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a b s t r a c t
The incidence of autoimmune and inﬂammatory diseases has risen dramatically in post-industrial societies. ‘‘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 dysfunction, a vulnerability that is speciﬁcally linked to long-term hypersensitivity of microglial cell function, 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 infection, and that combined with post-weaning colonization of offspring with helminths (consistent with
their mothers treatment) completely prevented enduring microglial sensitization and cognitive dysfunction 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.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Autoimmune and immune hypersensitivity disorders are dramatically 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 hypersensitive immune diseases have been relatively weak. We and others
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(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, including microbial communities (the microbiome, which is increasingly
disrupted by modern dietary changes and over usage of antibiotics), 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 helminths 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 extensive 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; suggesting that many psychiatric disorders may involve a dysregulation 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 inﬂammation, 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, autism 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 autoimmune 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 developmental synapse elimination (Schafer et al., 2012; Tremblay et al., 2011;
Stevens et al., 2007; Merrill, 1991). Taken together, these data suggest 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 development, 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 probiotic 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 inﬂammation (e.g., increased anxiety, stereotypy) (Hsiao et al., 2013).
Notably, a recent report suggests raising mice germ-free also markedly 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
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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 contribute to the increasing incidence of neurodevelopmental disorders such as autism, via microbiome disruption and immune
destabilization in both the periphery and brain. If true, then colonization 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 function 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 colonization) on microglial activation by neonatal infection in laboratory rats. Rats were housed in: (1) shoebox cages in a Duke
satellite facility with ‘‘dirty’’ colony conditions (no water or air ﬁltration beyond temperature control, no laboratory personnel protective (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 individual air- and water-ﬁltered cages and mandatory laboratory personnel 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 attenuation 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 standard, 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 suspended in a drop of 0.6% sterile saline (n = 12/sex), or with sterile
saline alone (n = 12/sex). Weaned pups received the same treatment 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 previously 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
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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.

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/litter. 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 treatment 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 different 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, independent 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 context. 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 following immediate shock by placing the rat in the conditioning context 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 movement, 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 automated tracking software (ANYmaze, Stoelting Inc., Wood Dale, IL).
Time in the open vs. closed arms was assessed and analyzed.

17

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 content from each rat was collected by dissecting the cecum, homogenizing 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 constitutive, 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 measurements (depending on the region size) were made for each of 8 different 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

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).

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 cytokines 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 resuspended 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 micrograms/ml APC-Alexa Fluor 750 streptavidin (Invitrogen Corp.,
Carlsbad, CA). Streptavidin without biotin labeled primary antibodies 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 according 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 constituents 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 frequencies differ signiﬁcantly between rat ages and treatments.
Finally, we used JMPÒ 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 forward 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 barcodes. 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 samples had less than 30 sequences each (range 5–23; average = 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 autoimmune 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’’ conditions. 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 processes underlying memory. We have further demonstrated that
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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 memory 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 microglial antigen (Iba1) expression within the HP. Data were compared
to rats similarly treated on P4 with PBS or E. coli, but bred in standard clean laboratory conditions. Neonatal E. coli infection signiﬁcantly 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;

Fig. 2. Farm-like conditions prevent neonatal infection-induced microglial priming in adulthood. (a) Microglial Iba1 mean ± SEM integrated area density; ⁄signiﬁcant
interaction in CA3 and DG, p < 0.05; $p = 0.07 in CA1; n = 8/group. (b–e) Representative 20 images of Iba1 in area DG of standard lab rats injected on P4 with PBS (b) or E. coli
(c), vs. DG of farm rats injected on P4 with PBS (d) or E. coli (e). Adult brains were collected 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 housing environment between clean laboratory and helminthcolonized 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 colonized 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

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 mortality as a consequence of helminth colonization. Neonatal E. coli signiﬁcantly 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 interaction: 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’

Fig. 3. Maternal helminths prevent neonatal infection-induced IL-1b responses in newborn pups, and neonatal infection-induced memory deﬁcits in adult rats. (a)
Hippocampal (HP) IL-1b gene expression is increased 24 h following E. coli infection in newborn pups, whereas helminth treatment of their mothers prevents this increase.
⁄
Signiﬁcantly different from PBS within SAL group, #signiﬁcantly different from E. coli within SAL group; p < 0.05. (b) Serum IL-1b did not differ by group (#trend main effect of
E. coli, p = 0.06). (c) Corticosterone did not signiﬁcantly differ (#trend interaction, p = 0.06). n = 7–8/group for a–c. (d) HP-dependent memory is impaired in neonatallyinfected adult rats that also receive LPS after learning, but helminth treatment of dams and offspring prevents this long-term vulnerability; ⁄signiﬁcantly different from all
other groups, p < 0.05, n = 8/group. (e) Anxiety in the elevated plus maze was unaffected 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 interaction 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 neonatal 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
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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 infection 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

