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ABSTRACT AND KEYWORDS

Autism spectrum disorders (ASDs) are characterized by altered motor activity, 

restricted interests and social impairment, and are four times more prevalent in males. 

Co-morbidities such as anxiety disorder, sickness behaviour and gastrointestinal 

symptoms are present in a subset of patients. Propionic acid (PPA) is a short-chain fatty 

acid and end-product of enteric bacteria that has been implicated in autism symptoms. 

Experiment one examined the effects of 14 days of twice daily intraperitoneal (IP) 

injections of PPA (500mg/kg, 0.26 M, pH 7.5) on locomotor activity and social 

interaction in juvenile male and female Long-Evans rats. Male and female PPA treated 

rats exhibited hypoactivity and increased anxiety-related behaviours, as indexed by 

decreased rearing and stereotypy, and increased thigmotaxis. Only the male PPA 

treated rats showed social impairment as evidenced by decreased percentage of time in 

physical contact. These findings suggest that PPA can alter social behavior in a sex- 

specific manner. Experiment two investigated the effects of IP injections of PPA 

(500mg/kg, 0.26 M, pH 7.5) in juvenile male rats in a place & taste avoidance paradigm 

in order to investigate the induction of aversive internal cues by PPA. Over 12 

conditioning days rats received alternating IP injections of PPA (or PPA with 2 % 

saccharin) & vehicle (phosphate buffered saline; 0.15 M) in separate contexts. On a 

drug-free test day, PPA treated rats did not exhibit a significant avoidance of the 

treatment-paired chamber, nor did PPA-saccharin treated rats avoid 0.2 % saccharin 

water. However, PPA rats spent a greater percentage of time rearing in the treatment- 

paired chamber, a putative index of escape behavior. These results suggest that IP 

injections of PPA may induce some aversive internal cues. Together, these experiments 

offer further support towards propionic acid administration as an animal model of 

autism.

Keywords: sex differences, short chain fatty acid, sickness behavior
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Chapter 1

General Introduction
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1.1 Autism Spectrum Disorders

Autism spectrum disorders (ASDs) are a family of neurodevelopmental disorders 

present in 1 in every 110 children, four times more often in males (Centers for Disease 

Control & Prevention, 2009). Symptoms of ASDs include social impairment, altered 

motor activity, restrictive and repetitive interests, and language problems (Arndt, 

Stodgell, & Rodier, 2005; DiCicco-Bloom, et al., 2006). Autopsy studies of ASD patients, 

regardless of their age, reveal a diffuse innate neuroinflammatory response 

characterized by reactive astrogliosis, activated microglia and an elevation of 

proinflammatory cytokines in the cerebrospinal fluid (CSF) (Vargas, Nascimbene, 

Krishnan, Zimmerman, & Pardo, 2004).

Due to a host of factors, such as incomplete concordance rates for autism 

amongst monozygotic twins, and a discrepancy in severity of autism in monozygotic 

twins, research has begun to investigate environmental factors that may play a role in 

the development of ASD. Environmental agents known to possibly contribute to the 

development of autism include; prenatal exposure to valproic acid (Ingram, Peckham, 

Tisdale, & Rodier, 2000), ethanol (Arndt, Stodgell, & Rodier, 2005), and thalidomide 

(Narita, Kato, Tazoe, Miyazaki, Narita, & Okado, 2002) as well as exposure to some 

metals and bacterial & viral infections (Fatemi, Cuadra, El Fakahany, Sidwell, & Thuras, 

2000). Further support of environmental agents playing a role in the development of 

autism comes from reports that indicate an induction or exacerbation of symptoms 

following gastrointestinal abnormalities (Horvath, Papadimitriou, Rabsztyn, 

Drachenberg, & Tildon, 1999) and routine or antibiotic resistant paediatric infections
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(Finegold, Song, & Liu, 2002b; Fallon, 2005). Ingestion of wheat or dairy containing 

foods have also been found to induce or exacerbate symptoms, as well as elicit bloating, 

irritability, and lethargy or hypotonia, with a subset of these patients experiencing an 

improvement in symptoms following elimination of these foods from the diet 

(Jyonouchi, Sun, & Itokazu, 2002). Additionally, Herbert, et al. (2006) found many 

environmentally responsive genes involved in functions such as metabolism and the 

immune and inflammatory response, in linkage regions previously established as being 

modified or affected in autistic patients. The finding that there are environmentally 

triggered genes associated with autism lends further support to the idea that the 

environment may play a role in the development of autism in susceptible individuals. 

Thus, although autism is considered to be strongly genetically based, emerging research 

suggests at least some ASDs may be environmentally triggered.

A subset of ASD patients also present with co-morbidities such as anxiety 

disorder, gastrointestinal symptoms, sickness behaviour and seizure disorder 

(Skokauskas & Gallagher, 2010; Horvath, Papadimitriou, Rabsztyn, Drachenberg, & 

Tildon, 1999; Jyonouchi, Sun, & Itokazu, 2002; Canitano, 2007). Additionally, ASD 

patients have been found to have widespread systemic inflammation, not just limited to 

the central nervous system (Croonenberghs, Bosmans, Deboutte, Kenis, & Maes, 2002; 

Croonenberghs, et al., 2002). These co-morbidities suggest that autism may be 

considered a whole-body disorder systemic in nature, rather than a solely brain-based 

disorder. In fact, emerging research suggests autism may be a systemic condition

involving immune, digestive, and metabolic dysfunction.
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1.1.1 Immune Dysfunction

In terms of immune dysfunction and autism, an increased incidence of 

autoimmune disease has been found in families with an autistic child (Atladottir, et al., 

2009). Allergies have also been associated with autism (Pardo, Vargas, & Zimmerman, 

2005; Sperner-Unterweger, 2006). Additionally, studies of those with autism show 

abnormalities in peripheral immune cells, as well as variations in the expression of genes 

for cytokines, cytokine receptors, and the human leukocyte antigen (HLA) system 

(Patterson, 2009). Although what these various associations actually mean has yet to be 

determined, it does suggest that immune status may play a role in the aetiology of 

ASDs. A consistent finding in ASD is the presence of an innate neuroinflammatory 

process, as dictated by activated microglia and reactive astrocytes, as well as up- 

regulation of cytokines in both the brain and CSF (Vargas, Nascimbene, Krishnan, 

Zimmerman, & Pardo, 2004). This finding has been established both in children and the 

adult brain, suggesting that this immune dysfunction in the brain begins early and is a 

permanent state maintained in adulthood (Patterson, 2009).

Research also suggests that maternal infection, which is a risk-factor associated 

with autism (Ciaranello & Ciaranello, 1995; Hyman, Arndt, & Rodier, 2006; Moy &

Nadler, 2008), may be responsible for this immune dysfunction early in life. Maternal 

infection has been shown to alter the immune status of the fetal brain, and perhaps 

even the fetus' peripheral immune system (Patterson, 2009). Activation of the maternal 

immune system elevates cytokines in the fetal environment, and it is the pro- and anti­

inflammatory cytokine balance that then mediates the effects that this activation has on
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the fetus (Patterson, 2009). Investigating the effects of this cytokine balance has largely 

been done by upregulating or blocking cytokines during pregnancy in animals. For 

instance, intraperitoneal injection of interleukin-6 (IL-6) in pregnant rats for three days 

resulted in elevated IL-6 mRNA levels in the offspring at 4 and 24 weeks of age, as well 

as astrogliosis and elevated GFAP levels, signifying an ongoing state of immune 

dysfunction reminiscent of that seen in autism (Samuelsson, Jennische, Hansson, & 

Holmang, 2006). Studies suggest that IL-6 and other cytokines may act directly on 

developing neurons and glia. For example, over-expression of IL-6 in astrocytes early in 

life causes neuropathology as well as decreases in the seizure threshold, which is of 

significance as seizures are a common co-morbidity seen in autism (Samland, Huitron- 

Resendiz, Masliah, Criado, Henriksen, & Campbell, 2003). IL-6 and related cytokines are 

also known to influence brain development and neural repair, along with regulate 

neuronal excitability, stress responses, feeding and depressive behaviours, and long­

term potentiation and learning (Bauer, Kerr, & Patterson, 2007). Additionally, 

Croonenberghs, et al. (2002) found significantly increased production of interferon-y 

(IFN-y) and IL-1 receptor agonist, as well as a trend toward significantly increased levels 

of IL-6 and tumour necrosis factor-a (TNF-a) in patients with autism. Researchers 

concluded that autism may be associated with a specific activation of the immune 

response, and hypothesized that increased production of these proinflammatory 

cytokines may play a role in the pathophysiology of autism (Croonenberghs, Bosmans,

Deboutte, Kenis, & Maes, 2002).
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Further support for the suggestion that immune dysregulation is a substantial 

aspect of ASD comes from a preliminary study of 25 autistic children that demonstrated 

treatment with anti-inflammatory drugs led to a significant decrease, especially in 

younger patients, in symptoms such as irritability, lethargy, stereotypy, and 

hyperactivity (Boris, et al., 2007). Together, these studies suggest that immune 

dysfunction, not only in the brain but also systemically, is an ever present aspect of 

autism spectrum disorders, and offer further support for the proposal that autism is not 

just a brain-based disorder.

