we hypothesize the loss of helminths may con-
tribute to the increasing incidence of neurodevelopmental disor-
ders such as autism, via microbiome disruption and immune
destabilization in both the periphery and brain. If true, then colo-
nization with helminths should work to prevent hypersensitive
immune responses to a challenge such as infection, and thereby
protect from downstream neuroinflammatory consequences. We
have demonstrated previously that rats infected with bacteria as
neonates, during a critical window for microglial cell development,
display adult vulnerabilities to cognitive dysfunction, which is
specifically linked to long-term hypersensitivity of microglial func-
tion within the brain (Bilbo et al., 2005; Bilbo and Schwarz, 2009;
Williamson et al., 2011). This experimental model serves as an
ideal system in which to test the role of biome depletion in
inflammation-associated aberrant brain development, microglial
function, and behavior.
2. Materials and methods

2.1. Subjects and experimental overview

Sprague–Dawley rats (Harlan, Indianapolis, IN) were used for all
experiments. Experiment 1: we first determined the impact of a
naturalistic, ‘‘farm-like’’ environment (including helminth colo-
nization) on microglial activation by neonatal infection in labora-
tory rats. Rats were housed in: (1) shoebox cages in a Duke
satellite facility with ‘‘dirty’’ colony conditions (no water or air fil-
tration beyond temperature control, no laboratory personnel pro-
tective (PPE) clothing, in a shared space with wild-caught rats –
referred to as ‘‘farm-like’’ for the remainder of the paper); or (2)
in standard pathogen-free/‘‘clean’’ laboratory conditions with indi-
vidual air- and water-filtered cages and mandatory laboratory per-
sonnel PPE, each on a 12/12 h light/dark cycle, with ambient
temperature of 22 �C and ad libitum food (Lab Diet 5001, St. Louis,
MO), and water. Experiment 2: after observing a remarkable atten-
uation of microglial long-term sensitization in rats in ‘‘farm-like’’
conditions compared to standard laboratory conditions, we next
determined the impact of helminths alone, in rats housed in stan-
dard, clean laboratory conditions. See Fig. 1 for detailed timeline
of experimental procedures. All experiments were conducted using
protocols in accordance with and approved by the Duke University
Institutional Animal Care and Use Committee.

2.2. Helminth treatment

Adult breeding pairs were orally inoculated with either 4
Hymenolepsis diminuta cystercircoids (4 rat tapeworm larvae sus-
pended in a drop of 0.6% sterile saline (n = 12/sex), or with sterile
saline alone (n = 12/sex). Weaned pups received the same treat-
ment as their parents on P21. See Fig. 1. The cysticercoids were
harvested from mealworm beetles (Tenebrio molitor) using a hund
Wetzlar Wilovert dissecting microscope. The beetles were previ-
ously inoculated with the organisms by feeding them the feces of
colonized rats. Colonization with H. diminuta was confirmed in
feces of rat parents and offspring using the McMaster technique
(Sloss et al., 1994).

2.3. Escherichia coli infection

2.3.1. Bacterial culture
E. coli culture (ATCC 15746; American Type Culture Collection,

Manassas, VA) vial contents were hydrated and grown overnight



Fig. 1. Experimental timeline. Experiment 1: 6 weeks prior to breeding, male and female Sprague–Dawley rats were housed in a dirty satellite facility in shared space with
wild caught rats (‘‘Farm Rats’’), or in standard pathogen-free laboratory conditions (‘‘Lab Rats’’). Farm breeders received 4 helminths orally on Day 0, whereas Lab breeders
received an equal volume drop of saline orally. Male pups in each housing condition received either PBS or E. coli on postnatal day (P)4, and were weaned on P21. Farm rat
weanlings received their own 4 helminths at this time, and lab rat weanlings received saline. On P60, offspring were injected with 25 lg/kg LPS i.p., and brains were collected
4 days later. Experiment 2: male and female Sprague–Dawley rats were housed in standard pathogen-free laboratory conditions. Six weeks prior to breeding, half received 4
helminths orally, and the remaining half received saline orally. Male pups in each condition received either PBS or E. coli on postnatal day (P)4, and 1 male/litter was sacrificed
to assess IL-1b expression within the hippocampus on P5. Remaining pups were weaned on P21, at which point they received their own 4 helminths or saline alone,
consistent with their parents’ treatment. As adults (�P60), offspring were tested for memory using a hippocampal-dependent fear conditioning paradigm. Rats were injected
i.p. with saline or 25 lg/kg LPS immediately after context exploration on Day 1, and brains, blood, spleen, and cecum contents were collected 3 days later.
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in 30 ml of brain–heart infusion (BHI; Difco Labs, Detroit, MI) at
37 �C. Cultures were aliquoted into 1 ml stock vials supplemented
with 10% glycerol and frozen at�20 �C. One day before injections, a
stock culture was thawed and incubated overnight in 40 ml of BHI
at 37 �C. The number of bacteria in cultures was read using a
microplate reader (Bio-Tek Instruments, Inc., Winooski, VT) and
quantified by extrapolating from previously determined growth
curves. Cultures were centrifuged for 15 min at 4000 rpm, the
supernatants were discarded, and the bacteria were
re-suspended in the dose-appropriate volume of sterile
Dulbecco’s PBS (Invitrogen Corp., Carlsbad, CA).

2.3.2. Injections
Female breeders were visually examined daily for confirmation

of pregnancy, and male breeders were removed from cages prior to
the birth of pups. Following the birth of pups (=postnatal day (P)
zero (0)), litters were culled on P4 to 2 female and 6 male pups/lit-
ter. Male pups were injected subcutaneously (30G needle) with
either 0.1 � 106 colony forming units (CFU) of live bacterial
E. coli/g suspended in 0.1 ml PBS, or 0.1 ml PBS. All pups were
removed from the mother at the same time and placed into a clean
cage with bedding, weighed and injected individually, and returned
to the mother as a group. Elapsed time away from the mother was
less than 5 min. All pups from a single litter received the same treat-
ment due to concerns over possible cross-contamination from
E. coli. All injections were given between 1400 and 1600 h. All male
pups for adult analyses were weaned on P21 and housed in sibling
pairs; remaining female pups were euthanized. To control for litter
effects, a maximum of two pups/litter across a minimum of 4 differ-
ent litters were assigned to a single experimental group. All rats
were tested as adults between 65 and 90 days of age.
2.4. Adult offspring behavioral testing

2.4.1. Context pre-exposure paradigm
Memory was tested in adult rats using a modified version of

contextual fear conditioning known as the context pre-exposure
task (Fanselow, 1990; Rudy et al., 2004). This paradigm assesses
the rat’s memory for a recently explored context. In this task, when
normal rats are placed into a conditioning context and immediately
receive a footshock, they later display little or no conditioned fear
(freezing) to the context. This absence of fear to the context is
thought to occur because the immediately-shocked rat did not
have the opportunity to sample the environment and store a
representation of its features. However, if a rat is pre-exposed to
the context the day before, immediate shock conditioning will then
produce substantial freezing on a subsequent test day (Fanselow,
1990; Rudy and O’Reilly, 2001; Westbrook et al., 1994).
Pre-exposure should facilitate the amount of conditioning
produced by the immediate shock because it allows the rat to have
established a memory of the context before the immediate shock;
it is this retrieved memory representation of the context that is
then associated with the immediate shock (Rudy and O’Reilly,
2001; Rudy et al., 2002). The pre-exposure task was chosen for
several reasons. First, each stage of the procedure critically
depends on the hippocampus, and the hippocampus may be
particularly vulnerable to immune-related alterations (Rudy
et al., 2002; Barrientos et al., 2002; Matus-Amat et al., 2004).
Second, it allows the rats to learn the context incidentally, indepen-
dent of its association with the aversive shock. Third, learning
occurs within a single trial, thus allowing a distinct time period
for manipulation (e.g., immune challenge) following the learning
experience.
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2.4.1a. Apparatus. The conditioning context consisted of one of two
identical black Plexiglas boxes (41.9 L � 40.6 W � 46.2 H, cm) with
open fronts to allow viewing of the animals. The conditioning
chambers (30.5 L � 26.7 W � 33 H, cm), placed inside each
Plexiglas box, are made of clear Plexiglas with metal side walls
(Coulbourn Instruments). Each chamber has a ceiling-mounted
infrared activity monitor connected to a PC. The 2 s, 1.5 mA shock
was delivered through a removable floor of stainless steel rods.
Each rod was 0.5 cm in diameter, spaced 1.75 cm center to center
and was wired to a shock generator and scrambler (Coulbourn
Model H13-16). The chamber was cleaned with water before each
animal was placed inside.

2.4.1b. Day 1 context pre-exposure. Rats were transported two at a
time in a lidded, black ice bucket to the experimental testing room
where they were placed into the conditioning context, allowed to
freely explore for several minutes, and were then transported back
to their home cage where they remained approximately 40 s before
the next pre-exposure. This procedure was repeated 5 times.
Animals remained in the novel context for 5 min on the first
exposure and for 40 s on the four subsequent exposures. The rats
were transported in the black bucket throughout the experiment.

2.4.1c. LPS injections. Immediately following the last exposure to
the context, half of the rats in each group then received 0.1 ml
intraperitoneal (i.p.) injections of 25 lg/kg lipopolysaccharide
(LPS; derived from E. coli, Serotype 0111:B4, Sigma, St. Louis,
MO) suspended in sterile saline, and were returned to their home
cages. This dose was selected based on our previous body of work
(Bilbo et al., 2008a,b, 2005, 2006, 2007, 2009; Bland et al., 2010).
The remaining half received saline. This same dose of LPS was
administered to rats in Exp. 1.

2.4.1d. Day 2 immediate shock. Twenty-four h following context
pre-exposure, each rat was taken individually from their home
cage and transported in the black bucket to the conditioning con-
text. There, they received a single 2 s footshock immediately after
being placed in the context. They were quickly removed from the
chamber and transported back to their home cage.

