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Abstract 

 Over the last century, members of post-industrial societies have experienced a significant 

depletion of gut microbiota in terms of parasitic “old friends”.  Consequently, the ability of the 

remaining microbiota to modulate immune responses has been drastically limited. Reduced 

immunoregulation causes the immune system to be overactive due to an improper balance 

between T helper 1 (Th1) and T helper 2 (Th2) immunity. Th1 immunity is used to fight 

intracellular pathogens, and it is mediated by inflammatory effector T cells. Th2 immunity fights 

extracellular pathogens through a humoral response that upregulates antibody production. It has 

been demonstrated that intestinal helminth worms, such as Hymenolepis diminuta, are 

responsible for a shift away from Th1 cell immunity and towards Th2 cell immunity, which 

promotes an anti-inflammatory phenotype through suppression of inflammatory effector T cells. 

A helminth-induced anti-inflammatory shift could potentially be used to counteract inflammatory 

disorders such as chronic neuropathic pain. Neuropathic pain is responsible for an upregulation 

of pro-inflammatory cytokines and a shift toward Th1 immunity. This study explored the use of 

helminthic therapy as a treatment for neuropathic pain in the periphery and both neuropathic pain 

and cognitive dysfunction in the central nervous system through increased immune regulation.  

       We investigated the effects of H. diminuta on neuropathic pain development and cognition 

in male Sprague Dawley rats following chronic constriction injury of the sciatic nerve. Rats were 

colonized with Hymenolepid diminuta cystercercoids (HDCs; larval stage) prior to CCI 

surgeries. Von Frey testing measured levels of mechanical allodynia, Pavlovian fear conditioning 

measured declarative memory, and juvenile social exploration measured levels of anxiety. 

Inconsistent results from Von Frey and fear conditioning suggest that helminth worm therapy 

most likely does not improve mechanical allodynia or hippocampal-dependent learning and 

memory cognition. Neither CCI surgery nor helminth colonization impacted anxiety levels. 

Additionally, impacts of H. diminuta on molecular regulation of cytokine levels in the 

hippocampus were assessed using qRT-PCR. Hippocampus analysis demonstrated a shift toward 

an anti-inflammatory cytokine milieu following helminth treatment. These studies indicate that, 

although helminths did not consistently impact behavior following CCI surgeries, H. diminuta 

therapy is a promising treatment for neuroinflammation in the brain. 
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Introduction 

Chronic pain is a world-wide crisis that impacts more than 50 million people in the 

United States alone, and it has been connected to anxiety and depression, opioid addiction, and 

limited mobility (Dahlhamer, 2018). Because neuropathic pain has become an incredibly 

widespread issue, the neuroimmune causes of chronic pain are of great interest to the research 

community.  

The immune mechanisms that underly the modulation of neuropathic pain are responsible 

for the amplification of inflammatory signaling molecules. In response to damage to the 

somatosensory nervous system, non-neuronal cells of the central nervous system, called glial 

cells, become activated. Glial cell activation triggers an increase of proinflammatory cytokines 

from the site of injury, and this signal projects to the spinal cord and the brain. This 

neuroimmune connection causes the development and amplification of pain, which is a 

phenomenon referred to as hyperalgesia (P. M. Grace, Hutchinson, Maier, & Watkins, 2014). 

 Additionally, immunoregulatory processes are responsible for modulating inflammation 

through the use of effector T cells. Regulatory CD4+ T (Treg) cells serve a critical role in 

preventing overactive T cells from promoting inflammation aberrantly, thereby protecting 

against autoimmunity and controlling the cellular response to pathogens. These regulatory T 

cells interact directly with other effector T cells in order to minimize tissue damage. If these cells 

are not present, T helper 17 (Th17) cells and eosinophils are able to proliferate and promote an 

inflammatory phenotype (Parham, 2015). Regulatory T cells have also been found to regulate the 

immune response to neuropathic pain through the alteration of cytokine expression (Lees; 

Luchting), directly opposing the action of activated glial cells. Activating Treg cells suppresses 

the cytotoxic T cells and prevents them from releasing proinflammatory cytokines. Because this 

directly opposes the cytokine release by activated glial cells, Treg activation could potentially be 

an effective treatment for neuropathic pain. 

According to the Center for Disease Control and Prevention, approximately 20% of the 

United States population is affected by chronic pain (Cragg, 2018), and this may be due, in part, 

to overactive effector CD4+ T cells that are not being adequately suppressed by Treg cells. The 

presence of certain beneficial microbiota within the gut microbiome have been linked to 

increased numbers of regulatory T cells (Hewitson), so it is possible that exposure to these 
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specific microbiota could be a potential treatment for chronic pain. Though humans coevolved 

with these microorganisms, humans within post-industrialized countries no longer serve as hosts 

to many of these microorganisms. It has proposed that the use of antibiotics, clean water, and 

sterilized medical techniques have caused the gut microbiome of humans living in post-

industrialized countries to become a hostile environment for many commensal microorganisms 

(Bilbo, Wray, Perkins, & Parker, 2011; Ege, 2017; A. H. Liu, 2015; Villeneuve et al., 2018). 

This decreased microbial diversity correlates with decreased immunoregulatory functions of the 

host, and the proposed link between these two factors is referred to as the hygiene hypothesis. 

More specifically, the hygiene hypothesis states that the depletion of microorganisms within the 

gut microbiome of a human can cause the immune system to be poorly educated, which in turn, 

can cause the immune system to be overactive in response to inappropriate stimuli. The positive 

correlation between the presence of microorganisms and improved immunoregulation can be 

supported on a molecular basis by the promotion of an anti-inflammatory phenotype of animals 

that host microorganisms.  

An example of one of these microorganisms is Mycobaccterium vaccae (M. vaccae). M. 

vaccae restores the immune balance between T helper 1 (Th1) and T helper 2 (Th2) responses. 

Th1 responses harness effector Th1 and Th17 cells to fight intracellular pathogens, and Th2 

responses use antibody-mediated responses and suppression of inflammatory effector T cells to 

fight extracellular pathogens. M. vaccae modulates immunity of the infected animal by activating 

Th1-mediated responses and suppressing Th2 responses (Akkoc et al., 2008; Grange, Bottasso, 

Stanford, & Stanford, 2008; Hernández-Pando et al., 2008; Stanford, Stanford, & Grange, 2004; 

L. Zhang et al., 2016). This is the natural response of the body to attempt to attack and destroy 

the pathogen. The Th1 response activates tumor necrosis factor alpha (TNF-α), interferon 

gamma (IFN-γ), and cytokines such as IL-12 and IL-2 (Dlugovitzky, Stanford, & Stanford, 2011; 

L. Zhang et al., 2016). Over time, infection with M. vaccae activates type 1 interferons, which 

correlates with the activation of Treg cells and the suppression of Th1 responses (Frank, Fonken, 

Dolzani, et al., 2018; L. Zhang et al., 2016). This switch from primarily Th1 responses to Th2 

responses increases levels of IL-4, which causes a positive feedback loop that further enhances 

the Th2 shift (Chen et al., 2004). This molecular mechanism that drives Th1/Th2 balance is 

responsible for promoting an overall anti-inflammatory phenotype due to the expression of Treg 
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cells and anti-inflammatory cytokines, such as IL-10, IL-4, and TGF-β (Frank, Fonken, Watkins, 

Maier, & Lowry, 2018).  