1.1.2 Gastrointestinal & Digestive Dysfunction

Gastrointestinal problems in a subset of children with ASD are also well 

documented. Horvath, et al. (1999) examined a group of patients with autism who had 

gastrointestinal symptoms. The most frequent complaints were chronic diarrhea, 

gaseousness, and abdominal discomfort and distension (Horvath, Papadimitriou, 

Rabsztyn, Drachenberg, & Tildon, 1999). Findings from this study included increased 

rates of gastrointestinal disorders that were previously undiagnosed in these individuals, 

and included reflux esophagitis, disaccharide malabsorption, chronic gastritis, and 

chronic duodenitis. Furthermore, Finegold, et al. (2002a) found late-onset autism 

individuals to have higher counts of Clostridia in their fecal flora, as well as a greater 

number of clostridial species. Clostridia are the principal bacteria that produce both 

enterotoxins and neurotoxins, and are very metabolically active, enabling them to 

produce a variety of toxic metabolites, as well as PPA (Finegold, et al., 2002a). They can 

be very difficult to eradicate and overgrowth of some species of Clostridia may be
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triggered by antibiotic use (Finegold, et al., 2002a). This is significant since there is a 

known association between antibiotic use and late-onset autism (Parracho, Bingham, 

Gibson, & McCartney, 2005). Furthermore, ASD patients were found to have nine 

species of Clostridium in their stools not found in controls, whereas controls only had 

three species not found in autism patients. Additionally, in gastric and duodenal 

specimens from controls there was a total absence of non-spore forming anaerobes and 

microaerophilic bacteria, where there were a significant number of such bacteria in 

children with ASD. These findings suggest that children with late-onset ASD have 

significant alterations in their upper and lower intestinal flora, which may be able to 

explain certain aspects of the development of ASD. Additionally, they offer further 

support that at least in a subset of patients, autism may not be a solely brain-based 

disorder.

1.1.3 Metabolic Dysfunction

Although most cases of autism are not thought to be associated with known 

metabolic disorders, there are a number of known neurometabolic and mitochondrial 

disorders which present with autistic features (Zecavati & Spence, 2009). Such disorders 

include; phenylketonuria, disorders of purine metabolism, creatine deficiency, 

biotinidase deficiency, cerebral folate deficiency, succinic semialdehyde dehydrogenase 

(SSADH) deficiency, and Smith-Lemli-Opitz syndrome (Zecavati & Spence, 2009; Manzi, 

Loizzo, Giana, & Curatolo, 2008). The prevalence of these disorders in the autistic 

population, however, is unknown. It is expected that they often go undiagnosed, 

especially since research has shown routine neurometabolic testing often does not
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uncover these specific disorders (Zecavati & Spence, 2009). Some researchers suggest 

the possibility that it is underlying neurometabolic dysfunction that may be mild and 

unrecognized, which may predispose some to express the autism phenotype (Zecavati & 

Spence, 2009). Autism as a metabolic disorder, at least in a subset of patients, would 

offer further support that autism may be a systemic disorder implicating many areas in 

the body.

The role of mitochondrial disorders in autism is also a new area of research.

Thus far, research suggests that mitochondrial disorders are a rare cause of autism 

(Lerman-Sagie, Leshinsky-Silver, Watemberg, & Lev, 2004), although diagnosing 

mitochondrial disorders has proven difficult. Nonetheless, a number of case reports 

have implicated mitochondrial abnormalities in autism (Pons, et al., 2004; Filiano, 

Goldenthal, Rhodes, & Marin-Garcia, 2002; Tsao & Mendell, 2007; Oliveira, et al., 2005). 

For instance, one study analyzed five patients with A3243G mitochondrial DNA (mtDNA) 

mutations, as well as mtDNA depletion, and found three of the five patients to fulfill 

diagnostic criteria for autism. This led researchers to suggest that the autistic 

phenotype may be the expression of mitochondrial dysfunction in the developing brain 

(Pons, et al., 2004). Another study found mtDNA deletions in children with hypotonia, 

epilepsy, autism, and developmental delay (Filiano, Goldenthal, Rhodes, & Marin-Garcia, 

2002), while a case study of two children with autism found them to have deficiencies in 

respiratory chain enzymes after muscle biopsy (Tsao & Mendell, 2007). Together these 

studies suggest that mitochondrial dysfunction may play a role in autism. Only one

population-based study has examined the prevalence of this phenomenon. Oliveira, et
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al. (2005) tested 120 children with autism and concluded that mitochondrial respiratory 

chain disorder may be one of the most common disorders associated with autism, with 

7.2% of children testing positive for one (Oliveira, et al., 2005). Notably, none of these 

children had known mtDNA mutations or deletions associated with established 

mitochondrial disorders, suggesting that some kind of mitochondrial dysfunction, rather 

than recognized mitochondrial disease, may be associated with autism (Zecavati & 

Spence, 2009). Furthermore, it has been suggested that this dysfunction may have less 

severe signs and symptoms, and may not be elucidated on traditional muscle biopsy due 

to a unique and as of yet unestablished mitochondrial pathology (Filiano, Goldenthal, 

Rhodes, & Marin-Garcia, 2002; Lombard, 1998)

1.2 Propionic Acid

One factor that may influence the expression or incidence of the differential 

immune, metabolic, and possibly behavioural dysfunction present in ASDs is propionic 

acid. Propionic acid is a short-chain fatty acid, and in the human body about 50% of it is 

produced from catabolism of amino acids and about 30% of it comes from the 

metabolism of odd-chain fatty acids. The remaining 20% is produced by a 

subpopulation of opportunistic enteric bacteria (i.e.clostridia) as a fermentation by­

product (Finegold, et al., 2002a). It is also used as a food preservative in refined wheat 

and dairy products (Brock & Buckel, 2004). It is mostly metabolized in the liver, and as a 

weak acid, it can exist in both water-soluble and lipid-soluble forms, thus allowing it to 

readily enter systemic or central nervous system (CNS; through the blood-brain barrier) 

environments, either passively via diffusion, or actively via monocarboxylate
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transporters, which have a high affinity for SCFAs (Niederman, Zhang, & Kashket, 1997; 

Maurer, Canis, Kuschinsky, & Duelli, 2004). PPA and other SCFAs can affect a variety of 

physiological processes in the body such as cell signaling (Nakao, Moriya, Furuyama, 

Niederman, & Sugiy, 1998), mitochondrial function (Wagner, Bayir, Ren, Puccio, Zafonte, 

& Kochanek, 2004), lipid metabolism (Hara, Haga, Aoyama, & Kiriyama, 1999), 

neurotransmitter synthesis and release (DeCastro, et al., 2005), immune function (Le 

Poul, Loison, & Struyf, 2003), modulation of gene expression (Suzuki, Nagao, Tokunaga, 

Katayama, & Uyeda, 1996; Nankova, Tichenoff, Taylor, Mohammad-Asef, La Gamma, & 

MacFabe, 2008), and gap junctional gating (Rorig, Klausa, & Sutor, 1996). Together, 

these widespread effects suggest PPA may provide a plausible link to the disparate 

aspects of autism.

1.2.1 Propionic Acid & Autism

Metabolic disorders of altered PPA metabolism have been shown to have similar 

symptoms to ASDs (Knerr, Gibson, Jakobs, & Pearl, 2008; Pearl, et al., 2003; Ching, et al., 

2010; Filiano, Goldenthal, Rhodes, & Marin-Garcia, 2002). For instance, in propionic 

acidemia, individuals experience an accumulation of PPA due to an error in metabolism. 

This error can occur in any of the enzymes involved in the metabolism of PPA. Initial 

symptoms of propionic acidemia include hypotonia, lethargy, vomiting, and loss of 

appetite. In the long term, however, symptoms include seizures, decreased muscle 

tone, movement disorder, and language delays (Kaya, et al., 2008). Individuals with 

propionic acidemia demonstrate that accumulation of PPA can elicit symptoms

reminiscent of autism.
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Results of recent investigations have revealed that male rats receiving 

intracerebroventricular (ICV) infusions of propionic acid display behavioural, 

physiological and metabolic changes similar to those seen in ASD. Published studies 

using PPA to model autism in the rat have all used ICV infusions of PPA directly into the 

lateral cerebral ventricles of adult male rats. Findings include reversive bouts of 

hyperactivity, impairments in social behaviour, perseveration in a water maze task, 

caudate spiking, and limbic kindled seizures, effects consistent with those seen in ASD 

(MacFabe, et al., 2007; MacFabe, et al., 2008; Shultz S. R., et al., 2008; Shultz S. R., et al., 

2009; Thomas, Foley, Mepham, Tichenoff, Possmayer, &. MacFabe, 2010). Furthermore, 

neuropathological findings reveal an innate neuroinflammatory response (i.e. reactive 

astrogliosis and activated microglia) and an increase in oxidative stress markers, as well 

as altered lipid and acylcarnitine profiles, findings once again consistent with ASD 

autopsy studies (Chauhan & Chauhan, 2006; Vargas, Nascimbene, Krishnan, 

Zimmerman, & Pardo, 2004; James, et al., 2006; Chauhan, Chauhan, Brown, & Cohen, 

2004; Kuratsune, et al., 2002). Furthermore, collaborating labs at various institutions 

are investigating other aspects of this model (Finegold, et al., 2002a; Herbert, et al., 

2006; Nguyen, Rauch, Pfeifer, & Hu, 2010).