2.4.1e. Day 3 freezing testing. Contextual fear was assessed 24 h fol-
lowing immediate shock by placing the rat in the conditioning con-
text for 6 min. Each rat was observed by an observer blind to
experimental conditions and judged as either freezing or active
every 10 s, at the instant the sample was taken. Freezing represents
rats’ dominant defensive fear response, and is characterized by an
immediate suppression of behavior accompanied by immobility,
shallow breathing, and a variety of other autonomic changes,
including an increase in heart rate and pilo-erection. Freezing in
these experiments was defined as the absence of all visible move-
ment, except for respiration. Scoring began 5 s after the animal was
placed into the chamber.

2.4.2. Elevated plus maze
Adult male breeders treated with saline or helminths

(n = 12/group) were placed into a maze with two open arms and
two closed arms (50.8 � 12.7 cm), and scored for 5 min using auto-
mated tracking software (ANYmaze, Stoelting Inc., Wood Dale, IL).
Time in the open vs. closed arms was assessed and analyzed.

2.4.3. Open field
Next, the same 24 adult male breeders were placed into a novel

open field (50.8 cm W � 94.0 cm L � 47 cm H) and scored for
10 min using ANYmaze software. Total activity along with time
in center vs. surround was assessed and analyzed. The surround
was 46 percent of the total area (2228.5 cm2).
2.5. Tissue collection

2.5.1. Pups
P5 brains were collected following rapid decapitation and the

HP was dissected out on ice, and flash frozen for PCR analysis.
Trunk blood was collected for serum cytokine and corticosterone
analysis. The ceca and large bowel were dissected free en bloc
and snap frozen in liquid nitrogen prior to storage at �80 �C for
microbiome sequencing analysis.

2.5.2. Adults
24 h after behavioral testing, rats were deeply anesthetized

with a ketamine/xylazine cocktail, and 6 ml of blood was collected
from the inferior vena cava. Spleens were harvested, and rats were
perfused with cold saline for 2 min prior to brain extraction
(post-fixed in 4% paraformaldehyde for histology). The cecal con-
tent from each rat was collected by dissecting the cecum, homog-
enizing the contents in sterile PBS, centrifuging the sample and
freezing the precipitate immediately in liquid nitrogen.

2.6. Microglial immunohistochemistry

The ionized calcium-binding adaptor molecule (Iba)-1 protein
was used to identify microglia, because its expression is constitu-
tive, and binds cell bodies and processes in every state of activation
(Imai et al., 1996). Staining was performed and analyzed as
described in detail previously (Bland et al., 2010). Quantification
of Iba1-positive cells was achieved from digitized images of tissue
sections (20�) using NIH Image software (http://rsb.info.nih.gov/
nih-image/). Signal pixels of a region of interest were defined as
having a gray value of 3 SDs above the mean gray value of a
cell-poor area close to the region of interest. The number of pixels
and the average gray values above the set background were then
computed for each region of interest (ROI) and multiplied, giving
an integrated density measurement. An average of 2 measure-
ments (depending on the region size) were made for each of 8 dif-
ferent sections per animal for each ROI (CA1, dentate gyrus (DG),
and CA3 of hippocampus). All values across each region were
averaged to obtain a single integrated density value per region
for each rat.

2.6.1. Cell volume assessments
Microglial volumes were estimated using five rays of

independent isotropic probes within the ‘‘Nucleator’’ function of
StereoInvestigator software (MBF Bioscience) as described in detail
previously (Bland et al., 2010). Cells were selected in an unbiased
manner using the optical dissector method, and cell counts were
concurrently obtained and analyzed.

2.7. Splenocyte isolation and multiplex

Splenocytes were isolated as described in detail (Bilbo et al.,
2009). Cells (1 � 106 cells/100 ll/well) were cultured in
media ± LPS (10 ng/ml, 250 ng/ml, or 2500 ng/ml) overnight at
37 �C with 5% CO2. Supernatant was analyzed using a Millipore
Cytokine and Chemokine Multiplex assay, as instructed. In cells
cultured in media alone, mRNA was extracted and analyzed for
gene expression.

2.8. Quantitative real-time PCR

RNA was isolated from P5 hippocampus or adult splenocytes,
and complimentary DNA (cDNA) was synthesized as described in
detail previously (Williamson et al., 2011). Threshold cycle (CT;
number of cycles to reach threshold of detection) was determined
for each reaction, and relative gene expression was determined
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using the 2�DDCt method (Pfaffl, 2001; Livak and Schmittgen, 2001)
as follows: (1) we normalized the cycle threshold (CT) of the target
gene of interest (T) to that of the reference (housekeeping) gene
(R), for both the test (A) and calibrator samples (B):
DCT(A) = CT(T,A) � CT(R,A) and DCT(B) = CT(T,B) � CT(R,B). We define the
calibrator sample as that with the lowest (baseline) expression.
(2) We normalized the DCT of A to B: DDCT = DCT(A) � DCT(B), and
(3) we calculated the expression ratio: 2�DDCT = normalized
expression ratio. Gene expression was measured using primers
against interleukin (IL)-1b (P5 hippocampus), or IL-4, IL-10, and
CD163 (splenocytes); IL-4 and IL-10 are anti-inflammatory cytoki-
nes demonstrated to be altered by helminths previously (Rook,
2009; Lesher et al., 2006), and CD163 is a macrophage marker
associated with inflammation resolution (Fabriek et al., 2005).

2.8.1. Primer specifications
We designed primers for IL-1b, IL-4, IL-10, CD163, and GAPDH:

cDNA sequences were obtained from Genbank at the National
Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.-
gov) and designed using an online Oligo Analysis & Plotting Tool
(Qiagen), which were tested for sequence specificity using the
Basic Local Alignment Search Tool at NCBI. Primers were obtained
from Sigma, and specificity was verified by melt curve analysis. We
estimated the efficiency of each primer set based on serial dilution
standard curves. All primer sets were estimated as greater than
90% efficient, and within 5% of each other.

Primer sequences are as follows: IL-1b: F: GAAGTCAAGACCAA

AGTGG, R: TGAAGTCAACTATGTCCCG; IL-4: F: GATGTAACGACAGC

CCTC, R: GTGTTCCTTGTTGCCGTAAG; IL-10: F: TAAGGGTTACTTG

GGTTGCC, R: TATCCAGAGGGTCTTCAGC; CD163: F: GAACAGTGTGT

GATGACTCC, R: TTCCTGGACCAAATGCTGC; GAPDH: F: GTTTGT
GATGGGTGTGAACC; R: TCTTCTGAGTGGCAGTGATG

2.9. Blood processing

The first 5 ml of blood was drawn from the inferior vena cava
into evacuated sodium citrate blood collection tubes (Beckton
Dickinson). Blood was diluted with 5 ml PBS (pH 7.2), layered over
3 ml of Lymphocyte Separation Media (MP Biomedicals, Solon,
OH), and centrifuged at 1930 g for 18 min. White blood cells were
removed and cells were washed with 30 ml PBS, pelleted by
centrifugation at 480g for 5 min and used for immediate flow
cytometric analysis. The remaining 1 ml of blood was allowed to
clot on ice for 1 h, centrifuged at 10,000 rpm for 10 min, and the
serum collected and stored at -20 �C until corticosterone analysis.

2.10. Flow cytometry

Cells were kept at 4 �C for processing and staining as described
previously (Trama et al., 2012). Briefly, after lysis of red blood cells,
cell pellets were incubated with rat serum to block non-specific
antibody binding and washed through a 35 lm cell strainer with
PBS. Blocked cells were incubated with LIVE/DEAD Fixable Violet
Dead Cell Stain (Molecular Probes, Eugene, OR). Cells were resus-
pended in PBS with 1% BSA and stained for the following markers
(primary antibodies were obtained from BD Biosciences unless
otherwise noted): PE anti-CD3 (G4.18), APC anti-CD3 (1F4), PE
anti-CD4, PE-CY5 anti-CD4 and APC anti-CD4 (OX-35), PerCP
anti-CD8a and Biotin anti-CD8a (OX-8), Biotin anti-CD11b/c
(OX-42, AbD Serotec, Raleigh, NC), PE anti-CD25 (OX-39), PE
anti-CD28 (JJ319), Alexa Fluor 488 anti-CD45RA (B cell only marker
in rats) (OX-33, AbD Serotec), FITC anti-CD59 (TH9), PE anti-CD62L
(HRL1), PE anti-CD81 (Eat2), PE anti-CD86 (24F), Alexa Fluor 488
anti-CD90 (OX-7, AbD Serotec), Alexa Fluor 647 anti-CD161a
(10/78, AbD Serotec), FITC anti-CD172a (ED9, AbD Serotec), FITC
anti-rat granulocyte marker (HIS48) and PerCP anti-MHCII (RT1B,
I-A) (OX-6). Biotin-labeled cells were stained with 2 micro-
grams/ml APC-Alexa Fluor 750 streptavidin (Invitrogen Corp.,
Carlsbad, CA). Streptavidin without biotin labeled primary antibod-
ies and properly labeled isotype antibodies were used as controls.
After staining, cells were washed and fixed with PBS with 1% BSA
and 0.8% paraformaldehyde. Cells were analyzed within 24 h using
an LSR II cytometer and FlowJo software.

2.11. Microbial DNA extraction and illumina sequencing and analysis

DNA was extracted with the QIAGEN DNeasy kit, as described
(McKenney et al., 2015). Standardized aliquots were sent to
Argonne National Laboratory for downstream amplification and
sequencing, also as published in detail (McKenney et al., 2015).
Briefly, the PCR primers 515F (GTG-CCA-GCM-GCC-GCG-GTA-A)
and 806R (GGA-CTA-CHV-GGG-TWT-CTA-AT) were used to
amplify the v4 region of 16S rDNA with length �300 bp for 150
pb paired-end sequencing on the Illumina MiSeq platform accord-
ing to the methods of Caporaso et al. (2012). We used FASTQ to join
forward and reverse Illumina reads. Joined 16S rDNA reads were
analyzed using Quantitative Insights Into Microbial Ecology
(QIIME v1.7.0; Caporaso et al., 2010) to classify microbial con-
stituents and calculate alpha and beta diversity within each sample
(Kuczynski et al., 2011). We also used QIIME to perform Principle
Coordinate Analyses (PCoA) on the GM beta diversity to detect
underlying relationships between the microbiota and age and
treatment with or without helminths, and PBS vs. E. coli. We used
LEfSe (Segata et al., 2011) to identify bacterial lineages whose fre-
quencies differ significantly between rat ages and treatments.
Finally, we used JMP� Pro (Version 11, SAS Institute Inc., Cary,
NC, 1989–2013.) to perform a mixed model nested two factor
ANOVA, with orthogonal contrasts to test for treatment effects.