Depending on the microorganism, upregulation of Th1 responses or upregulation of Th2 

responses can be utilized to enhance immunoregulation and benefit host immunity, because both 

of these techniques can be used to restore the Th1/Th2 balance. For instance, parasitic microbes, 

such as helminth tapeworms, can regulate the immune system by shifting the immunophenotype 

of their hosts from primarily mediating Th1 responses to facilitating Th2 responses (Villeneuve 

et al., 2018). Helminth tapeworms, called Hymenolepis diminuta, were used in this study because 

they are able to restore the Th1/Th2 balance of the host organism by promoting Treg activation 

and effector CD4+ T cell suppression. These factors contribute to promoting an anti-

inflammatory phenotype in the host. In addition to promoting immunoregulation, H. diminuta 

also avoid piercing the epithelial wall of the small intestines of their hosts, so they are considered 

benign helminths (Smyth et al., 2017). These two features make treatment with benign helminth 

parasites a very attractive research subject in regard to alleviating immunological disorders 

without causing tissue damage to the host. In the wild, rats are colonized by H. diminuta, so this 

treatment is used to restore the immune functions that rats normally demonstrate (McKenney et 

al., 2015; Ren et al., 2017). Re-introduction of these helminth worms to the gut microbiome has 

been linked to both increased numbers of Treg cells as well as increased expression of anti-

inflammatory cytokines such as IL-10 (Parfrey et al., 2017). Specific molecules on the surface of 

H. diminuta shed from the surface of the tapeworms, and these molecules serve as foreign 

particles, called antigens, which elicit an immune response from the host. These antigens are 

processed and presented by antigen-presenting cells, such as dendritic cells and T cells (Bień et 

al., 2016; Lightowlers & Rickard, 1988), and this antigen presentation has been linked to 

suppression of classically activated macrophages (Bień et al., 2016) and polarization of 

alternatively activated macrophages (Fernando, Reyes, Iannuzzi, Leung, & McKay, 2014; 

Hewitson, Grainger, & Maizels, 2009). Alternatively activated macrophages are responsible for 

promoting the differentiation of Treg cells from naïve T cells (Gundra et al., 2014). Polarization 

of alternatively activated macrophages and activation of Treg cells are responsible for promoting 

an anti-inflammatory phenotype in the host.  
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In previous studies, H. diminuta have been proven to alleviate neuroinflammation, 

decrease cognitive disorders (Williamson et al., 2016), and decrease risks of autoimmune 

diseases (Fairweather & Cihakova, 2009). Additionally, the life cycle of H. diminuta offers a 

benefit that makes it an ideal candidate for the colonization of rats and mice in a laboratory 

setting. These helminths require a secondary, intermediate host for reproduction (Smyth et al., 

2017; M. Zhang, Mathew, & Parker, 2018), which prevents these helminths from transmitting 

directly from rat to rat or from rat to human unintentionally. Common grain beetles can be used 

to allow H. diminuta eggs to mature into Hymenolepis diminuta cysticercoids (HDCs) that can be 

directly fed to rodents. The HDCs then colonize their hosts and grow into full helminth worms 

within the small intestines of the rodents. At this point, the helminth worms produce eggs that are 

secreted in the fecal matter of the rodents; grain beetles eat the eggs, and the life cycle starts 

again (M. Zhang et al., 2018). The anti-inflammatory properties of H. diminuta, along with the 

benefits of laboratory use, make this species of helminth an ideal candidate for research in 

neuroinflammation and chronic pain. 

This following set of experiments conducted in this lab aimed at answering two questions 

concerning the effects of the introduction of the benign helminth worm, H. diminuta, into the gut 

microbiome of Sprague Dawley rats. The first goal of this experiment was to determine whether 

helminthic treatment was able to counteract the negative behavioral effects of a chronic 

constriction injury (CCI) on the left sciatic nerve of Sprague Dawley rats. A CCI surgery was 

chosen as a model for chronic pain due to its ability to amplify inflammation and decrease the 

number of Treg cells at the injury site (Austin, Kim, Perera, & Moalem-Taylor, 2012; Austin et 

al., 2012; Lees, Duffy, Perera, & Moalem-Taylor, 2015). Inflammation from the CCI surgery is 

amplified from the site of injury to the spinal cord and the brain. In order to determine the 

behavioral effects of H. diminuta colonization, measures of neuropathic pain (Von Frey test), 

learning and memory (Pavlovian fear conditioning), and anxiety (juvenile social exploration test) 

were determined. Von Frey measured relative levels of mechanical allodynia (pain that is 

generated by a normally innocuous stimulus), Pavlovian contextual fear conditioning measured 

declarative memory, and juvenile social exploration measured levels of anxiety. Chronic 

constriction injuries have been shown to increase mechanical allodynia (Austin & Moalem-

Taylor, 2010) and decrease declarative memory (Qian et al., 2018) in rodents. This peripheral 
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nerve injury may also cause decreased social interaction due to the increased levels of pain, 

which corresponds with increased anxiety (Descalzi et al., 2017).  

The second goal of this set of experiments, analysis of the hippocampus, showed a 

significant difference in the mRNA levels of several cytokines in rats that were colonized by H. 

diminuta. There was an increase of the anti-inflammatory cytokine, IL-10, along with a decrease 

in the IL-10 receptor. Additionally, there was a decrease in the expression of IL-13. Though this 

Th2-induced cytokine has been linked to several anti-inflammatory processes, it is also 

associated with allergen-induced asthma (Corren, 2013). Since treatment with H. diminuta 

causes an increase in immunoregulatory Th2 responses and a reduction in airway inflammation, 

this result was expected (McKenney et al., 2015). Colonization by H. diminuta generated an anti-

inflammatory cytokine milieu within the hippocampus of Sprague Dawley rats, which suggests 

potential therapeutic uses for benign helminthic treatment. 
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Background: The Hygiene Hypothesis 

The original hygiene hypothesis, introduced in 1989, suggested a potential explanation 

for the epidemiological trend of increased occurrences of allergies and asthma in post-industrial 

countries (Strachan, 1989). It proposed that improved standards of hygiene could lead to poor 

immunological defense mechanisms later in life. Additionally, it has been observed that there is a 

negative correlation between the number of older siblings a person has and the likelihood of 

having an immune disorder, such as allergies or autoimmunity (Okada, Kuhn, Feillet, & Bach, 

2010). Because there have been no clear correlations between socioeconomic status and 

immunological deficiencies within exclusively industrialized countries, increased hygiene and 

sanitization may be the factor that is causing immune disorders by transforming the gut 

microbiome into a hostile environment for the microbial “old friends” that coevolved with 

humans (Okada et al., 2010; G A W Rook & Brunet, 2005; Villeneuve et al., 2018). The 

potential causes of depletion of gut microbiome diversity in industrialized countries includes the 

utilization of antibiotics, clean water, improved medical sanitization, and processed foods (Shen 

& Wong, 2016). In order to validate this hypothesis, it is necessary to understand the molecular 

mechanisms by which these commensal microorganisms have been able to promote immune 

health of their human hosts historically. 

Though improved hygiene has led to fewer incidences of infectious diseases, it may also 

be a potential cause of inflammatory disorders (Ege, 2017; Shen & Wong, 2016) due to 

decreased immunoregulation (G. A. W. Rook & Brunet, 2005). As the hygiene hypothesis has 

been further examined, the term “hygiene” is an inadequate term for the cause of poor immunity. 