1.4 Present Studies

As discussed above, emerging research suggests that autism is a whole-body 

disorder rather than solely brain-based disorder. Since much of the research in this 

propionic acid animal model has used direct infusion of PPA into the ventricles of the 

brain, the aim of the current studies were to examine the effects of systemically
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administered PPA through repeated intraperitoneal injections. Furthermore, as autism 

is four times more prevalent in males, this was the first study to investigate the effect of 

PPA in males compared to females. Lastly, these experiments investigated the effects of 

PPA not in adult animals as previous studies have done, but also in adolescents. This is 

important as autism is a lifelong disorder, necessitating examination of the effects of 

PPA at different points in development.

An effective animal model incorporates face validity (has aspects strongly 

analogous to the endophenotypes in humans), construct validity (is due to the same 

biological dysfunction that causes the human disease), and predictive validity (has an 

analogous response to preventative or symptom treatments in humans) (Silverman, 

Yang, Lord, & Crawley, 2010). Autism diagnosis is based entirely on behavioural criteria 

as there are no consistent biological markers of this disorder. Presence of core 

elements in three categories are required for diagnosis by the Diagnostic and Statistical 

Manual of Mental Disorders IV (DSM-IV, the diagnostic manual of the American 

Psychiatric Association). These categories are; abnormal reciprocal social interactions, 

impaired communication, and repetitive behaviours (Diagnostic and Statistical Manual 

of Mental Disorders, 2000). Some research is currently working towards generating new 

behavioural tasks for animals that can most closely maximize face validity for these core 

symptoms (Silverman, Yang, Lord, & Crawley, 2010), as there is no known cause or 

consistently effective treatment of autism. The current studies aimed to further 

establish face validity in this PPA animal model of autism by investigating social 

interaction and locomotor activity (including repetitive behaviour) in adolescent rats
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treated with PPA. It is expected that systemic administration of PPA will result in 

hyperactivity and social impairment, similar to that seen in animals infused with PPA via 

ICV administration. It is also expected that behavioural abnormalities due to PPA 

administration will be more severe in males than females. This is expected as in a 

valproic acid (VPA) model of autism, researchers demonstrated that males exposed to 

VPA exhibit abnormalities in a variety of behavioural and immunological tests, where 

females perform normally in nearly all tasks (Schneider, et al., 2008). One of the 

metabolites of valproic acid is propionic acid (Sztajnkrycer, 2002). Furthermore, there is 

some evidence that PPA metabolism differs in males and females (Wolever, Fernandes, 

& Rao, 1996). Also, autism is four times more prevalent in males. Lastly, as adolescence 

is a developmental period in rats marked by hyper-sensitivity to the environment as well 

as synaptic reorganization and plasticity (Ono, Sakamoto, & Sakura, 2001), it is 

hypothesized that the effect of PPA on adolescents might be more severe than in adult 

rats.

In summary, Chapter 2 specifically examined the effects of repeated IP injections 

of PPA on locomotor activity, anxiety-related behaviour, and social interaction in male 

and female juvenile rats. In light of Chapter 2's findings, Chapter 3 then investigated the 

presence of aversive internal cues due to IP injections of PPA using a place and taste 

avoidance paradigm. These studies allow for further validation of this rodent model of 

autism, an important endeavour, as a well established animal model will permit the

investigation of this disorder in a safe and effective way.
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Chapter 2:

The Effects of Intraperitoneal Injections of Propionic Acid on Locomotor Activity, 
Anxiety-Related Behaviour and Social Interaction in Adolescent Male & Female Rats
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2.1 Introduction

Autism spectrum disorders are a family of lifelong disorders of restricted 

interests, social impairment, altered motor activity, and language problems (Arndt, 

Stodgell, & Rodier, 2005; DiCicco-Bloom, et al., 2006). A subset of patients also present 

with co-morbidities such as anxiety disorder, gastrointestinal symptoms, and sickness 

behaviour (Skokauskas & Gallagher, 2010; Horvath, Papadimitriou, Rabsztyn, 

Drachenberg, & Tildon, 1999; Jyonouchi, Sun, & Itokazu, 2002). Additionally, autopsy 

studies of patients with autism demonstrate increased CNS immune activity, regardless 

of age, as demonstrated by increases in reactive astrocytes and activated microglia, as 

well as the elevation of proinfammatory cytokines in the cerebral spinal fluid (CSF) 

(Vargas, Nascimbene, Krishnan, Zimmerman, & Pardo, 2004).

There has been a dramatic rise in the number of children with ASD. The latest 

study by the U.S.A. Center for Disease Control and Prevention reports prevalence of 

autism in 2006 as averaging 1 in 110 children, and being four times more prevalent in 

males (Centers for Disease Control & Prevention, 2009). Although it has been suggested 

that this rise in prevalence is due solely to an increase in awareness and diagnostic 

criteria, many publications suggest that these increases cannot be fully explained in this 

manner (Newschaffer, Falb, & Gurney, 2005; Rutter, 2005; King & Bearman, 2009).

While there is much evidence for a strong genetic contribution to ASD, 

incomplete concordance rates amongst monozygotic twins, as well as variation in 

disorder severity when both twins do have autism, suggest environmental factors may 

play a role in ASD (Hu, Frank, Heine, Lee, & Quackenbush, 2006). Furthermore,
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environmental agents already identified to possibly contribute to the development of 

autism include; prenatal exposure to valproic acid (Ingram, Peckham, Tisdale, & Rodier, 

2000), ethanol (Arndt, Stodgell, & Rodier, 2005), and thalidomide (Narita, Kato, Tazoe, 

Miyazaki, Narita, & Okado, 2002). Additional support that environmental agents may 

play a role comes from reports of an induction or exacerbation of symptoms following 

gastrointestinal abnormalities (Horvath, Papadimitriou, Rabsztyn, Drachenberg, &

Tildon, 1999) and routine or antibiotic resistant pediatric infections (Finegold, Song, & 

Liu, 2002; Fallon, 2005). Additionally, Herbert, et al. (2006) found many 

environmentally responsive genes in linkage regions previously established in autistic 

patients, suggesting a mechanism to explain how the environment may play a role in the 

development of autism in susceptible individuals. A variety of animal studies are now 

addressing how environmental factors may influence the expression of ASD (Ingram, 

Peckham, Tisdale, & Rodier, 2000; Narita, Kato, Tazoe, Miyazaki, Narita, & Okado, 2002; 

Kamitani, Ono, & Yoshino, 2003; Fatemi, Pearce, Brooks, & Sidwell, 2005).

The administration of propionic acid (PPA) has recently been proposed as a way 

to model ASDs in the rat (MacFabe, et al., 2007; MacFabe, et al., 2008; Shultz S. R., et 

al., 2008; Shultz S. R., et al., 2009; Thomas, Foley, Mepham, Tichenoff, Possmayer, & 

MacFabe, 2010). PPA is a short-chain fatty acid (SCFA) that is an important intermediate 

of cellular metabolism and is also produced by a subpopulation of enteric bacteria (i.e. 

Clostridia &. propionibacteria) as a fermentation by-product (Finegold, et al., 2002). It is 

a weak acid, and can thus exist in two forms, water-soluble and lipid-soluble. Thus, PPA 

can readily enter systemic or CNS environments (through the blood-brain barrier), either
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passively via diffusion, or actively via monocarboxylate transporters (Niederman, Zhang, 

& Kashket, 1997; Maurer, Canis, Kuschinsky, & Duelli, 2004).

It is hypothesized that PPA and related SCFAs may provide a link among the 

disparate behavioural, dietary, gut, metabolic and immune factors implicated in ASD 

due to their ability to affect a variety of physiological processes. Published studies using 

PPA to model autism in the rat have used ICV infusions of PPA directly into the lateral 

cerebral ventricles of adult male rats. Findings include behavioural, biochemical, 

neuropathological and electrophysiological effects consistent with those seen in ASD 

(MacFabe, et al., 2007; MacFabe, et al., 2008; Shultz S. R., et al., 2008; Shultz S. R., et al., 

2009; Thomas, Foley, Mepham, Tichenoff, Possmayer, & MacFabe, 2010).

As ASD is systemic in nature, investigating the peripheral administration of PPA is 

necessary to further validate this rodent model, as is investigating the effects of PPA at 

varying points in development, since autism is a lifelong disorder. There is a known sex 

difference in autism, with the prevalence being four times larger in males than females 

(Centers for Disease Control & Prevention, 2009). Therefore, it is important to 

investigate the effects of PPA on females in order to further establish this animal model 

of ASD. Thus, the aim of the present experiment was to further investigate the effect of 

systemic IP injections of PPA on locomotor activity and social behaviour, while 

investigating potential sex differences in the behavioural alterations of rats exposed to 

PPA. Hence, animals were investigated both individually, as well as in pairs, 

immediately following an injection of PPA to identify abnormalities in locomotor

activity, anxiety, and social behaviour.
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2.2 Methods

2.2.1 Subjects

Subjects were 16 male and 16 female Long-Evans hooded rats (Charles River 

Laboratories, Quebec, Canada) who arrived on postnatal day (PND) 21. Rats were 

housed in groups of four until PND 37 when groups were split and housed in same-sex, 

same-treatment groups of two. Animals were housed in standard acrylic cages (26 cm x 

48 cm x 21 cm) with wood shavings at a controlled temperature (21 ± 1°C) in a 12:12 

light/dark cycle with lights on from 7:00 to 19:00h. Animals were allowed access to food 

(Rat Chow) and water ad libitum. All experimental procedures were in accordance with 

guidelines of the Canadian Council on Animal Care and approved by the University of 

Western Ontario Animal Use Committee.