A total of 10,296,305 reads were joined from 16,009,546 for-
ward and reverse reads; only the joined reads were used in our
analysis. Quality filtering was performed using default settings
and the input sequence file was split into libraries using 12 bp bar-
codes. A total of 2,637,412 sequences (an average of 82,419 per
sample) passed default quality filtering thresholds. The range of
sequences that passed quality filtering thresholds was 68,491 to
139,715 for 28 of the samples. However, the remaining four sam-
ples had less than 30 sequences each (range 5–23; aver-
age = 14.25), and these four samples were excluded from the study.

2.12. Corticosterone assessment

Total serum corticosterone concentrations were assessed in
serum using a colorimetric EIA kit from Assay Designs, Inc. (Ann
Arbor, MI) as previously described (Bilbo et al., 2007).

2.13. Statistical analyses

SPSS Statistical Software and Tukey post hoc tests were used
throughout unless otherwise noted.
3. Results

3.1. Farm-like conditions prevent neonatal infection-induced
microglial priming in adulthood

Numerous studies have reported lower incidences of autoim-
mune disorders in individuals from farming or rural environments
(Rook et al., 2014; Kilpelainen et al., 2000; Peroni et al., 2010),
which are hypothesized to be due to increased contact with diverse
symbiotic biota (Parker and Ollerton, 2013). In Experiment 1, male
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and female Sprague–Dawley rats were housed in ‘‘farm-like’’ con-
ditions. Six weeks prior to breeding, rats were given H. diminuta
cystercircoids, a rat tapeworm ubiquitous among wild rats. Male
offspring were injected subcutaneously on P4 with PBS or live
E. coli as published in detail (Bilbo et al., 2005); see methods for
details. Pups were weaned on P21, at which point they received
helminths themselves (consistent with their parent’s treatment),
and remained undisturbed until adulthood (>P60). We have
reported that this neonatal infection model in standard laboratory
rats leads to marked hippocampal (HP)-specific memory deficits
later in life. However, deficits are only observed if unmasked by
a subsequent systemic immune challenge (25 lg/kg LPS i.p.) at
the time of learning. These data implicate a long-term change
within the immune system induced by the infection that, upon
activation with LPS later in life, acutely impacts the neural pro-
cesses underlying memory. We have further demonstrated that
Fig. 2. Farm-like conditions prevent neonatal infection-induced microglial priming in
interaction in CA3 and DG, p < 0.05; $p = 0.07 in CA1; n = 8/group. (b–e) Representative 20
(c), vs. DG of farm rats injected on P4 with PBS (d) or E. coli (e). Adult brains were colle
microglia from neonatally-infected rats are morphologically and
functionally altered within the adult HP, and produce exaggerated
proinflammatory IL-1b in response to the LPS injection compared
to microglia from controls, which specifically interferes with mem-
ory formation (Bilbo et al., 2005; Williamson et al., 2011; Bland
et al., 2010). To determine the impact of farm-like conditions
(including helminths) on adult microglia in rats from each neonatal
condition, adult rats received a single i.p. injection of LPS in their
home cage, and brains were collected 4 days later to assess micro-
glial antigen (Iba1) expression within the HP. Data were compared
to rats similarly treated on P4 with PBS or E. coli, but bred in stan-
dard clean laboratory conditions. Neonatal E. coli infection signifi-
cantly increased LPS-induced microglial Iba1 expression within the
adult HP of standard lab rats, whereas farm-like conditions
(including helminths) completely prevented this increase
(Overall Neonatal Treatment � Housing interaction, F1,46 = 6;
adulthood. (a) Microglial Iba1 mean ± SEM integrated area density; ⁄significant
� images of Iba1 in area DG of standard lab rats injected on P4 with PBS (b) or E. coli
cted 4 d after i.p. LPS, scale bar = 50 lm.
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p < 0.02; post-hocs reveal significant interactions in CA3
(F1,49 = 4.9; p = 0.03) and DG (F1,48 = 6.4; p < 0.02), and a trend in
CA1 (F1,48 = 3.3; p = 0.07), Fig. 2).

3.2. Maternal helminth colonization alters the central cytokine
response to neonatal infection in laboratory rodents

The results of the previous experiment were compelling but
complicated by several variables, including the difference in hous-
ing environment between clean laboratory and helminth-
colonized rats. Thus, in Experiment 2, we sought to isolate the
impact of helminths in rats that were all housed in the same, clean
laboratory environment. Male and female laboratory rats were col-
onized with H. diminuta or saline, 6 weeks before breeding as
above. Helminths did not significantly affect maternal body weight
(mean ± SEM = SAL: 255.6 ± 2.5; Helminth: 254.6 ± 3.1) or litter
size (mean ± SEM = SAL: 11.1 ± 0.5; Helminth = 10.3 ± 0.7). Male
pups were treated on P4 with PBS or E. coli, and one pup per litter
Fig. 3. Maternal helminths prevent neonatal infection-induced IL-1b responses in ne
Hippocampal (HP) IL-1b gene expression is increased 24 h following E. coli infection in n
⁄Significantly different from PBS within SAL group, #significantly different from E. coli wit
E. coli, p = 0.06). (c) Corticosterone did not significantly differ (#trend interaction, p = 0
infected adult rats that also receive LPS after learning, but helminth treatment of dams
other groups, p < 0.05, n = 8/group. (e) Anxiety in the elevated plus maze was unaffecte
was sacrificed 24 h later to assess central and peripheral cytokine
expression, and serum corticosterone. Mortality is consistently
zero in this infection model, and there were no changes in mortal-
ity as a consequence of helminth colonization. Neonatal E. coli sig-
nificantly increased HP IL-1b mRNA in the pups of saline-treated
mothers, as we have reported (Bilbo et al., 2005), whereas maternal
helminth treatment prevented this increase (significant interac-
tion: F1,26 = 5.74; p = 0.02; post hoc SAL > HELMINTHS within
E. coli treatment; p < 0.05; Fig. 3a). Serum IL-1b was trending
higher in E. coli-treated pups, but did not differ as a consequence
of helminths (E. coli > PBS, F1,26 = 3.2; p = 0.06, Fig. 3b).
Corticosterone did not differ (trend interaction, p = 0.06, Fig. 3c).

3.3. Helminths prevent neonatal infection-induced memory deficits in
adult rats

All remaining male pups were weaned on P21, at which point
they received helminths or saline consistent with their parents’
wborn pups, and neonatal infection-induced memory deficits in adult rats. (a)
ewborn pups, whereas helminth treatment of their mothers prevents this increase.

hin SAL group; p < 0.05. (b) Serum IL-1b did not differ by group (#trend main effect of
.06). n = 7–8/group for a–c. (d) HP-dependent memory is impaired in neonatally-
and offspring prevents this long-term vulnerability; ⁄significantly different from all
d by helminths in adult male breeders, n = 12/group.
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treatment. As adults, rats were assessed for HP-dependent memory
using a fear conditioning task that specifically isolates the role of
the HP as described above (Context pre-exposure paradigm; see
(Matus-Amat et al., 2004). There was a significant 3-way interac-
tion with helminths, neonatal treatment, and adult injection
(F1,56 = 3.9, p = 0.05). In rats without helminths, there is a main
effect of neonatal treatment (PBS > E. coli, F1,28 = 5.9; p = 0.02) and
a main effect of adult injection (SAL > LPS, F1,28 = 5.8; p = 0.02).
Based on a priori hypothesis of interaction effects between neona-
tal infection and adult LPS injection, we proceeded with post hoc
testing. In rats without helminths, (Fig. 3d), percent freezing in
neonatally-infected rats is significantly decreased by LPS after
Fig. 4. Helminths prevent neonatal infection-induced peripheral immune sensitization. S
LPS for 4 h, and cytokines and chemokines were assessed in the supernatant (a–f). All rat
effect of helminths at the given dose of LPS, ⁄significant effect of E. coli compared to all o
mRNA was extracted and analyzed for IL-4 (g, #neonatal injection � helminth interaction
differences), and the macrophage marker CD163 (i; ##neonatal injection � helminth
Corticosterone concentrations in adult rats from each group, on the day of sacrifice (3 da
all other groups, p < 0.05.
learning compared to all other groups (p < 0.02), replicating what
we have consistently reported using this paradigm (Bilbo et al.,
2005, 2007; Williamson et al., 2011). Thus, neonatal E. coli infec-
tion is a vulnerability factor for cognitive deficits later in life, which
is unmasked by the adult immune challenge. In contrast, helminths
prevented the combined impact of neonatal infection and adult LPS
on memory (no significant differences among groups, p > 0.05). To
assess the impact of helminths on activity level and anxiety in
male rats, which could confound the interpretation of freezing data
in fear-conditioning, we assessed our adult male breeders 8 weeks
after treatment with saline vs. helminths, within the open field (for
activity) and elevated plus maze (for anxiety). Helminths had no
plenocytes from adult rats in each condition were stimulated in vitro with media or
s were naïve to LPS previously. Data are mean ± SEM, n = 8/group. #Significant main
ther groups at the given dose of LPS, p < 0.05 for all. (g–i) In cells from media wells,
, ⁄significantly higher than all groups, p < 0.05 for both), IL-10 (h, NS = no significant

interaction, p = 0.06; ⁄significantly higher than all other groups, p < 0.05). (j)
ys post-adult injection), ⁄significant effect of LPS, p < 0.05, #significantly higher than
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impact on open field activity counts (mean ± SEM = SAL:
27.87 ± 2.2; Helminth: 30 ± 3.4; not shown), or anxiety (Fig. 3e
p > 0.05). We did not assess these outcomes in male offspring
tested for memory, because carry-over effects from fear condition-
ing limit the interpretation of other behavioral tasks.