The root of the issue is reduction of gut microbiota diversity, due to improved hygienic practices, 

a lack of exposure to infection during early childhood development, and sanitary medical 

practices (Björkstén, 2009; A. H. Liu, 2015). Without proper immunoregulation by 

microorganisms, it is possible to develop an immune disorder mediated by an imbalance between 

T helper 1 (Th1) and T helper 2 (Th2) responses (G. A. W. Rook & Brunet, 2005). The Th1 

pathway protects against viruses and intracellular pathogens by releasing inflammatory 

molecules such as IFN-γ, IL-2, and TNF-β. The Th2 pathway is designed to protect against 

extracellular pathogens by stimulating an antibody response, facilitating amplification of 

eosinophils (granule-containing, inflammatory leukocytes), and inhibiting normal phagocytic cell 
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functioning (Kidd, 2003; Parham, 2015; Romagnani, 2000). An imbalance between Th1 and Th2 

mediated immunity can cause immune dysregulation. A system polarized towards Th1-mediated 

responses provokes the pathogenesis of specific inflammatory diseases such as autoimmune 

disorders, while a system dominated by Th2-mediated responses provokes the development of 

allergic reactions through the humoral upregulation of IgE antibodies (Romagnani, 2000). 

Effector CD4+ T regulatory (Treg) cells modulate CD4+ T helper cells, including those associated 

with both Th1 and Th2 responses. Commensal microbiota have an integral role in activating Treg 

cells (Kou & Parker, 2018). In the absence of these microbiota, there is an inappropriate 

induction of both Th1 and Th17 responses, which promotes inflammation through amplification 

of inflammatory cytokines and Th17-mediated activation of eosinophils (Dias & Banerjee, 2013; 

Kou & Parker, 2018; Graham A. W. Rook, 2012; Graham A. W. Rook, Lowry, & Raison, 2013). 

The ability of commensal microorganisms, such as helminth parasites, to modulate the immune 

system of their host provides evolutionary advantages to both the microorganism as well as the 

host. 

Because mammals co-evolved with helminths, the parasites established immunological 

benefits for the hosts as a way of protecting themselves from expulsion. Immunoglobulin E 

antibodies (IgE) bind and cross-link cell surface receptors (FcεRI) on mast cells, basophils, and 

activated eosinophils, all of which lead to the release of histamine and other inflammatory 

mediators that cause vasodilation and smooth muscle contraction to attempt to eject the parasite 

(Parham, 2015). Though these attempts at expulsion are usually unsuccessful, they limit the 

diseases that can be induced by the parasites. The host’s immune response to all helminth worms 

includes the induction of Th2-mediated responses in order to generate IgE antibodies (Zhou et 

al., 2016). This Th2 response is generated through Treg cells, alternatively activated 

macrophages, and dendritic cells (Maizels, 2004; Matisz et al., 2018). The presence of helminths 

induces the production of the Th2 cytokine, IL-4, which stimulates alternatively activated 

macrophages. This subset of macrophages plays a role in suppressing Th1 responses through the 

differentiation of Treg cells (Kreider, Anthony, Urban, & Gause, 2007). Dendritic cells that have 

been exposed to helminths activate anti-inflammatory Th2 cytokines (Matisz et al., 2018). 

Dendritic cells activate Th2 cytokines when helminth-generated antigens are phagocytosed by 

dendritic cells and presented on the dendritic cell surface by major histocompatibility complex 

class II molecules(Connor, Tang, Camberis, Le Gros, & Ronchese, 2014; Matisz et al., 2018). 
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These molecules interact with additional immune cells and suppress the immune response. Treg 

cells, alternatively activated macrophages, and dendritic cells all contribute to the shift towards 

an anti-inflammatory, Th2-mediated phenotype in the host.  

In the absence of a diverse microbiome, the Th2 segment of the immune system can 

develop in an unregulated fashion, promoting overactive and autoreactive T cells, which can 

ultimately lead to allergies and autoimmune disorders, respectively.  Introduction of benign 

helminths to the gut microbiome could potentially educate the immune system to restore the 

Th1/Th2 balance and promote an anti-inflammatory phenotype (Johnstton et al., 2010; Kou & 

Parker, 2018; Williamson et al., 2016). In this study, we used the benign helminth, Hymenolepis 

diminuta. This species of helminth co-evolved with rodents and does not harm the host (Makki et 

al., 2011; Sulima et al., 2018), which makes it a potential therapeutic treatment for immune 

dysregulation. H. diminuta have been observed to ameliorate colitis, inflammation of the lining 

of the colon, (Johnston et al., 2010; Lopes, Shute, Wang, & McKay, 2018; Melon, Wang, Phan, 

& McKay, 2010) and improve cognitive functioning (Williamson et al., 2016) in rodents. 

Helminthic therapy could be useful in combating the poor immunoregulation deriving from the 

depletion of the gut microbiome. 
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Methods and Results 

Experiment 1: Two 4-0 Suture CCI 

Methods 

Subjects 

 Pathogen-free Sprague Dawley rats aged 10-12 weeks upon arrival were used for every 

experiment (Envigo). Rats were housed in pairs in Plexiglas cages with food and water available 

ad libitum. The Vivarium was temperature controlled at 23 ± 3◦C and light-controlled with a 12 

hour light-dark cycle. All methods were approved by the Institutional Animal Care and Use 

Committee of the University of Colorado Boulder. 

 

Production of Hymenolepis diminuta cytercercoids (HDCs) 

 Grain beetles (Tenebrio molitor) were used as intermediate hosts for the lifecycle of H. 

diminuta. Newly hatched beetles do not naturally contain HDCs, so to begin the production of 

HDCs, beetles must be fed H. diminuta eggs. Beetles were kept in plastic containers without a 

supply of food or water for two days. This assured that beetles were sufficiently hungry when 

they were introduced to H. diminuta eggs within rat fecal pellets. Then, fresh fecal pellets 

containing H. diminuta eggs were fed to the beetles for one day. At this point, the grain beetles 

were returned to housing in plastic containers with oats and celery. Five to seven weeks later, 

Hymenolepis diminuta cystercoids (HDCs) were ready to be harvested. 

 

Harvesting of HDCs and HDC Colonization 

 HDCs were harvested from the abdomen of grain beetles. To access HDCs, the head, 

thorax, wings, and legs were removed from the beetle. The abdomen was placed in 0.06% saline, 

and contents of the abdomen were removed using a scalpel. HDCs were viewed under a 40x 

magnification, and doses of 5 HDCs were aliquoted with plastic transfer pipettes. Doses were fed 

to the rats from transfer pipettes. HDCs in the 0.06% saline solution are pictured below (Figure 

1). Control rats were fed doses of the vehicle (0.06% saline) from the plastic transfer pipettes. 
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Fecal Float Test 

 Fecal float tests were performed on each rat to assure that rats had been colonized by the 

HDCs. Three weeks after the rats were fed HDCs, the H. dimunta cystercoids matured into full 

helminth worms in the small intestines of the rats. At this point, the worms began producing H. 

diminuta eggs that appeared in the fecal pellets of the rats. To determine whether eggs were 

present, rats were single housed for 4 hours. One fresh pellet from each rat was placed in a 

saturated saline solution in a test tube. A stir rod was used to mix the pellet with the solution to 

create a thin slurry. Saturated saline solution was added to the test tube until a meniscus formed 

above the test tube rim, and the solution sat for 15 minutes to allow eggs to rise to the top of the 

solution. Glass slides were gently pressed against the meniscus to wet mount a sample onto the 

slide. The sample was viewed at a 100x magnification to view the H. diminuta eggs. Figure 2 

shows a sample of H. diminuta eggs. 

 

Figure 1: Hymenolepis diminuta cystercoids under a 40x magnification. Scale shows 200µm. 