2.2.2 Treatment Groups

Rats were randomly assigned to one of two treatment groups, propionic acid 

(PPA; 500mg/kg, 0.26 M solution, n = 16, 8 males and 8 females) or vehicle, phosphate 

buffered saline (PBS; 0.1 M solution of phosphate, n = 16, 8 males and 8 females). PPA 

was buffered to a physiological pH of 7.5 before injection using hydrochloric acid or 

sodium hydroxide. Doses were chosen based on past dose-response findings that used 

repeated intracerebroventricular infusions of 0.26 M solution of PPA (MacFabe, et al., 

2007). Rats were injected intraperitoneally twice daily, 4 hours apart, for fourteen 

consecutive days with all behavioural testing occurring immediately following the 

second injection of the day.

2.2.3 Apparatus
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2.2.3.1 Individual Locomotor Activity. Locomotor activity (Ossenkopp & 

Kavaliers, 1996) was measured using eight VersaMax Animal Activity Monitors (Model 

NVMA16TT/W, Accuscan Instruments Inc., Columbus, OH). Each monitor consisted of a 

Plexiglas open field (40 cm x 40 cm x 30.5 cm) with a Plexiglas lid with air holes. 

Horizontal activity was measured by a set of infrared beams located every 2.54 cm for a 

total of 16 beams on each side of the monitor, creating a grid at a height of 2.5 cm. To 

measure vertical activity, two additional sets of beams were located 14 cm above the 

floor of the open-field. A VersaMax Analyser (Accuscan Model VSA-16, Columbus, OH) 

recorded data from each monitor to a computer in an adjacent room.

2.2.3.2 Paired Social Interaction. Social behaviour was evaluated in a circular 

open-field (90 cm diameter, 40 cm high) with Beta Chip bedding covering the floor of 

the arena. A CD camera (WV-CP470, Panasonic) connected to a computer was mounted 

above the arena. Behaviour was recorded using EthoVision 3.0.15 Behavioural 

Monitoring and Analysis System at a rate of 5.994 frames/s. Each animal's behaviour 

was recorded in terms of x-y coordinates. Behaviour was also video recorded on a VHS 

cassette for later analysis.

2.2.4 Experimental Procedures (Fig 2.1)

2.2.4.1 Baseline Individual Locomotor Activity. Rats were handled for an hour on three 

separate days before testing. Starting one week after arrival (PND 28) animals were 

habituated to the locomotor activity apparatus for three days for a period of thirty 

minutes each day, commencing at 13:00h. On the third habituation day (PND 30) data

were recorded to provide baseline measures.
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Figure 2.1 Methods timeline, where d = days old. On injection days, IP injections 

occurred at 09:00 h and 13:00 h. On behavioural testing days (individual locomotor 

activity & paired social interaction), testing occurred immediately after the second

injection for 30 minutes.
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2.2.4.2 Individual Locomotor Activity. The day after baseline measures were 

recorded, rats began treatment, receiving twice-daily intraperitoneal injections for 14 

days. Injections were completed at 09:00 and 13:00h during the light period. Prior to 

each morning injection, rats were weighed. Locomotor activity was recorded on 

injection days 8, 9,10 and 14 for thirty minutes immediately following the second 

injection. Thirty minutes was chosen based on pilot work, as well as past studies, that 

show that the majority of behavioural effects occur in the first 30 minutes following 

infusion or injection of PPA (MacFabe, et al., 2007; Shams, 2009). Each monitor was 

cleaned with a mild detergent solution (Alconox Inc., New York) and rinsed with baking 

soda solution after each behavioural testing session.

2.2.43 Paired Social Interaction. On injection day 11 animals received no 

behavioural testing. On injection days 12 and 13 animals were tested in the social 

behaviour apparatus. The day before social testing commenced the dorsal surface of 

one rat from each cage was coloured black using a black non-toxic permanent marker 

(Staples Business Depot, Staples Inc.) ensuring the marker's scent would not be novel to 

any of the rats on subsequent test days. Rats were also coloured again on each social 

testing day. This enabled the EthoVision tracking system to distinguish and track each 

rat separately (Lazar, Rajakumar, & Cain, 2008). Immediately following the 13:00h 

injection two same-treatment rats from different home cages were placed into the open 

field and behavioural data were collected for 30 minutes.

For social interaction testing, unfamiliar, same-sex, same-treatment pairs were 

used. Same-treatment pairs were utilized for a variety of reasons. Shams (2009)
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examined social interaction in adolescent male rats and observed that PPA treated rats 

showed no differences in social interaction, as measured by frequency of approaching, 

sniffing and allogrooming partner, whether they were paired with a same- or different­

treatment animal. Further, it was previously observed was that regardless of treatment 

pairings (PPA -  PPA or PPA -  PBS) PPA treated animals showed reduced social 

interaction compared to PBS -  PBS pairs. Thus, regardless of their partner's treatment, 

PPA treated rats approached their partners less. The exception to this was frequency of 

avoidance, where PPA treated animals demonstrated a greater frequency of avoidance 

in PPA -  PBS pairs than in PPA -  PPA pairs. However, this could be explained due to PBS 

treated rats making more approaches towards their partners than PPA treated rats. 

Additionally, another study in a different animal model of autism compared data from 

both same- and different-treatment and no significant difference was found between 

the two experimental designs on measures of social behaviour (Pletnikov, Rubin, 

Vasudevan, Moran, & Carbone, 1999). This further helps demonstrate why same- 

treatment pairs, as opposed to different-treatment pairs, may be used while exploring 

social behaviour in an animal model of autism.

2.2.5 Behavioural Measures

2.2.5.1 Individual Locomotor Activity. As described, VersaMax Animal Activity 

Monitors automatically collected data using a grid of infrared beams. Variables 

reflecting locomotor and thigmotaxis activity (Ossenkopp & Kavaliers, 1996) were 

collected and are described below. For thigmotaxis measures, the centre square region 

consisted of the inner 25cm2 square area.
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• Total Distance (cm) - the total horizontal distance (cm) travelled.

• Frequency of horizontal movements - the number of individual horizontal 

movements made with a minimum stop time of 1 s to separate movements.

• Frequency of centre entries -  the number of entries to the centre region of the 

open field.

• Frequency of rearing - the number of individual vertical movements made with a 

minimum stop time of 1 s to separate movements.

• Frequency of stereotypy - the number of times a rat breaks the same beam 

without breaking an adjacent beam, with a minimum stop time of 1 s to separate 

movements.

• Distance (cm) travelled in centre -  the distance (cm) travelled while in the center 

region of the open field.

• Time (s) in centre -  the time (s) spent in the centre region of the open field.

2.2.5.2 Paired Social Interaction -  Automated Analysis. As described, Ethovision 

Behavioural Monitoring and Analysis system automatically collected data for measures 

of locomotor activity, thigmotaxis, and social interaction. These are described below. 

For thigmotaxis, the centre was defined as the 70 cm diameter circle in the centre of the 

open-field, 10 cm from the wall.

• Total distance (cm) -  the total horizontal distance (cm) travelled.

• Frequency of centre entries -  the number of entries to the centre region of the 

open field.

Time (s) in centre -  the time (s) spent in the centre region of the open field.
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• Mean distance (cm) apart -  the distance (cm) between the centers of gravity of 

the two animals.

• Percentage of time in proximity -  the percentage of time (s) when the distance 

between the two animals is smaller than 5 cm while in the open field.

2.2.5.3 Paired Social Interaction -  Video Analysis. As mentioned, VHS recordings 

of animals were made while animal pairs were in the open-field being monitored by 

EthoVision. The first 10 minutes of video for each animal was scored using The Observer 

(Noldus Information Technology, Sterling, VA) event recording software while watching 

the VHS tapes. Additional measures of locomotor activity and social interaction were 

visually scored. A subset of videos was also scored by an individual blind to treatment 

conditions. These additional measures are defined below;

• Frequency of approach -  the number of times the animal approached their 

partner

• Frequency of evasive defense -  the number of times an animal withdraws its 

nape from the partner's snout by either leaping, running, or turning away from 

the partner.

• Frequency of facing defense -  the number of times an animal withdraws its nape 

from a partner's snout by turning to face the partner.

• Percentage of time in physical contact -  the time (s) an animal spends touching, 

its partner divided by the total time in the open field, multiplied by 100.

• Frequency of rearing -  the number of times an animal stands on only its hind

legs.
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2.2.6 Statistical Analysis of Behaviour

All statistical tests were calculated using SPSS 17.0 (SPSS, Inc.) for Windows.

Tests were completed using a = .05 as the criterion for significant effects.