3.4. Helminths prevent neonatal infection-induced peripheral immune
sensitization

One day after the memory test, rats were sacrificed and the
brain, cecum, blood, and spleen were collected. Splenocytes were
isolated from all rats that did not receive injections of LPS in vivo
(i.e., during the fear conditioning task); cells were plated and stim-
ulated in vitro with media or LPS (10, 250, or 2500 ng/ml), and the
supernatant was analyzed for cytokine and chemokine expression
using a multiplex assay (Millipore). Data were analyzed using
2-way repeated measures ANOVAs for each analyte, with neonatal
injection and helminth colonization as independent variables, and
LPS dose as repeated measure. There was a main effect of helminths
for IL-1b, TNFa, CCL2, and CCL3 (F1,48 > 4.5, p < 0.05 for all; Fig. 4).
There was a main effect of neonatal infection for IL-1b, TNFa,
CCL2, and CXCL2 (F1,48 > 5.5, p < 0.04 for all). There were significant
interactions for IL-1b, TNFa, and CXCL2 (F1,48 > 4.0, p < 0.04 for all).
IL-1b, TNFa, CXCL2, CCL2, and CCL3 were all significantly highest in
non-helminth rats infected with E. coli as neonates, in a
dose-dependent fashion (primarily at the higher LPS doses),
whereas helminths decreased responses overall (p < 0.05 for all).
Thus, whereas E. coli augmented responses for some analytes
(e.g., IL-1b, TNFa) even in the presence of helminths, the overall
Fig. 5. Representative flow cytometric density plots of major cell types derived from peri
and (c) granulocytes. n = 8/group. Note that CD45RA is specific to B cell lineage cells in ra
color, the reader is referred to the web version of this article).
level of expression was reduced. There were no significant differ-
ences in IL-10 (Fig. 4c), or in IL-18 (not shown). Baseline gene
expression was assessed in the cells cultured in media alone.
There was a significant interaction for anti-inflammatory IL-4
(Fig. 4g; F1,31 = 4.5, p = 0.04) and a threshold significant interaction
for the macrophage marker CD163 (Fig. 4i; F1,31 = 3.7, p = 0.06);
post-hocs reveal expression of each marker was significantly high-
est in neonatally-infected rats treated with helminths compared to
all other groups (p < 0.05 for all). IL-10 mRNA did not differ (Fig. 4h).

3.5. Helminths modulate the adult corticosterone response to LPS in
neonatally-infected rats

There was a significant 3-way interaction with helminths,
neonatal treatment, and adult injection (F1,51 = 6.48, p = 0.014) on
circulating corticosterone concentrations. Post-hocs reveal an
increase by LPS (72 h post-injection) in every group except
neonatally-infected rats colonized by helminths (Fig. 4j), suggest-
ing faster resolution in this group, although this remains to be
determined. Moreover, rats treated neonatally with PBS and colo-
nized by helminths had increased corticosterone after LPS com-
pared to all other groups (p < 0.05 for all).

3.6. Helminths do not significantly alter most blood leukocyte
dynamics

To determine if helminths change leukocyte number or distri-
bution, which could indicate changes in host defense or surveil-
lance, flow cytometry was performed to analyze monocytes,
pheral blood. Gating schemes for (a) monocytes, NK-T and NK cells, (b) B and T cells,
ts (unlike mice and humans; panel b) (For accurate interpretation related to usage of
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NK-T and NK cells, B and T cells, and granulocytes; gating strate-
gies are displayed in Fig. 5. There were no significant differences
in the numbers of any cell type except slight changes in monocytes
and granulocytes, as shown in Table 1. There were no significant
differences between groups in median fluorescence intensity of
surface antigens used to sort cells, for any cell type (not shown).
3.7. Helminths alter the effect of neonatal infection on the adult
microbiome

We sought to define the impact of helminths and E. coli infec-
tion on the intestinal microbiome by performing 16S rRNA gene
sequencing on cecal contents. The bacterial community composi-
tion in the ceca of pups and adults with and without helminths
is shown in Fig. 6. Consistent with what we have reported previ-
ously (McKenney et al., 2015), helminths induced a shift in the
adult rat microbiome that affects about 25% of the total micro-
biome and is characterized by a shift from numerical dominance
of Bacilli to Clostridia (Fig 6). Interestingly, no such shift was
observed in the pups (Fig. 6), which showed a preponderance of
Lactobacillaceae that is typical of milk-fed mammals regardless
of the presence of helminths. However, a primary interest of this
study was whether neonatal E. coli infection early in life results
in sustained changes to the gut microbiome, in adulthood, and if
so, whether helminths modify this effect. As shown in Fig. 7,
neonatal infection with E. coli caused a shift from genera within
the Actinobacteria and Tenericutes phyla to genera in the
Bacteroidetes phylum by adulthood, in rats that were not colonized
with helminths. Notably, this effect was attenuated by colonization
Table 1
Phenotypes of cells from peripheral blood.

Cell population Saline/PBS (%) ± SE Helminth/PBS (%) ±

T cells 59.23 ± 1.51 61.11 ± 2.29
CD4+CD8� 64.23 ± 1.83 66.68 ± 1.71
CD25+ 12.61 ± 0.57 13.30 ± 0.72
CD59+ 1.80 ± 0.21 1.82 ± 0.16
CD62L+ 82.89 ± 1.85 85.14 ± 1.12
CD90+ 33.13 ± 1.10 30.88 ± 1.30
CD4+CD8� 34.09 ± 1.81 31.88 ± 1.65
CD25+ 10.62 ± 0.80 10.33 ± 1.08
CD59+ 1.12 ± 0.36 0.95 ± 0.22
CD62L+ 94.66 ± 0.90 95.51 ± 0.57
CD90+ 31.74 ± 1.44 29.34 ± 0.98
CD28+ 98.53 ± 0.17 97.70 ± 0.38
CD81+ 6.10 ± 0.43 5.41 ± 0.24
CD86+ 5.74 ± 0.25 5.93 ± 0.22
MHCII+ 1.90 ± 0.12 1.92 ± 0.09

NK-T cells 0.51 ± 0.04 0.46 ± 0.06

B cells 20.00 ± 1.65 18.64 ± 1.60
CD81+ 81.80 ± 1.36 83.65 ± 1.70
CD 86+ 50.29 ± 2.18 45.66 ± 0.85

NK cells 3.30 ± 0.46 2.73 ± 0.36

Monocytes 4.58 ± 0.68 6.00 ± 1.05
CD8+ 61.70 ± 1.25 63.40 ± 2.16
CD172a+ 95.39 ± 0.61a 97.73 ± 0.45a

MHCII+ 12.82 ± 1.48b 9.54 ± 1.55

Granulocytes 2.33 ± 0.16c 3.20 ± 0.37c

T cells were defined as CD3+CD45RA� and further phenotyped to T helper cells (CD4+CD8
B cells were defined as CD3�CD45RA+MHCII+ (Note that CD45RA is specific to B cel
CD3�CD8+CD59+CD161Hi. Monocytes were defined as CD3�CD4+CD11b+ (which may theo
we have been unable to detect dendritic cells in peripheral blood from rats in levels abov
sample), whereas this cell type is readily detectable in bone marrow using the same antib
all populations is expressed as a percentage of the parent population (e.g. the percenta
cytotoxic T cells, not total T cells.) Values that are significant at p < 0.05 are in bold and

a Saline/PBS vs helminth/PBS, p = 0.0078 (p value from F-test for variance not signific
b Saline/PBS vs saline/E. coli, p = 0.0306 (p value from F-test for variance not significan
c Saline/PBS vs helminth/PBS, p = 0.0483 (p value from F-test for variance = 0.040).
with helminths. Some Actinobacteria and one Bacteroidetes OTU
were reduced, but the changes were generally more diffuse and
involved changes in various components belonging to the
Clostridiales order.
3.8. Helminths prevent neonatal infection-induced changes in
microglial morphology in laboratory rats

Finally, we analyzed Iba1 densitometry within the dentate
gyrus, because it was the region in which we observed the greatest
impact of helminths on glial cell density in Exp. 1. There was a sig-
nificant 3-way interaction with helminths, neonatal treatment, and
adult injection (F1,56 = 5.9, p = 0.018) (Fig. 8a). In rats without hel-
minths, there was a significant neonatal treatment � adult injec-
tion interaction (F1,28 = 4.8, p = 0.03). This effect was driven by a
significant LPS-induced increase in Iba1 in neonatally-infected rats
(p < 0.05), a pattern identical to what we observed in lab rats in
Exp. 1 (Fig 2). In rats with helminths, there were no significant dif-
ferences among groups; thus the impact of neonatal infection plus
LPS was prevented, again consistent with rats housed in farm-like
conditions in Exp. 1. Next, to better understand which aspect of cell
morphology was altered to yield changes in overall Iba1 immunos-
taining, microglial cell volumes were estimated using five rays of
independent isotropic probes as described previously (Livak and
Schmittgen, 2001). Cell counts were concurrently obtained and
analyzed using unbiased measures (see Methods). There were no
significant differences in soma volume (Fig. 8b) or cell number
within the DG (not shown), suggesting that the increase in Iba1
staining density observed in neonatally-infected rats without
SE Saline/E. coli (%) ± SE Helminth/E. coli (%) ± SE

61.31 ± 2.45 65.68 ± 0.68
67.61 ± 1.84 68.36 ± 3.11
12.75 ± 0.90 13.13 ± 0.60

1.36 ± 0.20 1.52 ± 0.34
84.61 ± 1.87 81.59 ± 2.07
33.99 ± 1.17 31.95 ± 1.75
31.01 ± 1.82 30.19 ± 3.10

9.37 ± 0.81 8.41 ± 0.77
0.84 ± 0.24 0.49 ± 0.07
95.7 ± 0.42 94.93 ± 0.81

31.29 ± 0.95 30.51 ± 1.63
98.38 ± 0.21 98.25 ± 0.18

5.77 ± 0.49 5.78 ± 0.43
6.20 ± 0.42 5.64 ± 0.23
1.70 ± 0.21 1.79 ± 0.15

0.46 ± 0.04 0.48 ± 0.05

17.48 ± 1.24 14.77 ± 1.22
83.54 ± 2.49 81.28 ± 1.22
46.40 ± 2.35 50.81 ± 2.56

2.61 ± 0.47 3.95 ± 0.79

6.88 ± 1.34 4.75 ± 0.44
60.61 ± 1.12 61.26 ± 1.92
97.35 ± 1.06 95.99 ± 1.31

8.35 ± 1.12b 10.02 ± 1.63

3.37 ± 0.64 2.12 ± 0.39

�) and cytotoxic T cells (CD4�CD8+). NK-T cells were defined as (CD4�CD8+CD161Hi).
l lineage cells only in rats, unlike mice and humans). NK cells were defined as
retically include dendritic cells; however, using other dendritic cell specific markers
e statistical error (P1% population within the 60,000–100,000 events recorded per

odies). Granulocytes were defined as SSCHi CD3� CD11b+ HIS48+. The value given for
ge of CD25+ cells are reported as percentages of T helper cells and percentages of
specific p-values are footnoteda, b and c. N = 8 rats were used for each group.

ant).
t).