14 
 

 

Chronic Constriction Injury Surgery 

 A CCI surgery of the left sciatic nerve was used to generate neuropathic pain. Animals 

were exposed to isoflurane to induce anesthesia. The skin nearest to the sciatic nerve was shaved 

and treated with 70% ethanol, and the surgery was performed aseptically. The sciatic nerve was 

isolated and partially exposed, and two sterile chromic gut sutures (cuticular 4-0 WebGut, 

Patterson Veterinary, Devens, MA) were tied around the sciatic nerve. The knots were gently 

tied so that the sutures would not slide along the nerve. When the sutures were tied, the muscle 

was sewn together using silk suture (3-0 ETHICON PERMA-HAND, Patterson Veterinary, 

Devens, MA). Finally, staples were used to close the incision of the skin. All animals were 

monitored following the surgery, and they were returned to their home cages when they could 

move autonomously. Recovery was monitored daily for one week following CCI surgeries. 

 

Mechanical Allodynia 

 Rats were given three habituation sessions to the testing environment for 60 minutes each 

prior to CCI surgeries. Testing was conducted prior to surgeries as a baseline, then every week 

after surgery, as well as the tenth day after surgery. On the days of testing, animals were 

habituated to the experimental setting for 20-30 minutes prior to testing. A set of 10 calibrated 

Figure 2. H. diminuta eggs. The picture on the left was taken at a 40x magnification, and the picture on the right was taken at a 100x 

magnification. 
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Semmes-Weinstein monofiliments (von Frey hairs; Stoelting, Wood Dale, IL) were pressed 

perpendicularly to the right and left hind paws randomly for 6 second intervals (Chacur et al., 

2001; P. M. Grace et al., 2016). This determined the threshold intensity of the filament that 

elicited a paw withdrawal. The logarithmic stiffness of the filaments was between 3.61 (0.40 g) 

to 5.18 (15.14 g). Paw withdrawal responses were used to generate absolute threshold values 

(50% probability of withdrawal) through a Gaussian integral psychometric function (Harvey, 

1986; Treutwein & Strasburger, 1999) which could be analyzed statistically on the PsychoFit 

program (Milligan et al., 2001). 

 

Fear Conditioning 

 Conditioning consisted of exposing rats to the conditioning context, which was a clear 

plastic chamber (26 L x 21 W x 24H, cm) with a mesh screen top and an open bottom. This 

chamber was placed inside an Igloo ice chest (54 L x 30 W x 27 H, cm) with a white interior that 

was turned on its side. The bottom of the chamber was placed over a removable set of stainless 

steel rods (1.5 mm in diameter, spaced 1.2 cm apart) connected to a power supply (Coulbourn 

Instruments, Allentown, PA). Rats were conditioned in pairs using two identical ice chests, 

conditioning chambers, and rods. Rats were allowed to freely explore the conditioning chamber 

for 2 minutes. Following this two-minute period, a 15-second tone was played through a speaker, 

then a 2-second, 1.5 mA shock was delivered to the animals from stainless steel rods beneath 

their feet. Each of the conditioning chambers was cleaned with water before animals were 

exposed to the chambers. Animals were transported between their home cages and conditioning 

chambers in a black bucket with a black lid (Barrientos et al., 2015). 

 Contextual memory of the rats was tested 72 hours later. First, rats were brought in pairs 

to the conditioning chamber in the same black bucket. Rats remained in this context, and 

freezing behavior was observed in order to measure contextual memory. Freezing behavior was 

used as a sign of associating the conditioning context with a fear-based memory of the shock. 

Rats were placed in the conditioning context for 6 minutes, and their freezing behavior (either 

freezing or active) was scored every 10 seconds. Freezing was characterized by complete 

absence of movement except shallow breathing. Following this 6-minute interval, rats were 

returned to their home cages in the black bucket. 
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 Novel-context, tone freezing was tested approximately 2 hours after contextual memory 

was tested (3 days after conditioning). Rats were transferred from their home cages to a novel 

context in a silver, metal bucket with a metal lid. The novel context consisted of a green, round, 

plastic container (35.5 diameter x 26.5 H, cm) with a layer of bedding on the floor. Rats were 

placed in this novel context, and freezing was scored every 10 seconds for 3 minutes. Then, the 

tone came on for 3 minutes, and freezing behavior was scored every 10 seconds. The tone was 

the exact same as the tone from conditioning. Conditioning and scoring during all portions of 

fear conditioning tests were carried out by blind observers. 

 

Juvenile Social Exploration (JSE) 

 Rats were placed in individual, standard plastic cages that were identical to their home 

cages with a wire lid and bedding. These cages were located in an experimental testing room. 

After 1 hour in the new cages, a juvenile rat was placed in the cage with the adult experimental 

rat. Rats were tested individually. A blind observer recorded the amount of time that the adult rat 

initiated interaction with the juvenile over a two-minute interval. This interaction was 

characterized by sniffing, pinning, and grooming of the juvenile rat by the adult (John P. 

Christianson et al., 2010; J.P. Christianson et al., 2008). This test was performed prior to CCI 

surgeries as a baseline and 6 weeks post-CCI surgeries. 

 

Statistics 

 GraphPad Prism Version 8 (San Diego, CA) was used for all statistical analysis and 

graph creation. For mechanical allodynia, absolute threshold values were calculated using a one-

way ANOVA followed by Tukey’s post hoc test, which verified that there were no baseline 

differences between groups. Group differences after CCI surgeries were determined using a two-

way ANOVA and Sidak’s post hoc test. Data is represented as mean ± SEM. Fear conditioning 

and JSE data were analyzed using repeated measures ANOVAs, and statistical significance was 

set at p < 0.05. 
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Results 

 Experiment 1 provided promising data regarding improvement in mechanical allodynia as 

well as contextual fear conditioning for helminth-treated animals; no significant improvement 

was seen in juvenile social exploration. The Maier Watkins Laboratory has previously shown 

that CCI surgeries induce neuropathic pain and mechanical allodynia (P. M. Grace et al., 2018). 

Animals were colonized with H. diminuta or administered saline (vehicle) 6 weeks before CCI 

surgeries. Relative levels of allodynia were assessed before CCI surgeries as a baseline and 

weekly following CCI. Testing was conducted until 13 weeks after CCI surgeries, and there were 

7 animals per group. Colonization with H. diminuta attenuated both severity and longevity of 

mechanical allodynia (Figure 3). Chronic pain resolved in helminth-treated animals in 

approximately 13 weeks. 

 It has been shown that CCI surgeries decrease contextual memory compared to rats that 

receive a sham surgery, in which the sciatic nerve is exposed but no sutures are tied (Qian et al., 

2018). Significant differences were observed between helminth-treated and control animals in 

contextual fear conditioning but not in novel-context, tone freezing (Figure 4). Naïve rats 

showed a similar average level of freezing to that of the helminth-treated rats for contextual 

memory, which suggested that the memory impairment induced by CCI was counteracted by 

helminth immunoregulation. All Pavlovian fear conditioning tests were conducted 6 weeks after 

CCI surgeries. Contextual memory and tone freezing were assessed 72 hours after conditioning. 

Helminth colonization significantly improved context-based memory; however, all rats showed 

approximately equal levels of freezing in response to the tone. 

 JSE was conducted 6 weeks after CCI, which was the same week that fear conditioning 

occurred. No differences in interaction time with the juvenile rat were observed between 

helminth-treated and control animals (Figure 5). Naïve, control, and helminth-colonized animals 

interacted with the juvenile rat for equivalent amounts of time. This demonstrated that neither 

helminth colonization nor CCI surgeries had an impact on social interaction. 
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Figure 3: Rats were colonized with H. diminuta six weeks prior to CCI surgeries. Von Frey thresholds were measured after 

helminth colonization, but prior to CCI. Thresholds were evaluated at weekly intervals following CCI surgeries. Helminth-treated 

animals attenuated mechanical allodynia by comparison to control animals following CCI (*P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001). Data are shown as mean ± SEM.   