2.2.6.1 Individual Locomotor Activity, Baseline. One-way analysis of variance 

(ANOVA), with PPA treatment and sex as the between-subjects variable, was used to 

analyze group differences of all locomotor variables on the baseline test day.

2.2.6.2 Individual Locomotor Activity & Paired Social Interaction (Automated & 

Video). Data were analyzed for main effects using a mixed design ANOVA with 

treatment and sex being the between-subjects factors and test day as the within-subject 

factor. If a main effect of treatment or sex was found, a Student-Newman-Keuls (S-N-K) 

post-hoc was carried out using group as the between-subjects factor to reveal specific 

differences between groups on each test day. All paired social interaction variables 

scored by video analysis were also scored by an observer blinded to all experimental 

procedures. Inter-rater reliability statistics were conducted using a Pearson correlation.

Variables that were analyzed slightly differently were time in proximity, and 

percentage of time in physical contact. For time in proximity, an automated variable, 

each rat had a value identical to its pair. All of the rats were included in statistical 

analysis, meaning each value was represented twice (once for each animal in the pair). 

However, for percentage of time in physical contact, a visually scored variable, each rat 

had a value that was very similar, but not identical (due to human error during scoring) 

to its pair. To control for this error, these two similar values were averaged, creating a 

new value that was given to each animal of the pair. However, unlike the time in
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proximity variable, where this identical value was counted twice (once for each animal 

of the pair), for percentage of time in physical contact, one animal of the pair was 

eliminated from statistical analysis, thus resulting in an n value half the size of all other 

variables.

2.3 Results

2.3.1 Baseline

2.3.1.1 Individual Locomotor Activity. There were no significant group 

differences among the four treatment groups for any of the variables during baseline 

testing.

2.3.2 Individual Locomotor Activity

There was no effect of drug treatment or sex on the total distance travelled (Fig. 

2.2a), frequency of horizontal movements (Fig. 2.2b), or frequency of centre entries (Fig. 

2.4a).

For frequency of rearing, a significant main of effect of both drug treatment, F (1, 

24) = 11.336, p < .005, and sex, F (1, 24) = 5.323, p <.05, was found. Post-hoc analyses 

revealed significant group differences for frequency of rearing on injection days 8 and 

10. On injection day 8 male and female PPA animals exhibited less rearing compared to 

male PBS animals, and on day 10 male PPA animals exhibited less rearing than female 

PBS animals (ps < .01; Fig. 2.3a).

There was a significant main effect of drug treatment but not sex for frequency 

of stereotypy, F (1, 24) = 60.546, p < .001. Post-hoc analyses revealed significant group
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A - Total Distance Travelled

KSS3 F-PBS (n = 8)

B - Frequency of Horizontal Movements

Figure 2.2 Total distance (cm) travelled (A) and frequency of horizontal movements (B) in an 

open field across individual locomotor activity test days for female and male adolescent rats, 

injected (IP) with either PBS (vehicle) or PPA (0.26M). Each bar represents group mean data for 

the 30 minutes immediately following injection. Error bars represent + SEM. There was no

significant main effect of drug or sex found for either variable.
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A - Frequency of Rearing

Injection Day

B - Frequency of Stereotypy

Figure 2.3 Frequency of rearing (A) and frequency of stereotypy (B) in an open field across 

individual locomotor activity test days for female and male adolescent rats, injected (IP) with 

either PBS (vehicle) or PPA (0.26M). Each bar represents group mean data for the 30 minutes 

immediately following injection. Error bars represent + SEM. ** p < .01, female PPA and male 

PPA significantly fewer than male PBS (unless indicated otherwise). ## p < .01, female PPA 

significantly less than female and male PBS groups (unless indicated otherwise). AAA p < .001,

female and male PPA significantly less than female and male PBS groups.
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differences across days. On injection day 8 female PPA animals exhibited less 

stereotypic behaviour compared to female and male PBS animals (p< .005) and male 

PPA animals exhibited less stereotypic behaviour than male PBS animals. On days 9,10, 

and 14 female and male PPA animals exhibited less stereotypic movements than female 

and male PBS animals (pc.OOl; Fig. 2.3b).

There was a significant main effect of drug treatment, but not sex, for distance 

(cm) travelled in centre, F (1, 24) = 4.920, p<.05. Post-hoc analyses revealed significant 

group differences on day 8, with female PPA animals travelling a smaller distance in the 

centre than male PBS animals (p<.05; Fig. 2.4b).

For time (s) in centre a significant main effect of drug treatment was found, F (1, 

24) = 5.771, p<.05. There was no main effect of sex. Post-hoc analyses revealed that 

female PPA animals spent less time in the centre than male PBS animals on the eighth 

injection day (p<.05; Fig. 2.4c).

2.3.3 Paired Social Interaction -  Automated Analysis

There was no main effect of drug or sex for total distance (cm) travelled (Fig. 

2.5a), or frequency of centre entries (Fig. 2.5b).

For time in centre, a main effect of sex, but not drug, was found, F (1, 28) = 

7.050, p < .05. Post-hoc analyses revealed on day 13, male PPA animals averaged a 

shorter time in the centre than female PBS animals (p < .05; Fig 2.5c).

For mean distance apart, a main effect of sex, but not drug, was found,

F (1, 24) = 28.137, p <.001. Post-hoc analyses revealed significant group differences for 

both days of social testing. On day 12, both female groups (PPA & PBS) averaged a
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A - Frequency of Centre Entries B - Distance Travelled in Centre

C  - Time in Centre

Injection Day

Figure 2.4 Frequency of centre entries (A), distance (cm) travelled in centre (B), and time (s) in

centre (C) in an open field across individual locomotor activity test days for female and male

adolescent rats, injected (IP) with either PBS (vehicle) or PPA (0.26M). Each bar represents

group mean data for the 30 minutes immediately following injection. Error bars represent +

SEM. * p < .05, female PPA less than male PBS.



A - Total Distance Travelled B - Frequency of Centre Entries

C - Time In Centre

Figure 2.5 Social interaction automated analysis of total distance (cm) travelled (A), frequency of 

centre entries (B), and time (s) in centre (C) in a large open field. Animals were in pairs of 

female or male adolescent rats and injected (IP) with either PBS (vehicle) or PPA (0.26M). Each 

bar represents group mean of data for the 30 minutes immediately following injection. Error 

bars represent + SEM. * p < .05, male PPA less than female PBS. No significant group differences

in (A) and (B).
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larger distance apart than male PBS animals. On day 13, female PPA animals averaged a 

larger distance apart compared to male animals, both PPA & PBS (ps < .05; Fig. 2.6a).

For percentage of time in proximity, once again a main effect of sex, but not 

drug, was found, F (1, 24) = 6.193, p<.05. However, post-hoc analyses revealed no 

significant group differences (Fig. 2.6b).

2.3.4 Paired Social Interaction -  Video Analysis

No main effect of drug treatment or sex was found for frequency of approach 

(Fig.2.8a) or frequency of evasive defense (Fig. 2.8c). Inter-rater reliability was found to 

be; r (16) = 0.91, p < .001 and r (16) = 0.79, p < .001, respectively.

For percentage of time in physical contact, the main effect of drug treatment 

was F (1,12) = 17.037, p<.005 and the main effect of sex was F (1,12) = 6.371, p<.05. 

The drug by sex interaction was not found to be significant, F (1,12) = 4.501, p= .055. 

Post-hoc analyses revealed on both days of social testing the male PBS group spent a 

greater percentage of time in physical contact than the male PPA group and the female 

PPA and PBS groups. (p<.05 and p<.01 on day 12 & 13, respectively; Fig. 2.7a). Inter­

rater reliability was; r (16) = 0.83, p < .001.

For frequency of rearing, a main effect of drug treatment, F (1, 28) = 5.270, 

p<.05, and sex, F (1, 28) = 4.804, p<.05, was found. Post-hoc analyses, however, 

revealed no significant group differences (Fig. 2.7b). Inter-rater reliability was found to

be; r (16) = 0.66, p < .01.
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A - Mean Distance Apart

R M l F-PBS (n = 8)

B - Percentage of Time in Proximity

Figure 2.6 Social interaction automated analysis of mean distance (cm) apart (A) and percentage 

of time in proximity (B) in a large open field. Animals were in pairs of female or male adolescent 

rats and injected (IP) with either PBS (vehicle) or PPA (0.26M). Each bar represents group mean 

of data for the 30 minutes immediately following injection. Error bars represent + SEM. * p < 

.05, female PPA & PBS greater than male PBS. A p < .05, female PPA > male PBS & PPA. No

group differences for (B).
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A - Percentage of Time in Physical Contact
ESSSI F-PBS (n = 4)

B - Frequency of Rearing

Figure 2.7 Social interaction video analysis of percentage of time in physical contact (A) and 

frequency of rearing (B) in a large open field. Animals were in pairs of female or male 

adolescent rats and injected (IP) with either PBS (vehicle) or PPA (0.26M). Each bar represents 

group mean of data for the 30 minutes immediately following injection. Error bars represent + 

SEM. * p < .05, ** p< .01, all groups less than male PBS. Drug X sex interaction showed a non­

significant trend (p = .055). No group differences in (B).
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A- Frequency of Approach B - Frequency of Facing Defense

Injection Day Injection Day

C - Frequency of Evasive Defense

Figure 2.8 Social interaction video analysis of frequency of approach (A), facing defense (B) and 

evasive defense (C) in a large open field. Animals were in pairs of female or male adolescent 

rats and injected (IP) with either PBS (vehicle) or PPA (0.26M). Each bar represents group mean 

of data for the 30 minutes immediately following injection. Error bars represent + SEM. * p < 

.05, all groups less than male PBS. Significant drug X sex interaction, p < .05. No group

differences in (A) or (C).
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For frequency of facing defense, a main effect of drug treatment, F (1, 28) = 

4.595, p<.05, and sex, F (1, 28) = 5.485, p<.05, was found. There was also a significant 

drug by sex interaction, F (1, 28) = 5.485, p<.05. Post-hoc analyses revealed that on the 

first day of social testing, all groups performed fewer facing defenses than the male PBS 

group (p<.05 on day 12; Fig. 2.8b). Inter-rater reliability was found to be; r (16) = 0.97, p 

<  .001.