Fig. 4. Helminths prevent neonatal infection-induced peripheral immune sensitization. Splenocytes from adult rats in each condition were stimulated in vitro with media or
LPS for 4 h, and cytokines and chemokines were assessed in the supernatant (a–f). All rats were naïve to LPS previously. Data are mean ± SEM, n = 8/group. #Signiﬁcant main
effect of helminths at the given dose of LPS, ⁄signiﬁcant effect of E. coli compared to all other groups at the given dose of LPS, p < 0.05 for all. (g–i) In cells from media wells,
mRNA was extracted and analyzed for IL-4 (g, #neonatal injection  helminth interaction, ⁄signiﬁcantly higher than all groups, p < 0.05 for both), IL-10 (h, NS = no signiﬁcant
differences), and the macrophage marker CD163 (i; ##neonatal injection  helminth interaction, p = 0.06; ⁄signiﬁcantly higher than all other groups, p < 0.05). (j)
Corticosterone concentrations in adult rats from each group, on the day of sacriﬁce (3 days post-adult injection), ⁄signiﬁcant effect of LPS, p < 0.05, #signiﬁcantly higher than
all other groups, p < 0.05.
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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 conditioning 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 stimulated 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

level of expression was reduced. There were no signiﬁcant differences 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 highest 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), suggesting faster resolution in this group, although this remains to be
determined. Moreover, rats treated neonatally with PBS and colonized by helminths had increased corticosterone after LPS compared 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 distribution, which could indicate changes in host defense or surveillance, ﬂow cytometry was performed to analyze monocytes,

Fig. 5. Representative ﬂow cytometric density plots of major cell types derived from peripheral blood. Gating schemes for (a) monocytes, NK-T and NK cells, (b) B and T cells,
and (c) granulocytes. n = 8/group. Note that CD45RA is speciﬁc to B cell lineage cells in rats (unlike mice and humans; panel b) (For accurate interpretation related to usage of
color, the reader is referred to the web version of this article).
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NK-T and NK cells, B and T cells, and granulocytes; gating strategies 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 infection on the intestinal microbiome by performing 16S rRNA gene
sequencing on cecal contents. The bacterial community composition in the ceca of pups and adults with and without helminths
is shown in Fig. 6. Consistent with what we have reported previously (McKenney et al., 2015), helminths induced a shift in the
adult rat microbiome that affects about 25% of the total microbiome 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

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 signiﬁcant 3-way interaction with helminths, neonatal treatment, and
adult injection (F1,56 = 5.9, p = 0.018) (Fig. 8a). In rats without helminths, there was a signiﬁcant neonatal treatment  adult injection 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 differences 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 immunostaining, 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

Table 1
Phenotypes of cells from peripheral blood.
Cell population

Saline/PBS (%) ± SE

Helminth/PBS (%) ± SE

Saline/E. coli (%) ± SE

Helminth/E. coli (%) ± SE

T cells
CD4+CD8
CD25+
CD59+
CD62L+
CD90+
CD4+CD8
CD25+
CD59+
CD62L+
CD90+
CD28+
CD81+
CD86+
MHCII+

59.23 ± 1.51
64.23 ± 1.83
12.61 ± 0.57
1.80 ± 0.21
82.89 ± 1.85
33.13 ± 1.10
34.09 ± 1.81
10.62 ± 0.80
1.12 ± 0.36
94.66 ± 0.90
31.74 ± 1.44
98.53 ± 0.17
6.10 ± 0.43
5.74 ± 0.25
1.90 ± 0.12

61.11 ± 2.29
66.68 ± 1.71
13.30 ± 0.72
1.82 ± 0.16
85.14 ± 1.12
30.88 ± 1.30
31.88 ± 1.65
10.33 ± 1.08
0.95 ± 0.22
95.51 ± 0.57
29.34 ± 0.98
97.70 ± 0.38
5.41 ± 0.24
5.93 ± 0.22
1.92 ± 0.09

61.31 ± 2.45
67.61 ± 1.84
12.75 ± 0.90
1.36 ± 0.20
84.61 ± 1.87
33.99 ± 1.17
31.01 ± 1.82
9.37 ± 0.81
0.84 ± 0.24
95.7 ± 0.42
31.29 ± 0.95
98.38 ± 0.21
5.77 ± 0.49
6.20 ± 0.42
1.70 ± 0.21

65.68 ± 0.68
68.36 ± 3.11
13.13 ± 0.60
1.52 ± 0.34
81.59 ± 2.07
31.95 ± 1.75
30.19 ± 3.10
8.41 ± 0.77
0.49 ± 0.07
94.93 ± 0.81
30.51 ± 1.63
98.25 ± 0.18
5.78 ± 0.43
5.64 ± 0.23
1.79 ± 0.15