 

 

 

 

 

 

 

 

     

 

Figure 4: Rats underwent Pavlovian Fear Conditioning 12 weeks after colonization with H. diminuta and 6 weeks after CCI. 

Contextual memory and tone freezing were tested 4 days after conditioning. Helminth-colonized rats showed significant 

improvement in contexutal memory by comparison to control rats (*p = 0.04). Control rats showed impaired performance 

compared to naïve rats that did not receive CCI surgeries, verifying that the CCI treatment decreases hippocampal-dependent 

memory. Naïve rats did not undergo helminth colonization or CCI surgery. No significant difference between helminth-treated 

rats and control rats was displayed during the novel context, tone freezing test. Data are shown as mean ± SEM. 
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Figure 5: JSE was conducted 12 weeks after colonization with H. diminuta and 6 weeks after CCI. Naïve rats were not colonized, 

and they did not receive a CCI surgery. No significant group differences between naïve, control, or helminth-colonized rats were 

observed. Neither the CCI surgery nor helminth colonization produced effects in social interaction behavior. Data are shown as 

mean ± SEM. 
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Results 

 The experimental design for this study was identical to Experiment 1 regarding 

colonization, CCI surgeries, and behavioral testing. In addition to these procedures, 

subcutaneous (s.c.) morphine injections were administered 10 days after CCI surgeries in order 

to determine whether helminth colonization could combat the combined effects of CCI and 

morphine injections on mechanical allodynia (Figure 6). There were 5 animals in each treatment 

group. No significant differences between any of the groups were observed. Unexpectedly, 

morphine injections did not worsen neuropathic pain, even within the groups of control rats. 

Additionally, the helminth-treated rats did not attenuate neuropathic pain, regardless of exposure 

to morphine. 

 There were also no group differences for contextual fear conditioning or tone freezing 

(Figure 7). Morphine injections did not produce significant group differences in contextual fear 

conditioning nor novel-context tone freezing tests. Fear conditioning was performed 6 weeks 

after CCI surgeries and 4 weeks after morphine injections ended. No significant differences were 

observed in JSE testing in any group (Figure 8). JSE was performed during the same week as 

fear conditioning. Neither helminth colonization nor morphine injections yielded significant 

behavioral results in any testing. 
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Figure 6: Von Frey testing for mechanical allodynia following CCI and s.c. morphine injections. The baseline test occurred prior 

to CCI surgeries. A second baseline was taken 9 days after CCI surgeries, which was 1 day prior to morphine injections. Tests 

were conducted weekly after the 5 day timecourse of injections had finished. No significant differences were observed between 

any of the groups. Data are shown as mean ± SEM. 
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Figure 7: Rats underwent Pavlovian Fear Conditioning 10 weeks after colonization with H. diminuta, 4 weeks after 

CCI, and 2 weeks after morphine injections ended. Contextual memory and tone freezing were tested 4 days after 

conditioning. Within the group of rats that received saline injections, helminth-colonized rats showed significant 

improvement in contexutal memory by comparison to control rats (**p = 0.006). This was also true with the rats that 

received morphine injections (*p = 0.01). No significant difference between helminth-treated rats and control rats was 

displayed during the novel context, tone freezing test regarless of morphine administration. Data are shown as mean ± 

SEM. 
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Figure 8: JSE was conducted 10 weeks after colonization with H. diminuta, 4 weeks after CCI, and 2 weeks after the morphine 

s.c. injection timecourse ended. The helminth-treated animals showed a significant increase in interaction time by comparisson to 

the control animals in the saline group (*P = 0.02). No significant difference was observed in the animals that were admistered 

morphine. Data are shown as mean ± SEM. 
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Results 

 To investigate whether helminth immunoregulation was able to attenuate neuropathic 

pain from a less intense chronic pain model than the two 4-0 suture CCI, pain was induced 

through a one 6-0 suture CCI. There were 10 rats in each treatment group. No significant 

differences in relative levels of mechanical allodynia between helminth-colonized and control 

animals were observed after CCI (Figure 9). Baseline tests were completed before helminth 

colonization and immediately before CCI surgeries to assure that there was no group difference 

prior to the induction of neuropathic pain. 

 No differences in contextual fear conditioning (Figure 10) or JSE (Figure 11) were 

observed during this experiment. The tone freezing test was not performed for this experiment 

because no group differences were seen in previous experiments. Fear conditioning was 

performed 3 weeks after CCI surgeries, and JSE was performed 4 weeks after CCI surgeries. 

Even with less neuropathic pain, helminth immunoregulation did not attenuate pain or improve 

contextual memory or social interaction compared to control rats. 

 

Figure 9: Von Frey testing for mechanical allodynia following a one 6-0 suture CCI. One baseline tests occurred prior to 

helminth colonization and the second baseline test occurred prior to CCI surgeries. Tests were conducted weekly following CCI. 

No significant differences were observed between helminth treated and control animals. Data are shown as mean ± SEM. 
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Figure 10:  Rats underwent Pavlovian Fear Conditioning 9 weeks after colonization with H. diminuta and 3 weeks after CCI. 

Contextual memory was tested 4 days after conditioning. No significant difference in contextual memory between helminth-

treated rats and control rats was displayed. Data are shown as mean ± SEM. 

 

 

Figure 11: JSE was conducted 10 weeks after colonization with H. diminuta and 4 weeks after CCI. No significant differences 

between helminth-colonized or control animals were observed. Data are shown as mean ± SEM.  

 

Nerve 
Injury,
Saline

Nerve 
Injury,

Helminth

0

20

40

60

80

%
 F

re
e
z
in

g

Contextual Memory
One 6-0 Suture CCI, Male SD, n=10/group

3 weeks post CCI

Nerve Injury,
Saline

Nerve Injury,
Helminth

0

20

40

60

%
 i
n

te
ra

c
ti

o
n

 t
im

e

Nerve Injury,

Helminth

Juvenile Social Exploration 
One 6-0 Suture CCI, Male SD, n=10/group

4 weeks post CCI

Nerve Injury,

Saline



25 
 

Experiment 4: Two 4-0 Suture CCI Following Voluntary Wheel Running 

Methods 

HDC colonization, fecal float tests, mechanical allodynia measurements, CCI surgeries, 

and JSE were performed in an identical manner to Experiment 1. Conditioning and contextual 

memory tests were completed as they were in Experiment 1; however, no novel context tone-

freezing tests were conducted. Additionally, half of the rats in each group (helminth-colonized 

and control) were allowed to run on wheels in their cages for the 6 weeks following colonization. 

 

VWR 

 Rats were housed individually with wheels in their cages, and control animals were kept 

single-housed in cages without wheels. Rats with wheels had unlimited ability to run voluntarily 

for 6 weeks. This time period coincided with the 6 weeks that the H. diminuta eggs matured into 

worms. Wheel revolutions were collected through Vital View software (Mini Mitter, Bend, OR), 

and this information was used to determine the distance traveled. It has been previously shown 

that voluntary exercise prior to a CCI surgery attenuates a pro-inflammatory response and 

neuropathic pain (P. M. Grace et al., 2016; Speaker et al., 2014). 

 

Results 

 Voluntary wheel running and helminth colonization were both used as treatments to 

determine whether they were able to decrease neuropathic pain development and increase 

contextual memory and social interaction. There were 10 animals in each treatment group, for a 

total of 40 rats in this study. There were no significant effects between any of the groups in Von 

Frey testing (Figure12), contextual fear conditioning (Figure 13), or JSE (Figure 14). Even in the 

control groups, VWR did not attenuate pain, which was unexpected, since this treatment had 

been verified in previous studies. Additionally, helminth treatment did not improve neuropathic 

pain, contextual memory, or JSE behavior, regardless of access to running wheels.  