2.4 Discussion

This study examined the effects of intraperitoneal administration of PPA on the 

behaviour of adolescent male and female rats. It was found that PPA treatment 

resulted in reduced locomotor activity and increased anxiety-related behaviours in both 

males and females. PPA administration also decreased social interaction in males, while 

females did not differ significantly from controls.

2.4.1 Locomotor Activity

The variables analyzed for locomotor activity were total distance, stereotypy and 

rearing. There was no effect of drug treatment or sex for total distance travelled in 

either the Versamax monitors, where animals were tested individually, or in the large 

open-field monitored by EthoVision, where animals were tested in pairs. In both 

Versamax and EthoVision, an effect of drug treatment and sex was found for rearing. 

However, in EthoVision, post-hoc analyses revealed no group differences. In Versamax, 

male PPA treated animals were found to rear less than control animals. For stereotypy, 

which was only measured in Versamax, a strong effect of drug treatment was found. On

all test days male and female PPA treated animals exhibited less stereotypic movements
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than control animals. The findings from these variables seem to reflect hypoactivity in 

rats treated with PPA.

Previous studies have reported hyperactivity in response to ICV infusions of PPA 

(MacFabe, et al., 2007; MacFabe, et al., 2008), while the current study found 

hypoactivity. This difference in findings may be due to an array of factors. In both the 

2007 & 2008 studies by MacFabe, et al., rats received twice daily ICV infusions of PPA 

for seven days. Locomotor activity testing took place in Versamax on each of the 

treatment days following the second infusion. This differs from the present study in 

three important ways; injection and testing schedule, mode of administration, and age 

of the animals. To begin with, in the current study, rats did not begin behavioural 

testing until after their second injection on the 8th injection day. Thus, perhaps the 

effect of PPA on locomotor activity differs according to the amount of PPA exposure 

over time. Rats may possibly initially present with hyperactivity, but only after extended 

exposure do rats begin to show hypoactivity. However, this is unlikely as Shams (2009) 

injected (IP) adolescent and adult male rats daily for seven days and found hypoactivity 

starting on the first injection day as measured by moving a smaller total distance, 

spending less time moving, and rearing less. Thus, hypoactivity seen in the current 

study does not seem to be due to 'loading' of PPA for the seven days before testing. A 

second way the present study differs from the MacFabe studies of 2007 & 2008 is in 

mode of administration. In MacFabe's studies PPA was administered centrally, directly 

into the lateral ventricle of the brain, while in the current study rats received systemic 

injections into the intraperitoneal cavity. As PPA is a volatile fatty acid located
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intracellularly, and rapidly metabolized in the citric acid cycle, the concentration of PPA 

in the brain is difficult to measure (Leng & Annison, 1963). In fact, no literature has 

reported the amount of propionic acid in the brains of individuals with propionic 

acidemia (Brusque, et al., 1999; Hoffmann, Meier-Augenstein, Stocker, Surtees, Rating, 

& Nyhan, 1993), a genetic disorder where individuals, due to an error in metabolism, 

produce large amounts of propionic acid and cannot metabolize it (Brusque, et al., 

1999). Systemic (IP) administration of PPA requires PPA to gain access to the brain by 

first passing through the blood-brain barrier (BBB), which is differentially permeable to 

PPA depending on age. The BBB becomes less permeable to PPA as age increases 

(Brusque, et al., 1999). Conversely, ICV infusions allow PPA to have direct access to the 

brain. Thus, it is reasonable to assume that that the concentration reaching the brain 

following systemic (IP) administration of PPA is different than following ICV infusion of 

PPA directly into the ventricles of the brain. Consequently, the varying effects of PPA on 

locomotor activity in ICV and IP studies may be due to a difference in the concentration 

of PPA reaching the brain during testing. Notably, however, not all ICV experiments 

have found hyperactivity in PPA treated rats. A study investigating the effects of ICV 

infusions of PPA on social behaviour (Shultz S. R., et al., 2008) found PPA treated rats to 

be either the same or slightly hypoactive compared to controls. This was substantially 

different from other ICV studies as rats only received a total of two infusions, meaning 

the brain was exposed to less PPA than previous ICV research. This suggests that not 

only mode of administration, but also dosing and timing, can variably alter the effects of

PPA. In fact, a mitochondrial toxin and derivative of PPA used in an animal model of
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Huntington's disease, 3-nitropropionic acid (3-NP), has been found to produce both age- 

and dose-dependent effects on striatal lesions and locomotor activity (Beal, et al., 1993; 

Borlongan, Koutouzis, Freeman, Hauser, Cahil, & Sanberg, 1997). Beal, et al. (1993) 

found striatal lesions caused by sub-acute systemic administration of 3-NP were 

markedly age-dependent, with four month old animals being much more vulnerable 

than one month old animals. This is notable as all past ICV studies have been conducted 

in adults, while the current study used adolescents. Furthermore, they also found dose- 

dependent striatal lesions and reductions in markers for striatal intrinsic neurons (e.g. 

GABA) and markers for striatal afferents (e.g. dopamine and its metabolites).

Borlongan, et al. (1997) found that manipulating the number of intraperitoneal 3-NP 

injections can result in either increased or decreased locomotor activity. It is possible 

that PPA exposure could be similar to 3-NP exposure. These studies would then suggest 

that the effects of PPA on locomotor activity can vary depending on the dosing and 

testing schedule, as well as the age of the animals. Further dose-dependent studies 

investigating locomotor behaviour and using both ICV and IP administration of PPA 

would need to be conducted to establish if this is the case.

Decreased activity, hypotonia, and lethargy are well documented initial symptoms 

for a subset of autistic patients. Clinical guidelines released in Pediatrics and Neurology 

(Johnson, Myers, & Disabilities, 2007; Filipek, et al., 2000) give recommendations to 

doctors for treating autistic patients who present with these additional symptoms. 

Zwaigenbaum, et al. (2005) investigated the behavioural manifestations of autism in the

first year of life for infants considered high risk for developing ASD (have an older sibling
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with ASD) and for those considered low risk (do not have a 1st or 2nd degree relative with 

ASD). They found high risk infants, who were later diagnosed with autism, presented 

with decreased activity level at six months of age. Furthermore, studies have 

highlighted certain genetic abnormalities in a subset of autistic patients who also 

present with seizures and/or mitochondrial dysfunction. In these cases children often 

present with hypotonia and periods of lethargy (Filipek, et al., 2003; Zecavati & Spence, 

2009). Also, initial presentation in a variety of metabolic disorders, which result in an 

increase of PPA, includes hypotonia and autistic features (Knerr, Gibson, Jakobs, & Pearl, 

2008; Pearl, et al., 2003; Ching, et al., 2010; Filiano, Goldenthal, Harker Rhodes, & 

Marin-Garcia, 2002). Thus, perhaps the amount of PPA gaining access to the brain 

following IP injections of PPA more accurately represent the early stages of ASD, where 

patients are found to be hypoactive compared to controls. ICV studies, where PPA is 

being infused directly into the brain, may in turn represent the later hyperactive 

manifestation of the disorder.

2.4.2 Anxiety

An increase in thigmotaxis, wall hugging behaviour, reflects an increase in anxiety 

(Treit & Fundytus, 1989). In Versamax, an effect of drug treatment was found for 

distance travelled in the centre and time in the centre, with PPA treated animals 

travelling less and spending less time in the centre. Thus, in Versamax, PPA treated 

animals were found to be more anxious than controls. In EthoVision, no effect of 

treatment was found for time in the centre, nor was an effect found for number of 

centre entries in either Versamax or EthoVision. The discrepancy in the findings
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between the two types of apparatus could be due to the differing open-field sizes or the 

fact that animals were tested individually in Versamax and in pairs in EthoVision.

The results of the current study are consistent with past studies using IP injections of 

PPA. In adolescent male rats, Shams (2009) also found that PPA treated rats displayed 

more anxiety-like behaviour than controls as PPA treated rats travelled less in the centre 

and spent less time moving in the centre while in Versamax. Consistent with the current 

study, this effect was not found in EthoVision. Additionally, Hanstock, et al. (2004) 

found a fermentable-carbohydrate based diet given to adult rats to result in an increase 

in propionic acid in the gut as well as increased anxiety-related behaviour, as measured 

by a light/dark emergence test. In subsequent studies it will be important to look at 

additional measures of anxiety to get a better indication of what effect PPA may be 

having.