Fig. 6. Microbiome composition in pups and in the adults used in this study. The composition is based on 16S libraries isolated from digesta taken from the ceca of pups at
5 days of age and of adults at 65–75 days of age. Results are shown at the genus level. Pups are grouped according to parents’ treatment with or without helminths
(n = 8/group). Adult groups were treated with E. coli or PBS at 4 days of age, helminth colonization or saline (continuation of parents’ treatment) at 21 days of age, and LPS or
saline injection at �60 days of age. Although samples were submitted for analysis for all adult animals (n = 64) used in the study, the analysis was unsuccessful for a subset
(n = 15) of those for unknown technical reasons. Re-analysis of the failed samples yielded a substantial ‘‘batch artifact’’ that precluded inclusion of the results in the study. The
majority of those samples were adults injected with LPS; thus, this group was excluded from subsequent LEfSe analysis (see Fig. 7) (For accurate interpretation related to
usage of color, the reader is referred to the web version of this article).
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helminths (Fig 8a) is due to greater process complexity
(hyper-ramification) and/or thickness (Fig. 8c–g), a structural
remodeling that has been reported in the context of neuroinflam-
mation and following chronic stress (Hinwood et al., 2013;
Walker et al., 2013; Atladottir et al., 2014).

4. Discussion

Neurodevelopmental disorders such as autism are increasing in
incidence along with all immune-based disorders (Atladottir et al.,
2014), suggesting a common etiology. Given the many ways
immune molecules are important for normal brain development,
the capacity for immune-inducing events during the perinatal per-
iod to influence the long-term trajectory and function of neural
processes is likely profound (Deverman and Patterson, 2009; Rice
and Barone, 2000). Thus, to the extent that biome depletion results
in an increased proinflammatory environment during the perinatal
period, biome depletion is expected to cause an increase in the
prevalence of mental health disorders. Several studies in humans
report attenuation or even complete remission of allergic, autoim-
mune, and other inflammation-related conditions following
accidental or deliberate colonization with certain species of hel-
minths (Bilbo et al., 2011; Parker and Ollerton, 2013; Rook, 2009;
Capron et al., 2004). In addition, a recent study evaluating out-
comes reported by individuals self-treating with helminths indi-
cates that exposure to the same helminth used in this study (H.
diminuta) attenuates a variety of neurological disorders in adults,
including migraine headaches, anxiety disorders, and depression
(Cheng et al., 2015). Here we present the first controlled experi-
mental evidence that helminths modulate neuroimmune
responses within the brain, with significant consequences for
behavior. Exaggerated HP IL-1b expression, which we have
reported previously in response to neonatal infection with E. coli
(Bilbo et al., 2005), was prevented in pups from helminth-treated
dams. These data are remarkable given the pups did not yet have
helminths themselves, suggesting a modulatory role by the mater-
nal immune system. Helminth treatment of dams and weaned off-
spring also prevented enduring changes in microglial morphology
by infection (Bland et al., 2010), and completely prevented the
adult memory deficit following the LPS ‘‘second hit’’.

Helminths have evolved to secrete dozens, if not hundreds of
molecules that modulate their host’s immune system (Hewitson



Fig. 7. Helminths alter the effect of neonatal infection on the microbiome. The microbiome composition (genus level) in laboratory rats with and without helminths and with
and without neonatal E. coli were analyzed using Linear discriminant analysis Effect Size (LEfSe) to test whether differences in microbiome composition were significantly
different. (a) The cladogram indicates bacterial lineages with significantly different representation in rats without helminths and with or without neonatal E. coli. (b) The
cladogram indicates bacterial lineages with significantly different representation in rats with helminths and with or without neonatal E. coli. Lineages on the bacterial trees
are color-coded to indicate whether the taxon does (red or green) or does not (yellow) significantly differ between sample classes. The numbers shown [in brackets] in the
legend for the two cladograms are the log linear discriminant analysis (LDA) scores, which quantify the degree to which each lineage contributes to the uniqueness of each
sample class. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 2009; Zaccone et al., 2008), including metalloprotease inhibi-
tors, toll-like receptor signaling inhibitors, antioxidant enzymes,
cytokine homologs, and molecules that inhibit or regulate the func-
tion of T-cells, macrophages, and dendritic cells (Hewitson et al.,
2009; Correale et al., 2008; Correale and Farez, 2007). Consistent
with these data, splenic proinflammatory responses were decreased
by helminths, especially in the blunting of responses in
neonatally-infected rats with helminths compared to
neonatally-infected rats that did not receive helminths (Fig. 4).
We also observed a striking increase in basal gene expression of
anti-inflammatory IL-4 mRNA along with the macrophage marker
CD163, which is associated with inflammation resolution (Fabriek
et al., 2005), only in neonatally-infected rats with helminths.
Notably, this is also the only group in which LPS failed to increase
corticosterone, which is canonically anti-inflammatory but can
exacerbate or initiate inflammation within the CNS (Munhoz
et al., 2010; Frank et al., 2012), especially if unresolved or unremit-
ting. Our data suggest some critical interaction of helminths and
early stimulation of the immune system by infection, which leads
to altered regulation (e.g., faster resolution) of inflammatory
responses. In many ways, this group may best represent a ‘‘normal’’
immune system, which has been shaped during development by
both infectious and multicellular organisms throughout our evolu-
tionary history. Indeed, studies of wild rodents show increased
pathogen burden coincident with better host defense and decreased
inflammation compared to laboratory rats (Rook, 2009; Lesher et al.,
2006). In contrast to these splenic changes, blood leukocyte num-
bers and distribution remained largely unchanged. Interestingly,
there were no changes in T cells, including T regulatory cells.
However, our data are consistent with previous studies (Rook,
2009; Lesher et al., 2006), in which the only populations showing
changes were in monocyte and granulocyte compartments, and
these changes were mild. These data strongly suggest helminths
do not compromise immune function or surveillance, but rather
specifically inhibit hypersensitive immune responses. We observed
no changes in litter size or weight, or in mortality by infection in
pups from helminth-treated dams (mortality is consistently zero),
indicating a lack of adverse side effects by helminths.

As with most novel findings, we do not yet know the precise
mechanism by which helminths modulate the peripheral and



Fig. 8. Helminths prevent neonatal infection-induced changes in microglial morphology in laboratory rats. (a) Microglial Iba1 integrated area density within the DG
(mean ± SEM). In rats without helminths (SALINE group), there was a significant neonatal treatment � adult injection interaction, *p < 0.05, **rats infected as neonates with
E. coli were significantly different from all other groups; n = 8/group. There were no significant (NS) differences in rats treated with helminths. The shaded regions of the bar
graph are groups that are analogous to those assessed in Exp. 1 (Fig. 2), highlighted here for comparison. (b) Microglial soma volume did not differ among groups, nor did cell
number (not shown), p > 0.05. (c) Schematic conceptualizing how changes in microglial morphology/density may occur independent of increased soma volume; e.g., with
greater process branching (middle figure, overlaid on top of a theoretical grid which allows assessment of branch intersections). (d–g) Representative 40� images of
microglial morphology in LPS-injected rats from shaded regions of panel ‘‘a’’ (all images were collected from the molecular region, upper blade, of the DG);
d = SALINE + neonatal PBS, e = SALINE + neonatal E. coli, f = HELMINTHS + neonatal PBS, g = HELMINTHS + neonatal E. coli; note the increase in process branching and
thickness in ‘‘e’’ (neonatal E. coli without Helminths), scale bar = 50 lm.

26 L.L. Williamson et al. / Brain, Behavior, and Immunity 51 (2016) 14–28
CNS immune responses in this model. Wild rats show strikingly
different immune responses compared to laboratory ones; in par-
ticular, wild rats have higher stimulated IL-4 responses in vitro
(as much as 100-fold) than laboratory rats (Rook, 2009; Lesher
et al., 2006), consistent with our findings from combined E. coli
and helminth stimulation. Given the bidirectional communication
between the peripheral and central immune systems, increased
anti-inflammatory activity in the periphery could strongly impact
the brain. T-cell derived IL-4 is known to impact meningeal immu-
nity and thereby the brain; a high IL-4 environment is neuropro-
tective, modulates microglial phenotype, and increases cognitive
function (Gadani et al., 2012; Derecki et al., 2010). We observed
greater process complexity (hyper-ramification/thickness, or
‘‘priming’’ (Perry et al., 2010) in the adult brains of
neonatally-infected rats, consistent with our previous studies
(Bilbo et al., 2005; Williamson et al., 2011; Bland et al., 2010).
While changes in microglial morphology cannot always predict
function, it is notable that helminth treatment prevented the
changes induced by infection. The mechanisms by which altered
microglial function could impact the brain include enduring effects
on cytokine reactivity, as we have observed previously (Bilbo et al.,
2005; Williamson et al., 2011), but also impacts on synaptic prun-
ing and refinement (Schafer et al., 2012; Schafer and Stevens,
2013), and the phagocytosis of apoptotic debris (Schafer et al.,
2012; Streit, 2002; Eroglu and Barres, 2010), among many others,
processes which are altered in many neurodevelopmental disor-
ders such as autism (Zhan et al., 2014). It should be noted that
our neonatal infection paradigm is not an attempt to specifically
model autism or any other disorder. Rather, these data serve as a
critical proof of concept that helminths exert an important modify-
ing influence on microglial structure in the brain, and macrophage
phenotype in the periphery, which can in turn powerfully modu-
late cognitive function and resilience later in life. Future studies
are warranted to fully determine the mechanistic changes in
microglia in response to helminth colonization.