 



26 
 

 

Figure 12: Von Frey testing for mechanical allodynia following a two 4-0 suture CCI. The first baseline test occurred prior to 

voluntary wheel-running, and the second baseline occurred the day before CCI surgeries. Tests were conducted weekly following 

CCI. No significant differences were observed between any of the groups. Neither helminth colonization nor VWR attenuated 

mechanical allodynia. Data are shown as mean ± SEM. 

 

 

Figure13: Rats underwent Pavlovian Fear Conditioning 9 weeks after colonization with H. diminuta, 3 weeks after the 6-week 

VWR timecourse ended, and 3 weeks after CCI. Contextual memory and was tested 4 days after conditioning. No significant 

differences in contextual memory between any of the groups were observed. Data are shown as mean ± SEM. 

BL 1 BL 2 1 2 3 4

0.4

0.6

1.2

2

4

6

8

10
A

b
s
o

lu
te

 T
h

re
s
h

o
ld

 (
g

)

Nerve Injury,

Saline, HCC

Nerve Injury,

Helminth, HCC

Weeks Post CCI

Von Frey

Two 4-0 Suture CCI, Male SD, n=10/group

Nerve Injury,

Saline, VWR

Nerve Injury,

Helminth, VWR

Home Cage Control Voluntary Wheel Running
0

20

40

60

80

100

%
 F

re
e
z
in

g

Contextual Memory
Four 4-0 Suture CCI, Male SD, n=10/group

3 weeks post CCI

Nerve Injury,

Saline

Nerve Injury,

Helminth



27 
 

 

Figure 14: JSE was conducted 10 weeks after colonization with H. diminuta and 4 weeks after CCI. No significant group 

differences any groups were observed. Data are shown as mean ± SEM. 
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contextual memory; however, none of these results were statistically significant. JSE was not 

performed for this experiment, because no significant effects were observed in previous 

experiments.  

 

Figure 15: Von Frey testing for mechanical allodynia following a two 4-0 suture CCI. The baseline test occurred prior to CCI 

surgeries. Tests were conducted weekly following CCI. No significant differences were observed between helminth-treated and 

control animals. Data are shown as mean ± SEM. 

 

 

Figure 16: Rats underwent Pavlovian Fear Conditioning 13 weeks after colonization with H. diminuta and 7 weeks after CCI. 

Contextual memory and was tested 4 days after conditioning. No significant difference in contextual memory between helminth-

treated and control animals was observed. Data are shown as mean ± SEM. 
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Experiment 6: Two 4-0 Suture CCI, Females 

Methods 

HDC colonization, fecal float tests, CCI surgeries, and mechanical allodynia 

measurements were performed in an identical manner to Experiment 1. Conditioning and 

contextual memory tests were completed as they were in Experiment 1; however, no novel 

context, tone freezing tests were conducted. JSE was not conducted during this experiment. 

Additionally, female Sprague Dawley rats were the subjects of this experiment, instead of male 

rats. Females were the subjects because it has been shown that females have a differential 

balance of T cells; they have a greater number of infiltrating Treg cells than males (Fernandes et 

al., 2018; Tipton, Baban, & Sullivan, 2012). With a greater number of Treg cells infiltrating the 

spinal cord, the upregulation of Treg cells from helminth colonization may have a greater 

influence on neuropathic pain in females than male. 

 

Results 

 Female Sprague Dawley rats were the subjects of this experiment, which was designed to 

investigate the effects of sex differences on behavior following helminth immunoregulation and 

CCI surgeries. There was no significant difference between groups during mechanical allodynia 

testing (Figure 17). However, the control animals showed significant improvement in contextual 

memory comparted to the helminth-treated group (Figure 18). This was the reverse effect of 

Experiment 1, and this could potentially be due to the abnormal behavior of the female rats 

during this task. They froze an abnormally large percentage of the time, so freezing behavior 

may not be an accurate representation of memory in this case. JSE was not performed, since no 

significant effects were seen in previous experiments. 
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Figure 17: Von Frey testing for mechanical allodynia following a two 4-0 suture CCI in female animals. The baseline test 

occurred prior to CCI surgeries. Tests were conducted weekly following CCI. No significant differences were observed between 

helminth-treated and control animals. Data are shown as mean ± SEM. 

 

  

Figure 18: Rats underwent Pavlovian Fear Conditioning 9 weeks after colonization with H. diminuta and 7 weeks after CCI. 

Contextual memory and was tested 4 days after conditioning. No significant differences in contextual memory between helminth-

treated and control animals was observed. Data are shown as mean ± SEM. 
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Experiment 7: Analysis of Hippocampus mRNA 

Methods 

 HDC colonization and fecal float tests were conducted as stated in Experiment 1. 

 

Hippocampus Extraction 

 Six weeks after colonization with H. diminuta eggs, rats were euthanized using i.p. 65 

mg/kg sodium pentobarbital (Abbott Laboratories, North Chicago, IL, USA). Transcardial 

perfusion was performed using cold 0.9% saline. Following decapitation, the brain was removed, 

and the whole hippocampus was isolated. The hippocampus was flash frozen in liquid nitrogen 

and stored at -80◦C. 

 

Total RNA Extraction 

 The phenol:chloroform extraction method was used to isolate samples of total RNA from 

hippocampus tissue (Chomczynski & Sacchi, 1987). Tissue was homogenized in 800µL of 

Trizol reagent (Invitrogen, Carlsbad, CA) for 30 seconds. Following homogenization, samples 

were incubated at room temperature for 5 minutes. Then, 160µL of chloroform was added, and 

the samples were vortexed for 2 minutes. Centrifugation (11,900 x g) was performed for 15 

minutes at 4◦C. The supernatant was removed from the tube without disrupting the nucleic acid 

phase in the bottom of the tube, and 8µL of Glycogen (Invitrogen) was added to the tube, and the 

sample was vortexed to allow the glycogen to bind RNA. 400µL of isopropyl alcohol was added 

to allow the RNA to precipitate, and the samples were vortexed and incubated for 10 minutes at 

room temperature. Samples underwent centrifugation (11,900 x g) for 10 minutes at 4◦C, then the 

RNA pellet was washed twice using 1mL of 75% ethanol and centrifugation (7,500 x g) for 5 

minutes at 4◦C. The sample was allowed to air dry until the ethanol had evaporated, then the 

pellet was resuspended in 11µL of nuclease-free water. The total RNA sample was stored at -

80◦C. 
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cDNA synthesis 

 SuperScript II First Strand Synthesis System for RT-PCR (Invitrogen) was used to 

reverse transcribe total RNA into cDNA. RNA samples were transferred to 1mL microcentrifuge 

tubes, and 1µL of random hexamer primers (5ng/µL) and 1µL dNTPs (mM) were added. 

Samples were placed in the iCycler, where they were incubated at 65◦C for 5 minutes. Then, 

samples were placed on ice, and 4µL of RT 5X first strand buffer and 2µL DTT (0.1M) were 

added to the samples. Samples were incubated at 25◦C for 2 minutes. Lastly, 1µL of SuperScript 

II RT (200U/µL) was added to the sample, and the reverse transcription reaction occurred 

through a series of incubations (25◦C for 10 minutes, 42◦C for 50 minutes, then 70◦C for 15 

minutes). The incubation at 70◦C inactivated the reaction. The samples were removed from the 

iCycler and stored at -20◦C. 