A study by Skokauskas & Gallagher (2010) investigated the co-morbidity of autism 

and Asperger's syndrome with psychotic, anxiety and/or mood disorders. They found 

anxiety disorders to be the most common psychiatric co-morbidity in this population. 

Thus, the finding that PPA administration can increase anxiety in rats is consistent with 

what is seen in the human manifestation of autism. Furthermore, Oblak, et al. (2010) 

found individuals with autism to have abnormalities in their GABAergic (gamma 

aminobutyric acid) system in that they were found to have significant reductions in 

GABAb receptor density (Oblak, Gibbs, & Blatt, 2010). GABAb receptors play an 

important role in maintaining the balance of excitation-inhibition in the brain (Oblak, 

Gibbs, & Blatt, 2010). As an imbalance in this system has been implicated in anxiety
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disorders (Bergink, van Megan, & Westenberg, 2004), this may explain increased anxiety 

seen in autism. However, before drawing any definitive conclusions, other measures of 

anxiety should be looked at in both the light and dark (i.e. active) period.

2.4.3 Social Interaction

Variables for social behaviour between unfamiliar, same-treatment, same-sex pairs 

were analyzed by the automated system EthoVision, as well as through the behavioural 

scoring of videos. Automated variables were mean distance apart and percentage of 

time spent in proximity, while visually scored variables included the percentage of time 

in physical contact, frequency of approach and avoidance, as well as frequency of facing 

and evasive defense. A facing defense occurs when an animal withdraws its nape from 

a partner's snout by turning to face the partner. An evasive defense occurs when an 

animal withdraws its nape from the partner's snout by either leaping, running, or 

turning away from the partner. Both types of defense involve withdrawing the nape 

area following an 'attack' (when an animal contacts its partner with its snout), but the 

facing defense blocks access to the animal's nape while allowing it to use its limbs to 

ward off the partner and engage in play-fighting (Pellis & Pellis, 1997). For the 

automated analysis in EthoVision, a main effect of sex was found for both mean 

distance apart and percentage of time in proximity, with female animals spending, on 

average, a greater distance apart than male animals. Post-hoc analyses, however, 

revealed no group differences for percentage of time in proximity. Animals were 

considered to be in proximity to one another when within 5 cm of each other. Thus,

proximity does not represent time animals spend in physical contact with one another,
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as animals could be in proximity to one another but not interacting in any way. 

Therefore, a video analysis was conducted to get a more accurate measure of physical 

contact. The measure of percentage of time spent in physical contact thus ensured that 

only instances where the animals were interacting would be counted. This explains why 

percentages for this variable are essentially the same, or slightly lower, than the values 

for proximity. Analysis of the scored variables revealed no main effect for frequency of 

approach or evasive defense. A main effect of drug and sex was found for frequency of 

rearing, frequency of facing defense, and percentage of time in physical contact. Post­

hoc analyses revealed no group differences for rearing. However, for facing defense, 

post-hoc analyses revealed that on both days male and female PPA animals, as well as 

female PBS animals, made fewer displays of facing defense than the PBS treated male 

rats. Also, there was a drug by sex interaction for facing defense. That is, male PPA 

treated rats exhibited this facing behaviour much less than male vehicle treated rats. 

This difference was not found in the females, with both groups exhibiting little facing 

behaviour. For time in physical duration, post-hoc analyses revealed that on both test 

days, male and female PPA animals, as well as female PBS animals, spent less time in 

physical contact than male PBS treated animals. There was a non-significant trend 

towards a drug by sex interaction. That is, PPA treated males spent significantly less 

time in physical contact than PBS treated males. This difference was not seen in 

females, as the two female groups (PPA and PBS treated) did not significantly differ in 

time spent in physical contact. This suggests that PPA may possibly affect social 

behaviour in a sex specific manner. Since this variable is for pairs of animals, there is a
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low n-value of four. Further studies should be conducted in order to establish if a drug 

by sex interaction exists.

An effect of sex for mean distance apart and time in proximity, with females 

averaging a greater distance apart, spending less time in proximity and physical contact, 

is an expected finding, as literature shows females engage in social play less often than 

males (Meaney & Stewart, 1981; Poole & Fish, 1976; Olioff & Stewart, 1978). In turn, 

this decrease in social play means females may average a greater distance apart and 

spend less time in proximity and physical contact compared to males. Play-fighting is 

often considered to be male-typical, as in most species investigated, males engage in 

play-fighting more often than females (Pellis S. M., Field, Smith, & Pellis, 1997). This 

type of play is thought to reflect agonistic behavior, with one partner attempting to gain 

an 'advantage' over the other (Pellis S. M., Field, Smith, & Pellis, 1997). Males initiate 

play fighting more than females, and females respond less to this initiation, especially if 

this initiation is by another female (Pellis & Pellis, 1990; Thor & Hollowat, 1983). The 

current study also demonstrated that control females were less likely than control males 

to exhibit a facing defense. This too is consistent with prior results, with males being 

more likely to respond to play initiation by turning supine. Females, however, are more 

likely to respond, if they respond, by evasion (Pellis & Pellis, 1990). It should also be 

noted, however, that female rats tend to have better social recognition than males 

(Choleris, Clipperton-Allen, Phan, & Kavaliers, 2009). Although these were unfamiliar 

pairs on the first day of testing, by the second test day female rats may have more 

readily recognized their partner from the previous day, and thus did not spend equal
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time investigating and interacting with their partner compared to male animals, which 

are less adept at social recognition.

The finding that PPA administration alters social interaction in male rats is consistent 

with past studies. However, this is the first study to look at the effects of PPA 

administration in female rats. As previously mentioned, Shultz, et al. (2008) looked at 

the effect of ICV infusions of PPA on social behaviour in adult male rats immediately 

following infusion. Rats received two infusions, separated by one week, and 

demonstrated reduced social behaviour as measured by distance apart, proximity, as 

well as facing and evasive defense. PPA treated rats spent, on average, a greater mean 

distance apart, less time in proximity to each other, and exhibited less facing defense 

responses and more evasive defense responses. These findings were the same in both 

the light and dark phase. Shams (2009) investigated the effect of once daily IP injections 

of PPA on social behaviour in adult and adolescent male rats. This study also found 

impaired social behaviour as measured by time spent in physical contact, frequency of 

approach and frequency of avoidance. PPA treated animals spent less time in physical 

contact, approached their partner less, and avoided their partner more. Thus, the 

finding that PPA treatment affects social behaviour in males is consistent with past 

studies.

The finding that PPA affects social behaviour in a sex-specific manner is a novel 

finding as the effect of PPA on female behaviour has never been investigated in either 

adolescent or adult rats. However, in an animal model of autism using valproic acid 

(VPA), Schneider, et al. (2008) evaluated both male and female rats in a variety of
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behavioural and immunological tests following prenatal exposure to VPA. Males 

behaved abnormally on a variety of tests looking at pain sensitivity, 

repetitive/stereotypic activity, as well as anxiety and social behaviour. Social behaviour 

was investigated by pairing a VPA or control animal that had been socially isolated for 

one week with a non-isolated, untreated, same-sex conspecific. Measures of social 

behavior for the VPA or control rat were scored, and included frequency of sniffing or 

licking the conspecific, crawling or mounting (standing on hind legs and putting one or 

two forepaws on the back of conspecific or climbing over the conspecific), and 

approaching or following the conspecific. Except for repetitive/stereotypic behaviour, 

females showed no behavioural alterations compared to controls (Schneider, et al., 

2008). Thus, the finding that PPA affects social behaviour in a sex-specific manner is not 

unexpected based on the valproic acid model, and the fact that autism is four times 

more prevalent in males.

Abnormal social interaction is one of the hallmark symptoms of autism spectrum 

disorders (Diagnostic and Statistical Manual of Mental Disorders, 2000). In the current 

study, time in physical contact, along with other variables, sought to investigate the 

effect PPA had on social interaction. These variables are consistent with those used in 

past studies. For example, animal experiments looking at social behaviour have used 

measures such as number of playful initiations, probability of facing defense, and 

physical contact (Field, Whishaw, & Pellis, 2006; Witt, Winslow, & Insel, 1992). 

Furthermore, in studies investigating ASD in humans, researchers have used similar 

measurements as a measure of social behaviour (Nikopoulos & Keenan, 2003). For
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instance, Nikopoulos & Keenan (2003) evaluated the effectiveness of a treatment on 

social behaviour by monitoring the number of social initiations a child with ASD made. 

Thus, the way in which social interaction was measured is consistent with other 

experimental work in animals and humans.

2.4.4 Mechanisms

The mechanism behind PPA's ability to decrease locomotor activity is unknown.