Helminths also interacted in a complex manner with the
intestinal microbiome. Treatment with helminths induced the lar-
gest shifts in the microbiome, and appeared to blunt the impact of
neonatal infection. As we have recently demonstrated, helminth
colonization overall causes class-level shifts from Bacilli to
Clostridia (within the Firmicute phylum) that affects approxi-
mately 25% of the total microbiome (McKenney et al., 2015). In
the absence of helminths, E. coli infection caused a phylum-level
shift from Actinobacteria and Tenericutes to Bacteroidetes. In con-
trast, in the presence of helminths, the major changes associated
with E. coli infection are confined to the order Clostridiales. Thus,
rather than simply reversing the observed differences in response
to infection, the presence of helminths induced a shift within the
order Clostridiales as opposed to the phylum-level shifts seen in
the absence of helminths. Our understanding of the significance
of these types of shifts within the microbiome to host physiology
is far from complete, including within the discipline at large.
However, intuitively, it can be argued that the induction of phylum
level shifts versus sub-order level shifts by a given stimulus (infec-
tion with E. coli) suggest that the microbiome is less stable in the
former case. Thus it is possible that the shifts in the microbiome
as a result of helminth colonization result in a more stable micro-
biome, less responsive to inflammatory stimuli such as infection.
Interestingly, Lachnospiraceae was increased in rats treated with
both E. coli and helminths. This bacterial taxa produces butyrate,
and is decreased in patients with multiple sclerosis, inflammatory
bowel disorder, and rheumatoid arthritis (Jhangi et al., 2014).
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Treatment with E. coli alone also increased microbial lineages asso-
ciated with short chain fatty acid (SCFA) production (e.g.
Allobaculum) which are increased in rats fed a high-fat
‘‘Western’’ diet (Zhang et al., 2012), and linked to inflammation
in the periphery and brain (Bilbo and Tsang, 2010). Of course many
questions remain, including how and when helminths exert their
effects on the microbiome. While intriguing, the
helminth-induced changes in the microbiome we observed may
be inconsequential side effects, or conversely, may contribute
directly to the cognitive and immune phenotypes reported here.
Future work is warranted to identify the biological significance of
the changes we observe in the microbiome, and ultimately their
potential as therapeutic targets.

Similarly, in our initial analysis we colonized both dams and off-
spring with helminths as this best approximates the condition ani-
mals experience in the wild; that is, adult rats are ubiquitously
colonized with helminths, and juvenile rats generally acquire their
own helminths around the time of weaning; e.g. via the ingestion
of insects harboring the worm larvae. Rats thus treated showed
remarkable protection from inflammation in the periphery and
brain. The next step in this line of research is to address questions
that have more direct clinical relevance; e.g., whether maternal vs.
adult helminth treatments alone confer protection, and, we look
forward to addressing these questions in future experiments.

In conclusion, the ecosystem of the body, the biome, has
evolved as a tightly interwoven collection of factors that includes
immunity, brain function, the microbiome, and multicellular sym-
bionts such as helminths. It stands to reason that if one or more of
these components are profoundly altered or deleted, the entire sys-
tem may become destabilized, leading to the staggering increases
in inflammatory and hyperimmune sensitivity disorders we are
experiencing in modern culture. Because brain development criti-
cally depends on immune factors, these increases very likely
include devastating neurodevelopmental disorders such as autism.
Our data suggest biome reconstitution via select helminth colo-
nization normalizes the immune system, enduringly alters the
microbiome, and prevents the persistent adverse consequences of
neonatal infection on brain and cognitive function, and thus may
be a viable preventative treatment for inflammation-induced CNS
impairments.
Author contributions

S.D.B. and W.P. designed the research; L.L.W., E.A.M., Z.E.H., C.B.,
W.P., and S.D.B. performed the research; all authors analyzed the
data; and S.D.B, L.L.W., E.A.M. and W.P. wrote the paper.
Conflict of interest

The authors declare no conflict of interest, financial or
otherwise.
Acknowledgments

The authors gratefully acknowledge Melanie Wiley, Timothy
Chase, John W. Poulton, Earll Williams, S. Y. Ryan Lee, Sarah
Perkins, and Mary Lou Everett for their assistance with this project.
The authors are also very thankful to a number of individuals who
provided tremendous help with regulatory and technical matters
associated with the study. These individuals include Laura P.
Hale, John Norton, William Wade, Randall Reynolds, Peg Hogan,
Calvin Davis, and Jacinto Juarez. Supported by the Coalition for
SafeMinds.
References

Ashwood, P., Van de Water, J., 2004a. Is autism an autoimmune disease?
Autoimmun. Rev. 3, 557–562.

Ashwood, P., Van de Water, J., 2004b. A review of autism and the immune response.
Clin. Dev. Immunol. 11, 165–174.

Ashwood, P., Wills, S., Van de Water, J., 2006. The immune response in autism: a
new frontier for autism research. J. Leukoc. Biol. 80, 1–15 (doi: jlb.1205707 [pii]
10.1189/jlb.1205707).

Atladottir, H.O. et al., 2014. The increasing prevalence of reported diagnoses of
childhood psychiatric disorders: a descriptive multinational comparison. Eur.
Child Adolesc. Psychiatry. http://dx.doi.org/10.1007/s00787-014-0553-8.

Barrientos, R.M. et al., 2002. Memory for context is impaired by a post context
exposure injection of interleukin-1 beta into dorsal hippocampus. Behav. Brain
Res. 134, 291–298 (doi: 10.1016/s0166-4328(02)00043-8).

Becker, K.G., 2007. Autism, asthma, inflammation, and the hygiene hypothesis. Med.
Hypotheses 69, 731–740.

Bilbo, S.D., Schwarz, J.M., 2009. Early-life programming of later-life brain and
behavior: a critical role for the immune system. Front. Behav. Neurosci. 3, 14.
http://dx.doi.org/10.3389/neuro.08.014.2009.

Bilbo, S.D., Schwarz, J.M., 2012. The immune system and developmental
programming of brain and behavior. Front. Neuroendocrinol. 33, 267–286.
http://dx.doi.org/10.1016/j.yfrne.2012.08.006.

Bilbo, S.D., Tsang, V., 2010. Enduring consequences of maternal obesity for brain
inflammation and behavior of offspring. FASEB J. 24, 2104–2115. http://
dx.doi.org/10.1096/fj.09-144014.

Bilbo, S.D. et al., 2005. Neonatal infection-induced memory impairment after
lipopolysaccharide in adulthood is prevented via caspase-1 inhibition. J.
Neurosci. 25, 8000–8009 (doi: 25/35/8000 [pii] 10.1523/JNEUROSCI.1748-
05.2005).

Bilbo, S.D., Rudy, J.W., Watkins, L.R., Maier, S.F., 2006. A behavioural
characterization of neonatal infection-facilitated memory impairment in adult
rats. Behav. Brain Res. 169, 39–47. http://dx.doi.org/10.1016/j.bbr.2005.12.002.

Bilbo, S.D. et al., 2007. Differential effects of neonatal handling on early life
infection-induced alterations in cognition in adulthood. Brain Behav. Immun.
21, 332–342 (doi: S0889-1591(06)00340-0 [pii] 10.1016/j.bbi.2006.10.005).

Bilbo, S.D. et al., 2008a. Early-life infection leads to altered BDNF and IL-1beta
mRNA expression in rat hippocampus following learning in adulthood. Brain
Behav. Immun. 22, 451–455. http://dx.doi.org/10.1016/j.bbi.2007.10.003.

Bilbo, S.D. et al., 2008b. Bacterial infection early in life protects against stressor-
induced depressive-like symptoms in adult rats. Psychoneuroendocrinology 33,
261–269. http://dx.doi.org/10.1016/j.psyneuen.2007.11.008.

Bilbo, S.D. et al., 2009. Neonatal bacterial infection alters fever to live and simulated
infections in adulthood. Psychoneuroendocrinology 35, 369–381 (doi: S0306-
4530(09)00242-X [pii] 10.1016/j.psyneuen.2009.07.014).

Bilbo, S.D., Wray, G.A., Perkins, S.E., Parker, W., 2011. Reconstitution of the human
biome as the most reasonable solution for epidemics of allergic and
autoimmune diseases. Med. Hypotheses 77, 494–504. http://dx.doi.org/
10.1016/j.mehy.2011.06.019.

Bland, S.T. et al., 2010. Enduring consequences of early-life infection on glial and
neural cell genesis within cognitive regions of the brain. Brain Behav. Immun.
24, 329–338. http://dx.doi.org/10.1016/j.bbi.2009.09.012.

Caporaso, J.G. et al., 2010. QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 7, 335–336. http://dx.doi.org/10.1038/
nmeth.f.303.

Caporaso, J.G. et al., 2012. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. http://
dx.doi.org/10.1038/ismej.2012.8.

Capron, A., Dombrowicz, D., Capron, M., 2004. Helminth infections and allergic
diseases: from the Th2 paradigm to regulatory networks. Clin. Rev. Allergy
Immunol. 26, 25–34. http://dx.doi.org/10.1385/CRIAI:26:1:25.

Cheng, A.M., Jaint, D., Thomas, S., Parker, W., 2015. Overcoming evolutionary
mismatch by self-treatment with helminths: current practices and experience.
J. Evol. Med. 3. http://dx.doi.org/10.4303/jem/235910 (Article ID 235910).

Correale, J., Farez, M., 2007. Association between parasite infection and immune
responses in multiple sclerosis. Ann. Neurol. 61, 97–108. http://dx.doi.org/
10.1002/ana.21067.

Correale, J., Farez, M., Razzitte, G., 2008. Helminth infections associated with
multiple sclerosis induce regulatory B cells. Ann. Neurol. 64, 187–199. http://
dx.doi.org/10.1002/ana.21438.

Cryan, J.F., Dinan, T.G., 2012. Mind-altering microorganisms: the impact of the gut
microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712. http://
dx.doi.org/10.1038/nrn3346.

Dantzer, R., 2006. Cytokine, sickness behavior, and depression. Neurol. Clin. 24,
441–460. http://dx.doi.org/10.1016/j.ncl.2006.03.003.

Dantzer, R., Kelley, K.W., 2007. Twenty years of research on cytokine-induced
sickness behavior. Brain Behav. Immun. 21, 153–160. http://dx.doi.org/10.1016/
j.bbi.2006.09.006.