 

Quantitative Real-Time Polymerase Chain Reaction (aRT-tPCR) 

 The Quantitect SYBR Green PCR Kit (Quiagen, Valencia, CA) was used for PCR 

amplification of cDNA. Each well of the plate contained 25µL of mastermix (13µL SYBR, 1µL 

forward primers, 1µL reverse primers, 10µL H2O, and 1µL of cDNA sample). Samples of cDNA 

were vortexed before they were added to the wells. Reactions were run in duplicate using 96-

well plates, and PCR products were measured with the MyiQ Single-Color Real-Time PCR 

Detection System (BioRad, Hercules, CA). The PCR conditions were 95◦ for 15minutes, 94◦ for 

15 seconds, 57◦ for 30 seconds, 72◦ for 30 seconds, and 65◦ for 30 seconds. There were 40 cycles 

of the 94◦, 57◦, and 72◦ steps before progressing to the 65◦ step. The relative gene expression was 

quantified using the 2-ΔΔCT method (Livak & Schmittgen, 2001). The average CT of the internal 

control, β-actin, was subtracted from the average CT of the experimental CT values for the genes 

of interest (ΔCT). Then, the highest ΔCT of each gene was used as a calibrator, and this value 

was subtracted from the mean ΔCT of experimental values (ΔΔCT). The 2-ΔΔCT method gives the 

fold change of gene expression normalized to the housekeeping gene (β-actin) expression. 

Protocols for total RNA isolation, cDNA synthesis, and qRT-PCR can be found in previous 

publications (Frank, Fonken, Dolzani, et al., 2018). 
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Tissue Preparation and Bradford Assay 

 An extraction buffer solution (Invitrogen) and protease inhibitors (Sigma) were added to 

hippocampal tissue, and the samples were sonicated. Samples were centrifuged for 10 minutes at 

14,000 x g and 4◦C, and the supernatants were pipetted out and placed in new tubes (Frank, 

Fonken, Annis, Watkins, & Maier, 2018). A Bradford assay was performed in order to analyze 

total protein concentration in each sample. Coomassie Brilliant Blue G-250 was added to protein 

samples and after 2 minutes, the absorbance of the samples at 595nm was measured (Bradford, 

1976) with a spectrophotometer. Absorbance data was used to determine the relative protein 

concentration of each sample. 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

 A rat IL-10 Quantikine ELISA kit (R&D Systems, Minneapolis, MN) was used to 

determine the protein levels of IL-10 in whole hippocampus tissue (García-Miguel et al., 2018). 

Samples of 50µL of each protein sonicate were added to wells in the multiplex plate, and the 

plate was incubated for 2 hours at room temperature. 100µL of conjugate were added to the 

wells, and the plate was allowed to incubate for 2 more hours at room temperature. Then, 100µL 

of the substrate solution were added to each well and the plate was allowed to incubate for 30 

minutes at room temperature. During this incubation, all light was blocked from the plate. 

Finally, the reaction was stopped by adding 100µL of the stop solution to each well, and 

absorbance of each sample was measured using a spectrophotometer set to 450nm. Absorbance 

data was used to determine levels of IL-10 protein in each sample. Data are not shown because 

the levels of IL-10 protein were too low to be detected. 
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Table 1: PCR Primer Specifications 

All primer sequences were designed by Matthew Frank at the University of Colorado, Boulder. 

Gene Primer Sequence (5’-3’) 

Β-actin F: AGAGGCATCCTGACCCTGAA 

R: GCTCATTGTAGAAAGTGTGGT 

 

IL-10 F: TTACCTGCAGTCCTGGTCTT 

R: TGCAGGTCTGAGTCTTCAG 

IL-10R F: TTACCTGCAGTCCTGGTCTT 

R: TGCAGGTCTGAGTCTTTCAG 

IL-4 F: GAACTCACTGAGAAGCTGCA 

R: GAAGTGCAGGACTGCAAGTA 

IL-4R F: TGGTACAACCACTTCCAGCT 

R: TGCTGAAGTAACAGGTCAGG 

IL-13 F: AGACCAGAAGACTTCCCTGT 

R: TCAATATCCTCTGGGTCCTG 

TGF-β F: TACTGCTTCAGCTCCACAGA 

R: TGTCCAGGCTCCAAATGTAG 

 

Results 

 The purpose of this experiment was to determine whether colonization with H. diminuta 

altered the cytokine expression in the brain. Relative levels of mRNA expression were measured 

using qRT-PCR. There were 8 animals in each group. Figure 19 shows mRNA expression of IL-

10, IL-10 receptor, IL-13, TGF-β, IL-4 and IL-4 receptor. Levels of IL-10 mRNA were 

significantly increased (P < 0.0001), while levels of the IL-10 receptor were significantly 

decreased (P < 0.02). Upregulation of IL-10 expression contributes to an anti-inflammatory 

cytokine milieu, and the downregulation of IL-10R expression may be reflective of an increased 

release of IL-10. There was also a significant decrease in levels of IL-13 mRNA (P < 0.0001). 

Though IL-13 is typically an anti-inflammatory cytokine, it has also been linked to airway 

inflammation, which is characteristic in asthma, and H. diminuta have been known to decrease 

the risk of asthma. Levels of TGF-β, IL-4 and IL-4R mRNA showed no significant differences 

between helminth-colonized and control animals. Data were analyzed using the 2-ΔΔCT method. 
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Figure 19: All qRT-PCR was performed on hippocampus tissue. IL-10 mRNA expression increased significantly in helminth-treated animals 

(****P < 0.0001). IL-10R (P = 0.02) and IL-13 (P < 0.0001) mRNA decreased significantly in helminth-treated animals compared to control 

animals. There were no significant differences in IL-4, IL-4R, and TGF-β mRNA levels between groups (* P < 0.05, ****P < 0.0001). Real time 

PCR data were analyzed using the 2-ΔΔCT method. 
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Discussion 

 These current studies suggest that H. diminuta may not be an effective therapy for 

chronic pain; however, they are a promising treatment for neuroinflammation in the brain. The 

results from Von Frey, Pavlovian fear conditioning, and JSE behavioral tests following CCI 

surgeries are inconclusive. Each of the animals experienced mechanical allodynia as expected; 

however, only the first experiment showed significant differences between helminth-colonized 

and control groups. In all other experiments, helminth-colonized groups and control groups 

mirrored each other, which indicates that helminth immunoregulation is not effective for 

alleviating chronic pain from a peripheral nerve injury. Regardless of the type and number of 

sutures that were used for CCI surgeries, no consistent group differences were observed. The two 

4-0 suture CCI (Figure 3, Figure 6, Figure 12, Figure 17), four 4-0 suture CCI (Figure 15), and 

one 6-0 suture CCI (Figure 9) demonstrated approximately equal intensity and longevity of 

mechanical allodynia between helminth-colonized and control animals throughout all studies 

after Experiment 1. Interestingly, animals that received morphine did not experience prolonged 

mechanical allodynia following CCI (Figure 6), even though this had been observed in previous 

studies (P. Grace et al., 2019). This trend was true for both the helminth-colonized and control 

groups. Neuropathic pain for animals that received saline injections resolved slightly faster 

compared to the animals that received morphine injections, but this was not a significant effect. 