NK-T cells

0.51 ± 0.04

0.46 ± 0.06

0.46 ± 0.04

0.48 ± 0.05

B cells
CD81+
CD 86+

20.00 ± 1.65
81.80 ± 1.36
50.29 ± 2.18

18.64 ± 1.60
83.65 ± 1.70
45.66 ± 0.85

17.48 ± 1.24
83.54 ± 2.49
46.40 ± 2.35

14.77 ± 1.22
81.28 ± 1.22
50.81 ± 2.56

NK cells
Monocytes
CD8+
CD172a+
MHCII+
Granulocytes

3.30 ± 0.46

2.73 ± 0.36

2.61 ± 0.47

3.95 ± 0.79

4.58 ± 0.68
61.70 ± 1.25
95.39 ± 0.61a
12.82 ± 1.48b

6.00 ± 1.05
63.40 ± 2.16
97.73 ± 0.45a
9.54 ± 1.55

6.88 ± 1.34
60.61 ± 1.12
97.35 ± 1.06
8.35 ± 1.12b

4.75 ± 0.44
61.26 ± 1.92
95.99 ± 1.31
10.02 ± 1.63

2.33 ± 0.16c

3.20 ± 0.37c

3.37 ± 0.64

2.12 ± 0.39

T cells were deﬁned as CD3+CD45RA and further phenotyped to T helper cells (CD4+CD8 ) and cytotoxic T cells (CD4 CD8+). NK-T cells were deﬁned as (CD4 CD8+CD161Hi).
B cells were deﬁned as CD3 CD45RA+MHCII+ (Note that CD45RA is speciﬁc to B cell lineage cells only in rats, unlike mice and humans). NK cells were deﬁned as
CD3 CD8+CD59+CD161Hi. Monocytes were deﬁned as CD3 CD4+CD11b+ (which may theoretically include dendritic cells; however, using other dendritic cell speciﬁc markers
we have been unable to detect dendritic cells in peripheral blood from rats in levels above statistical error (P1% population within the 60,000–100,000 events recorded per
sample), whereas this cell type is readily detectable in bone marrow using the same antibodies). Granulocytes were deﬁned as SSCHi CD3 CD11b+ HIS48+. The value given for
all populations is expressed as a percentage of the parent population (e.g. the percentage of CD25+ cells are reported as percentages of T helper cells and percentages of
cytotoxic T cells, not total T cells.) Values that are signiﬁcant at p < 0.05 are in bold and speciﬁc p-values are footnoteda, b and c. N = 8 rats were used for each group.
a
Saline/PBS vs helminth/PBS, p = 0.0078 (p value from F-test for variance not signiﬁcant).
b
Saline/PBS vs saline/E. coli, p = 0.0306 (p value from F-test for variance not signiﬁcant).
c
Saline/PBS vs helminth/PBS, p = 0.0483 (p value from F-test for variance = 0.040).
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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).

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 neuroinﬂammation 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 period 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, autoimmune, and other inﬂammation-related conditions following

accidental or deliberate colonization with certain species of helminths (Bilbo et al., 2011; Parker and Ollerton, 2013; Rook, 2009;
Capron et al., 2004). In addition, a recent study evaluating outcomes reported by individuals self-treating with helminths indicates 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 experimental 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 maternal immune system. Helminth treatment of dams and weaned offspring 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
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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.)

et al., 2009; Zaccone et al., 2008), including metalloprotease inhibitors, toll-like receptor signaling inhibitors, antioxidant enzymes,
cytokine homologs, and molecules that inhibit or regulate the function 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 unremitting. 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 evolutionary 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 numbers 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
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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.

CNS immune responses in this model. Wild rats show strikingly
different immune responses compared to laboratory ones; in particular, 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 immunity and thereby the brain; a high IL-4 environment is neuroprotective, 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 pruning 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 disorders 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 modifying inﬂuence on microglial structure in the brain, and macrophage

phenotype in the periphery, which can in turn powerfully modulate 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 largest 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 approximately 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 contrast, 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 (infection 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 microbiome, 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 associated 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 offspring with helminths as this best approximates the condition animals 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 symbionts such as helminths. It stands to reason that if one or more of
these components are profoundly altered or deleted, the entire system may become destabilized, leading to the staggering increases
in inﬂammatory and hyperimmune sensitivity disorders we are
experiencing in modern culture. Because brain development critically depends on immune factors, these increases very likely
include devastating neurodevelopmental disorders such as autism.
Our data suggest biome reconstitution via select helminth colonization 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.
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