Dantzer, R., O’Connor, J.C., Freund, G.G., Johnson, R.W., Kelley, K.W., 2008. From
inflammation to sickness and depression: when the immune system subjugates
the brain. Nat. Rev. Neurosci. 9, 46–56. http://dx.doi.org/10.1038/nrn2297.

Derecki, N.C. et al., 2010. Regulation of learning and memory by meningeal
immunity: a key role for IL-4. J. Exp. Med. 207, 1067–1080. http://dx.doi.org/
10.1084/jem.20091419.

http://refhub.elsevier.com/S0889-1591(15)00240-8/h0005
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0005
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0010
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0010
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0015
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0015
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0015
http://dx.doi.org/10.1007/s00787-014-0553-8
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0025
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0025
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0025
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0030
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0030
http://dx.doi.org/10.3389/neuro.08.014.2009
http://dx.doi.org/10.1016/j.yfrne.2012.08.006
http://dx.doi.org/10.1096/fj.09-144014
http://dx.doi.org/10.1096/fj.09-144014
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0050
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0050
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0050
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0050
http://dx.doi.org/10.1016/j.bbr.2005.12.002
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0065
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0065
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0065
http://dx.doi.org/10.1016/j.bbi.2007.10.003
http://dx.doi.org/10.1016/j.psyneuen.2007.11.008
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0080
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0080
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0080
http://dx.doi.org/10.1016/j.mehy.2011.06.019
http://dx.doi.org/10.1016/j.mehy.2011.06.019
http://dx.doi.org/10.1016/j.bbi.2009.09.012
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/ismej.2012.8
http://dx.doi.org/10.1038/ismej.2012.8
http://dx.doi.org/10.1385/CRIAI:26:1:25
http://dx.doi.org/10.4303/jem/235910
http://dx.doi.org/10.1002/ana.21067
http://dx.doi.org/10.1002/ana.21067
http://dx.doi.org/10.1002/ana.21438
http://dx.doi.org/10.1002/ana.21438
http://dx.doi.org/10.1038/nrn3346
http://dx.doi.org/10.1038/nrn3346
http://dx.doi.org/10.1016/j.ncl.2006.03.003
http://dx.doi.org/10.1016/j.bbi.2006.09.006
http://dx.doi.org/10.1016/j.bbi.2006.09.006
http://dx.doi.org/10.1038/nrn2297
http://dx.doi.org/10.1084/jem.20091419
http://dx.doi.org/10.1084/jem.20091419


28 L.L. Williamson et al. / Brain, Behavior, and Immunity 51 (2016) 14–28
Desbonnet, L., Clarke, G., Shanahan, F., Dinan, T.G., Cryan, J.F., 2014. Microbiota is
essential for social development in the mouse. Mol. Psychiatry 19, 146–148.
http://dx.doi.org/10.1038/mp.2013.65.

Deverman, B.E., Patterson, P.H., 2009. Cytokines and CNS development. Neuron 64,
61–78. http://dx.doi.org/10.1016/j.neuron.2009.09.002.

Erny, D. et al., 2015. Host microbiota constantly control maturation and function of
microglia in the CNS. Nat. Neurosci. 18, 965–977. http://dx.doi.org/10.1038/
nn.4030.

Eroglu, C., Barres, B.A., 2010. Regulation of synaptic connectivity by glia. Nature 468,
223–231 (doi: nature09612 [pii] 10.1038/nature09612).

Fabriek, B.O., Dijkstra, C.D., van den Berg, T.K., 2005. The macrophage scavenger
receptor CD163. Immunobiology 210, 153–160. http://dx.doi.org/10.1016/
j.imbio.2005.05.010.

Fanselow, M., 1990. Factors governing one trial contextual conditioning. Anim.
Learn. Behav. 18, 264–270.

Frank, M.G., Thompson, B.M., Watkins, L.R., Maier, S.F., 2012. Glucocorticoids
mediate stress-induced priming of microglial pro-inflammatory responses.
Brain Behav. Immun. 26, 337–345. http://dx.doi.org/10.1016/j.bbi.2011.10.005.

Gadani, S.P., Cronk, J.C., Norris, G.T., Kipnis, J., 2012. IL-4 in the brain: a cytokine to
remember. J. Immunol. 189, 4213–4219. http://dx.doi.org/10.4049/
jimmunol.1202246.

Hewitson, J.P., Grainger, J.R., Maizels, R.M., 2009. Helminth immunoregulation: the
role of parasite secreted proteins in modulating host immunity. Mol. Biochem.
Parasitol. 167, 1–11. http://dx.doi.org/10.1016/j.molbiopara.2009.04.008.

Hinwood, M. et al., 2013. Chronic stress induced remodeling of the prefrontal
cortex: structural re-organization of microglia and the inhibitory effect of
minocycline. Cereb. Cortex 23, 1784–1797. http://dx.doi.org/10.1093/cercor/
bhs151.

Hsiao, E.Y. et al., 2013. Microbiota modulate behavioral and physiological
abnormalities associated with neurodevelopmental disorders. Cell 155,
1451–1463. http://dx.doi.org/10.1016/j.cell.2013.11.024.

Imai, Y., Ibata, I., Ito, D., Ohsawa, K., Kohsaka, S., 1996. A novel gene iba1 in the
major histocompatibility complex class III region encoding an EF hand protein
expressed in a monocytic lineage. Biochem. Biophys. Res. Commun. 224,
855–862. http://dx.doi.org/10.1006/bbrc.1996.1112.

Jhangi, S. et al., 2014. Increased Archaea species and changes with therapy in gut
microbiome of multiple sclerosis subjects. Neurology 82, S24.

Kilpelainen, M., Terho, E.O., Helenius, H., Koskenvuo, M., 2000. Farm environment in
childhood prevents the development of allergies. Clin. Exp. Allergy 30,
201–208.

Kuczynski, J. et al., 2011. Using QIIME to analyze 16S rRNA gene sequences from
microbial communities. In: Baxevanis, Andreas D., et al. (Eds.), Current
Protocols in Bioinformatics/Editoral Board, Chapter 10, Unit 10 17. doi:
10.1002/0471250953.bi1007s36.

Lesher, A. et al., 2006. Increased IL-4 production and attenuated proliferative and
pro-inflammatory responses of splenocytes from wild-caught rats (Rattus
norvegicus). Immunol. Cell Biol. 84, 374–382. http://dx.doi.org/10.1111/j.1440-
1711.2006.01440.x.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25,
402–408.

Maizels, R.M., 2005. Infections and allergy – helminths, hygiene and host immune
regulation. Curr. Opin. Immunol. 17, 656–661. http://dx.doi.org/10.1016/
j.coi.2005.09.001.

Matus-Amat, P., Higgins, E.A., Barrientos, R.M., Rudy, J.W., 2004. The role of the
dorsal hippocampus in the acquisition and retrieval of context memory
representations. J. Neurosci. 24, 2431–2439. http://dx.doi.org/10.1523/
JNEUROSCI.1598-03.2004.

McKenney, E.A. et al., 2015. Alteration of the rat cecal microbiome during
colonization with the helminth Hymenolepis dimunita. Gut Microbes. http://
dx.doi.org/10.1080/19490976.2015.1047128.

Merrill, J.E., 1991. Effects of interleukin-1 and tumor necrosis factor-alpha on
astrocytes, microglia, oligodendrocytes, and glial precursors in vitro. Dev.
Neurosci. 13, 130–137.

Munhoz, C.D., Sorrells, S.F., Caso, J.R., Scavone, C., Sapolsky, R.M., 2010.
Glucocorticoids exacerbate lipopolysaccharide-induced signaling in the
frontal cortex and hippocampus in a dose-dependent manner. J. Neurosci. 30,
13690–13698. http://dx.doi.org/10.1523/JNEUROSCI.0303-09.2010.

Pace, T.W., Miller, A.H., 2009. Cytokines and glucocorticoid receptor signaling.
Relevance to major depression. Ann. N. Y. Acad. Sci. 1179, 86–105. http://
dx.doi.org/10.1111/j.1749-6632.2009.04984.x.

Pardo, C.A., Vargas, D.L., Zimmerman, A.W., 2005. Immunity, neuroglia and
neuroinflammation in autism. Int. Rev. Psychiatry 17, 485–495 (doi:
H5XQ5V0MVN1G6411 [pii] 10.1080/02646830500381930).

Parker, W., Ollerton, J., 2013. Evolutionary biology and anthropology suggest biome
reconstitution as a necessary approach toward dealing with immune disorders.
Evol. Med. Public Health 89–103, 2013. http://dx.doi.org/10.1093/emph/eot008.
Peroni, D.G. et al., 2010. Immune regulatory cytokines in the milk of lactating
women from farming and urban environments. Pediatr. Allergy Immunol. 21,
977–982. http://dx.doi.org/10.1111/j.1399-3038.2010.00995.x.

Perry, V.H., Nicoll, J.A., Holmes, C., 2010. Microglia in neurodegenerative disease.
Nat. Rev. Neurol. 6, 193–201. http://dx.doi.org/10.1038/nrneurol.2010.17.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29, e45.

Rice, D., Barone Jr., S., 2000. Critical periods of vulnerability for the developing
nervous system: evidence from humans and animal models. Environ. Health
Perspect. 108 (Suppl. 3), 511–533.

Rook, G.A., 2009. Review series on helminths, immune modulation and the hygiene
hypothesis: the broader implications of the hygiene hypothesis. Immunology
126, 3–11. http://dx.doi.org/10.1111/j.1365-2567.2008.03007.x.

Rook, G.A.W., Lowry, C.A., 2009. In: Hygiene Hypothesis and Darwinian Medicine.
Birkhauser Verlag, pp. 189–220.

Rook, G.A., Lowry, C.A., Raison, C.L., 2013. Microbial ‘Old Friends’,
immunoregulation and stress resilience. Evol. Med. Public Health 46–64,
2013. http://dx.doi.org/10.1093/emph/eot004.

Rook, G.A., Raison, C.L., Lowry, C.A., 2014. Microbial ‘old friends’, immunoregulation
and socioeconomic status. Clin. Exp. Immunol. 177, 1–12. http://dx.doi.org/
10.1111/cei.12269.