Additionally, mechanical allodynia did not seem to be attenuated by voluntary wheel running 

(Figure 12). There was no consistent group separation during this study, so Von Frey testing was 

terminated four weeks after CCI surgeries. Because the known paradigms regarding the effects 

of morphine and VWR on chronic pain were not observed, replication studies could be useful to 

determine whether these treatments are producing the expected results according to previous 

studies. Female rats are known to have elevated levels of infiltrating Treg cells (Fernandes et al., 

2018; Tipton et al., 2012), so it was expected that increasing the number of activated Treg cells 

would increase immunoregulation and decrease T cell-induced inflammation. However, there 

was no significant difference in chronic pain levels or longevity between helminth-colonized and 

control animals (Figure17). 

 Similar to Von Frey results, fear conditioning behavioral results were inconsistent and 

often showed no significant difference between treatment groups. The first two experiments 
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indicated that helminth-colonization improved contextual memory compared to control animals 

(Figure 4, Figure 7). For Experiment 2, helminth colonization improved contextual memory for 

animals that were administered saline injections, as well as the animals that received morphine 

injections, so helminth immunoregulation was able to reverse the behavioral memory impairment 

of neuroinflammation from CCI surgeries and morphine. All experiments following Experiment 

2 did not show any significance between treatment groups for contextual memory tests. No 

experiments showed significant group differences for novel context tone-freezing tests because 

all animals froze to the tone, demonstrating that they had developed a long-term association 

between the tone stimulus and the foot shock (Figure 4, Figure 7). Juvenile social exploration 

tests never produced differential behavioral results between groups (Figure 5, Figure 8, Figure 

11, Figure 14). Data represented in Figure 5 revealed that CCI surgeries had no affect on social 

interaction, and this could explain why increased immunoregulation from the helminth treatment 

would not impact JSE. 

 In order to explore the molecular basis of helminth immunoregulation, qRT-PCR was 

performed to quantify the relative cytokine mRNA expression in the hippocampus (Figure 19). 

H. diminuta treatment upregulated mRNA expression of IL-10 and downregulated IL-10R, and 

both of these contribute to an anti-inflammatory cytokine milieu. Levels of IL-10 protein were 

undetectable in all samples of whole hippocampus tissue. IL-13 mRNA was downregulated, and 

this was expected, because IL-13 is responsible for airway inflammation and asthma (Corren, 

2013). Though IL-13 can also play a role in anti-inflammatory processes, helminths are known to 

promote immunoregulation, which prevents the development of asthma and allergies (Parfrey et 

al., 2017; Graham A. W. Rook, 2012). TGF-β, IL-4, and IL-4R mRNA levels were not 

significantly impacted by H. diminuta treatment. IL-4 has been implicated in improved 

hippocampal-dependent memory (Chen et al., 2004, p. 4; Derecki et al., 2010). There was no 

consistent improvement in learning and memory behavior, and there was no significant 

upregulation of IL-4 or downregulation of its receptor in the hippocampus, so both behavioral 

results and molecular analysis support that H. diminuta colonization does not improve memory.  

 Potential future directions for studying the effects of H. diminuta colonization include 

further analysis of cytokine expression in the brain and investigation of the behavioral effects of 

helminths in relation to stress and anxiety. Protein levels of cytokines in the hippocampus should 
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be analyzed to assure that changes in mRNA expression truly drive changes in protein 

expression. Differential mRNA expression within the dorsal and ventral hippocampus should be 

analyzed to determine whether each portion of the hippocampus is impacted by helminth 

immunoregulation. The ventral hippocampus is responsible for stress and emotion while the 

dorsal hippocampus is connected to cognition (Fanselow & Dong, 2010), so knowledge of 

cytokine expression in each portion of the hippocampus could guide further behavioral studies 

toward treatment of stress and anxiety disorders and/or cognitive disorders. Analysis of mRNA 

and protein levels in the amygdala would be beneficial, because the amygdala plays a role in the 

development of neuropsychiatric disorders (Schumann, Bauman, & Amaral, 2011), and H. 

diminuta treatments are known to improve symptoms of neuropsychiatric disorders (Kou & 

Parker, 2018). If differences in cytokine expression are seen in the amygdala and ventral 

hippocampus, behavioral tests should be administered to determine the effects of H. diminuta 

colonization on anxiety and depression. An inescapable tailshock method could be used to 

induce learned helplessness and depressive symptoms in rats (Maier & Seligman, 2016), and 

behavioral tests could be utilized to determine behavioral effects of helminth treatment. Fear 

conditioning could be performed to determine the amount of time that it takes for extinction of 

the conditioned fear because this behavioral test targets the amygdala (Barad, Gean, & Lutz, 

2006), while contextual fear conditioning targets the hippocampus. JSE could also be performed 

following inescapable tailshock to determine whether helminth immunoregulation is able to 

improve social interaction after induced stress, which is known to impair social interaction 

(Helmreich et al., 2012).   

 In examining the effectiveness of H. diminuta as a treatment for neuroinflammation, the 

clinical concerns of helminthic therapy must be considered. The immunosuppressive state that is 

elicited by helminth treatment has been linked to risks of carcinogenesis (Grange et al., 2008; 

Pastille et al., 2017; Zambirinis, Pushalkar, Saxena, & Miller, 2014). The process of 

immunosurveillance involves the circulation of immune cells that search for and destroy harmful 

pathogens, and it is responsible for the destruction of tumor cells (Nicolazzo, Gradilone, 

Carpino, Gazzaniga, & Raimondi, 2019). Helminth-induced activation of Treg cells causes 

decreased immunosurveillance due to the upregulation of anti-inflammatory cytokines (Hewitson 

et al., 2009). This immunosuppression can allow tumor cells to evade the immune system so that 

they can survive and proliferate (Pastille et al., 2017), and this mechanism mimics one of the 
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primary ways that tumor cells naturally evade the immune system.  Tumor cells induce the 

activation of anti-inflammatory cytokines, such as IL-10, and this signal inhibits cytotoxic T 

cells, natural killer cells, and dendritic cells from destroying tumor cells (Feng et al., 2018; 

Mannino et al., 2015). However, chronic inflammation is often characteristic of tumor 

microenvironments, so helminth immunosuppression may be useful in cancer prevention and 

treatment (Diakos, Charles, McMillan, & Clarke, 2014; Nakamura & Smyth, 2017; 

Oikonomopoulou et al., 2014). Additionally, helminth colonization induces the polarization of 

alternatively activated (M2) tumor-associated macrophages in order to fight parasitic infection 

(Hallowell et al., 2017; Lee et al., 2015; C.Y. Liu et al., 2013). These M2 macrophages promote 

the epithelial-mesenchymal transition, which is major contributing factor in the development 

tumor growth and metastasis (C.Y. Liu et al., 2013; Yu, Chien, & Chang, 2016). Before any 

clinical research using H. diminuta colonization is possible, further investigation is necessary to 

determine whether exposure to these helminths can cause anti- or pro-carcinogenic effects. This 

information would be useful in creating immunotherapies that harness the beneficial aspects and 

avoid the negative consequences of H. diminuta. 

 The results from this project partially support the tenets of the hygiene hypothesis. 

Though behavioral results following CCI surgeries were inconclusive, molecular investigation of 

cytokine levels in the hippocampus showed promotion of an anti-inflammatory cytokine milieu 

due to the upregulation of IL-10 and downregulation of its receptor. These promising results 

guide future research toward investigation of cytokine levels in other brain regions, such as the 

amygdala. Additionally, the absence of consistent behavioral effects and presence of molecular 

changes in the brain suggest that the immunoregulation induced by H. diminuta may primarily 

influence the brain. This supports further research that investigates the effects of helminth 

colonization on neuropsychiatric disorders. Finally, the potential unintended effects of H. 

diminuta colonization, such as increased carcinogenesis, must be examined in order to avoid the 

side effect of tumor growth and metastasis when establishing helminth immunotherapy. 
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