Rudy, J.W., O’Reilly, R.C., 2001. Conjunctive representations, the hippocampus, and
contextual fear conditioning. Cogn. Affect. Behav. Neurosci. 1, 66–82.

Rudy, J.W., Barrientos, R.M., O’Reilly, R.C., 2002. Hippocampal formation supports
conditioning to memory of a context. Behav. Neurosci. 116, 530–538.

Rudy, J.W., Huff, N.C., Matus-Amat, P., 2004. Understanding contextual fear
conditioning: insights from a two-process model. Neurobiology of Cognition
in Laboratory Animals: Challenges and Opportunites 28, 675-685. doi: 10.1016/
j.neubiorev.2004.09.004.

Salim, S., Chugh, G., Asghar, M., 2012. Inflammation in anxiety. Adv. Protein Chem.
Struct. Biol. 88, 1–25. http://dx.doi.org/10.1016/B978-0-12-398314-5.00001-5.

Schafer, D.P., Stevens, B., 2013. Phagocytic glial cells: sculpting synaptic circuits in
the developing nervous system. Curr. Opin. Neurobiol. 23, 1034–1040. http://
dx.doi.org/10.1016/j.conb.2013.09.012.

Schafer, D.P. et al., 2012. Microglia sculpt postnatal neural circuits in an activity and
complement-dependent manner. Neuron 74, 691–705. http://dx.doi.org/
10.1016/j.neuron.2012.03.026.

Segata, N. et al., 2011. Metagenomic biomarker discovery and explanation. Genome
Biol. 12, R60. http://dx.doi.org/10.1186/gb-2011-12-6-r60.

Sloss, M.W., Kemp, R.L., Zajac, A.M., 1994. Veterinary Clinical Parisitology. Iowa
State Press (p. 9).

Stevens, B. et al., 2007. The classical complement cascade mediates CNS synapse
elimination. Cell 131, 1164–1178. http://dx.doi.org/10.1016/j.cell.2007.10.036.

Streit, W.J., 2002. Microglia as neuroprotective, immunocompetent cells of the CNS.
Glia 40, 133–139.

Trama, A.M. et al., 2012. Lymphocyte phenotypes in wild-caught rats suggest
potential mechanisms underlying increased immune sensitivity in post-
industrial environments. Cell. Mol. Immunol. 9, 163–174. http://dx.doi.org/
10.1038/cmi.2011.61.

Tremblay, M.E. et al., 2011. The role of microglia in the healthy brain. J. Neurosci. 31,
16064–16069. http://dx.doi.org/10.1523/jneurosci.4158-11.2011.

Vargas, D.L., Nascimbene, C., Krishnan, C., Zimmerman, A.W., Pardo, C.A., 2005.
Neuroglial activation and neuroinflammation in the brain of patients with
autism. Ann. Neurol. 57, 67–81. http://dx.doi.org/10.1002/ana.20315.

Waeber, C., Moskowitz, M.A., 2005. Migraine as an inflammatory disorder.
Neurology 64, S9–S15.

Walker, F.R., Nilsson, M., Jones, K., 2013. Acute and chronic stress-induced
disturbances of microglial plasticity, phenotype and function. Curr. Drug
Targets 14, 1262–1276.

Weinstock, J.V., Elliott, D.E., 2014. Helminth infections decrease host susceptibility
to immune-mediated diseases. J. Immunol. 193, 3239–3247. http://dx.doi.org/
10.4049/jimmunol.1400927.

Westbrook, R.F., Good, A.J., Kiernan, M.J., 1994. Effects of the interval between
exposure to a novel environment and the occurrence of shock on the freezing
responses of rats. Q. J. Exp. Psychol. B 47, 427–446.

Williamson, L.L., Sholar, P.W., Mistry, R.S., Smith, S.H., Bilbo, S.D., 2011. Microglia
and memory: modulation by early-life infection. J. Neurosci. 31, 15511–15521.
http://dx.doi.org/10.1523/JNEUROSCI.3688-11.2011.

Zaccone, P., Burton, O.T., Cooke, A., 2008. Interplay of parasite-driven immune
responses and autoimmunity. Trends Parasitol. 24, 35–42. http://dx.doi.org/
10.1016/j.pt.2007.10.006.

Zhan, Y. et al., 2014. Deficient neuron-microglia signaling results in impaired
functional brain connectivity and social behavior. Nat. Neurosci. 17, 400–406.
http://dx.doi.org/10.1038/nn.3641.

Zhang, X. et al., 2012. Structural changes of gut microbiota during berberine-
mediated prevention of obesity and insulin resistance in high-fat diet-fed rats.
PLoS One 7, e42529. http://dx.doi.org/10.1371/journal.pone.0042529.

http://dx.doi.org/10.1038/mp.2013.65
http://dx.doi.org/10.1016/j.neuron.2009.09.002
http://dx.doi.org/10.1038/nn.4030
http://dx.doi.org/10.1038/nn.4030
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0170
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0170
http://dx.doi.org/10.1016/j.imbio.2005.05.010
http://dx.doi.org/10.1016/j.imbio.2005.05.010
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0185
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0185
http://dx.doi.org/10.1016/j.bbi.2011.10.005
http://dx.doi.org/10.4049/jimmunol.1202246
http://dx.doi.org/10.4049/jimmunol.1202246
http://dx.doi.org/10.1016/j.molbiopara.2009.04.008
http://dx.doi.org/10.1093/cercor/bhs151
http://dx.doi.org/10.1093/cercor/bhs151
http://dx.doi.org/10.1016/j.cell.2013.11.024
http://dx.doi.org/10.1006/bbrc.1996.1112
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0220
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0220
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0225
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0225
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0225
http://dx.doi.org/10.1111/j.1440-1711.2006.01440.x
http://dx.doi.org/10.1111/j.1440-1711.2006.01440.x
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0245
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0245
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0245
http://dx.doi.org/10.1016/j.coi.2005.09.001
http://dx.doi.org/10.1016/j.coi.2005.09.001
http://dx.doi.org/10.1523/JNEUROSCI.1598-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.1598-03.2004
http://dx.doi.org/10.1080/19490976.2015.1047128
http://dx.doi.org/10.1080/19490976.2015.1047128
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0265
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0265
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0265
http://dx.doi.org/10.1523/JNEUROSCI.0303-09.2010
http://dx.doi.org/10.1111/j.1749-6632.2009.04984.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04984.x
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0280
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0280
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0280
http://dx.doi.org/10.1093/emph/eot008
http://dx.doi.org/10.1111/j.1399-3038.2010.00995.x
http://dx.doi.org/10.1038/nrneurol.2010.17
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0300
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0300
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0305
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0305
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0305
http://dx.doi.org/10.1111/j.1365-2567.2008.03007.x
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0315
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0315
http://dx.doi.org/10.1093/emph/eot004
http://dx.doi.org/10.1111/cei.12269
http://dx.doi.org/10.1111/cei.12269
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0330
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0330
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0335
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0335
http://dx.doi.org/10.1016/B978-0-12-398314-5.00001-5
http://dx.doi.org/10.1016/j.conb.2013.09.012
http://dx.doi.org/10.1016/j.conb.2013.09.012
http://dx.doi.org/10.1016/j.neuron.2012.03.026
http://dx.doi.org/10.1016/j.neuron.2012.03.026
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0365
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0365
http://dx.doi.org/10.1016/j.cell.2007.10.036
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0375
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0375
http://dx.doi.org/10.1038/cmi.2011.61
http://dx.doi.org/10.1038/cmi.2011.61
http://dx.doi.org/10.1523/jneurosci.4158-11.2011
http://dx.doi.org/10.1002/ana.20315
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0395
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0395
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0400
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0400
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0400
http://dx.doi.org/10.4049/jimmunol.1400927
http://dx.doi.org/10.4049/jimmunol.1400927
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0410
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0410
http://refhub.elsevier.com/S0889-1591(15)00240-8/h0410
http://dx.doi.org/10.1523/JNEUROSCI.3688-11.2011
http://dx.doi.org/10.1016/j.pt.2007.10.006
http://dx.doi.org/10.1016/j.pt.2007.10.006
http://dx.doi.org/10.1038/nn.3641
http://dx.doi.org/10.1371/journal.pone.0042529

	Got worms? Perinatal exposure to helminths prevents persistent immune sensitization and cognitive dysfunction induced by early-life infection
	1 Introduction
	2 Materials and methods
	2.1 Subjects and experimental overview
	2.2 Helminth treatment
	2.3 Escherichia coli infection
	2.3.1 Bacterial culture
	2.3.2 Injections

	2.4 Adult offspring behavioral testing
	2.4.1 Context pre-exposure paradigm
	2.4.1a Apparatus
	2.4.1b Day 1 context pre-exposure
	2.4.1c LPS injections
	2.4.1d Day 2 immediate shock
	2.4.1e Day 3 freezing testing

	2.4.2 Elevated plus maze
	2.4.3 Open field

	2.5 Tissue collection
	2.5.1 Pups
	2.5.2 Adults

	2.6 Microglial immunohistochemistry
	2.6.1 Cell volume assessments

	2.7 Splenocyte isolation and multiplex
	2.8 Quantitative real-time PCR
	2.8.1 Primer specifications

	2.9 Blood processing
	2.10 Flow cytometry
	2.11 Microbial DNA extraction and illumina sequencing and analysis
	2.12 Corticosterone assessment
	2.13 Statistical analyses

	3 Results
	3.1 Farm-like conditions prevent neonatal infection-induced microglial priming in adulthood
	3.2 Maternal helminth colonization alters the central cytokine response to neonatal infection in laboratory rodents
	3.3 Helminths prevent neonatal infection-induced memory deficits in adult rats
	3.4 Helminths prevent neonatal infection-induced peripheral immune sensitization
	3.5 Helminths modulate the adult corticosterone response to LPS in neonatally-infected rats
	3.6 Helminths do not significantly alter most blood leukocyte dynamics
	3.7 Helminths alter the effect of neonatal infection on the adult microbiome
	3.8 Helminths prevent neonatal infection-induced changes in microglial morphology in laboratory rats

	4 Discussion
	Author contributions
	Conflict of interest
	Acknowledgments
	References