One possibility is that PPA is inducing aversive internal cues, whether this is nausea, 

irritation or pain, or an acute sickness response, etc. Additionally, hypoactivity may be 

due to decreased energy production as in this animal model PPA administration has 

been found to alter the expression of genes involved in mitochondrial function, which is 

where PPA and short chain fatty acids are metabolized, and where energy is produced 

(Nankova, Tichenoff, Taylor, Mohammad-Asef, La Gamma, & MacFabe, 2008). PPA has 

also been found to alter acylcarnitine profiles (Thomas, Foley, Mepham, Tichenoff, 

Possmayer, & MacFabe, 2010). Carnitine is required to transport short chain fatty acids 

from the cytosol into the mitochondria. Studies of individuals with chronic fatigue 

syndrome (CFS) found those with CFS have low levels of serum acetylcarnitine which 

well correlated with the rating score of fatigue (Kuratsune, et al., 2002). Thus, one 

mechanism behind this hypoactivity may be decreased energy production. Lastly, PPA is 

known to alter cytokine levels and the immune response. Studies looking at the exact 

nature of these effects are inconsistent. The literature suggests that the effect PPA has 

on cytokines and the immune response are dependent on a variety of factors including; 

the concentration of PPA being used, where in the body PPA is being investigated (i.e.
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the gut, mouth, brain), if it is being investigated in vitro or in vivo, or if other short-chain 

fatty acids (SCFAs) are present (Kashket, Zhang, & Van Houte, 1998; Kurita-Ochiai, 

Fukushima, & Ochiai, 1995; Cavaglieri, Nishiyama, Fernandes, Curi, Miles, & Calder, 

2003). This is important as pro-inflammatory cytokines, for example, are known to 

elicit the sickness response. This includes behaviours such as; fever, reduction in food 

and water intake, reduced social and sexual behaviours, and hypoactivity (Aubert, 

Goodall, & Dantzer, 1995; Avitsur, Donchin, Barak, Cohen, & Yirmiya, 1997; Bluthe R ., 

Michaud, Poli, & Dantzer, 2000; Engeland, Kavaliers, & Ossenkopp, 2003). It should also 

be noted that in this PPA animal model of autism, PPA has been found to alter gene 

expression of immune system related genes and has been found to increase IL-6 in the 

CNS (Nankova, Tichenoff, Taylor, Mohammad-Asef, La Gamma, & MacFabe, 2008; Foley, 

et al., 2008). Thus, based on the fact that PPA can cause changes to the immune 

response and cytokines, it can be speculated that the hypoactivity seen in PPA treated 

animals may reflect a sickness response.

PPA's capacity to alter cytokine levels may also explain its ability to increase anxiety. 

Literature suggests that cytokines may be involved in the pathophysiology of anxiety 

and depression (Konsman, Parnet, & Dantzer, 2002). Some evidence for this comes 

from the use of immunotherapy. 30-45% of individuals being chronically treated with 

interleukin-2 (IL-2) or interferon-a (IF-a) for cancer or viral diseases (e.g. Hepatitis C) 

develop depressed mood, anxiety, anhedonia and cognitive impairments (Valentine, 

Meyers, Kling, Richelson, &. Hauser, 1998; Capuron, Ravaud, &. Dantzer, 2000).

Furthermore, a study by Maes, et al. (1998) found students with high anxiety responses
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before an exam had significantly higher production of IFN-y and lower production of IL- 

10 and IL-4 than students without anxiety. These findings, and others, seem to illustrate 

an association between cytokines and anxiety. However, it has not been determined 

whether cytokines are causally involved, or simply a biological marker of anxiety. 

Nonetheless, it is possible that PPA may affect anxiety via its ability to alter cytokine 

levels.

A second possible mechanism behind PPA's ability to increase anxiety-related 

behaviour may be its ability to decrease gene expression involved in gamma- 

aminobutyric acid (GABA) receptor genes (Nankova, Tichenoff, Taylor, Mohammad-Asef, 

La Gamma, & MacFabe, 2008) and cause seizures (MacFabe, et al., 2007). Indeed, a 

decrease in inhibition and increase in excitation has been found in anxiety disorders 

(Bergink, van Megan, & Westenberg, 2004). Anxiolytic drugs function to either decrease 

excitatory/glutamatergic output or increase inhibitory/GABAergic output in the 

amygdala (Bergink, van Megan, & Westenberg, 2004). Thus, perhaps PPA is 

influencing these systems to create increased anxiety behaviour in the rat.

This alteration of cytokines and the inflammatory response may also help to explain 

PPA's ability to alter social interaction. A variety of studies by Dantzer and colleagues 

have investigated the effects of sickness inducing agents on social exploration. They 

found that LPS, IL-13, and TNF affect social exploration in a time- and dose- dependent 

manner (Bluthe, Dantzer, & Kelley, 1992; Bluthe, et al., 1994; Bluthe R. M., Michaud,

Poli, Bernay, Parnet, & Dantzer, 1998). Furthermore, animals will avoid other sick

animals (Kavaliers, Choleris, &. Pfaff, 2005). Although not all cytokines have this effect
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on activity, perhaps PPA's effects on cytokines can account for the alterations in social 

behaviour seen here. This is relevant to ASD as many studies have found not only an 

inflammatory response in the brain, but systemic inflammation (Croonenberghs, 

Bosmans, Deboutte, Kenis, & Maes, 2002a; Croonenberghs, et al., 2002b; Vargas, 

Nascimbene, Krishnan, Zimmerman, & Pardo, 2004). For instance, Croonenberghs, et al. 

(2002a) found significantly increased production of IFN-y and IL-1RA, as well as a trend 

toward significantly increased levels of IL-6 and TNF-a in children with autism. 

Researchers concluded that autism may be associated with a specific activation of the 

immune response, and hypothesized that increased production of these 

proinflammatory cytokines may play a role in the pathophysiology of autism 

(Croonenberghs, Bosmans, Deboutte, Kenis, & Maes, 2002a).

A second possible mechanism behind PPA's ability to alter social behaviour comes 

from findings by Shultz, et al. (2008). They found that PPA and sodium acetate 

produced similar changes in social behaviour. Although treatments were buffered to a 

pH of 7.5, this suggests that perhaps the acidic properties of these treatments are 

important in the effect of PPA on social behaviour.

Furthermore, previous research indicates that PPA and other fatty acids increase 5- 

HT (serotonin) release in the gut (Mitsui, Ono, Karaki, & Kuwahara, 2005). In the brain, 

PPA can accumulate intracellularly, thereby directly increasing 5-HT release by the 

reduction of intracellular pH (Bonnet, Bingmann, & Wiemann, 2000; Karuri, Dobrowsky, 

& Tannock, 1993; Severson, Wang, Pieribone, Dohle, & Richerson, 2003). This is

relevant as work has shown that an increase of 5-HT levels can reduce social interaction.



58

Gonzalez, et al. (1996) demonstrated that the administration of a 5-HT receptor agonist 

into the amygdala reduced levels of social interaction, while the administration of a 5- 

HT antagonist reversed this effect. Thus, by increasing 5-HT levels, PPA can reduce 

social interaction. Furthermore, this is associated with ASD as studies have found 

elevated levels of plasma 5-HT in patients (Chugani, 2004). Additionally, medications 

that act on 5-HT levels have been found to improve a number of autistic symptoms, 

such as repetitive and social behaviour (McDougle, Naylor, Cohen, Volkmar, Heninger, & 

Price, 1996).

Of course the fact that PPA is decreasing activity in general, as well as slightly 

increasing anxiety, could also potentially account for the decrease in social interaction. 

Indeed, in all the studies by Dantzer's group mentioned above, administration of 

sickness inducing agents and cytokines resulted in decreased social exploration as well 

as decreased locomotor activity in general. This may not be the case, however, as 

Shultz, et al. (2008) found a decrease in social behaviour in the absence of any 

significant differences in locomotor activity between PPA and control groups.

It is unclear exactly how the effects of PPA on social behaviour are mitigated in 

females. One possibility is again related to PPA's ability to alter cytokine levels and the 

immune response. Sex differences, in favour of females, have been found in adult 

immune function as well the neonatal response to immune activation (Lahita, 2000; 

Martin, 2000; Shanks, McCormick, & Meaney, 1994). For example, a sex difference, in 

favour of females, was found for pattern and rate of behavioural tolerance development 

to repeated administration of bacterial agents muramyl dipeptide (MDP) and LPS



59

(Engeland, Kavaliers, & Ossenkopp, 2003). Also, immune activation with LPS in the first 

week of life results in increased disease severity following an immune challenge for 

males, but not females. For example, LPS administration on postnatal days 1, 3, 5, and 7 

resulted in decreased resistance to tumor colonization and lower natural killer cell 

activity in adult males, but not females (Hodgson & Knott, 2002). Thus, it is possible 

that the sex difference seen in regard to how PPA affects social behavior is due to the 

fact that PPA is altering cytokines and the immune response more substantially in males 

than females.

A second possible mechanism may be the protective effects of estrogen and 

progesterone. Experimental models have demonstrated females to be less susceptible 

to postischemic and posttraumatic brain injury (Hall, Braughler, & Yonkers, 1991; Roof, 

Duvdevani, & Stein, 1993; Roof & Hall, 1999). Studies suggest that this is due to 

circulating estrogens and progestins (Roof & Hall, 2000). Indeed, exogenous 

administration of these hormones has led to improved outcome for males from 

posttraumatic brain injury. Furthermore, estrogen has been found to have considerable 

antioxidant properties, and to also prevent the degeneration of neurons due to 

oxidative stress (Behl, et al., 1997). This is significant as repeated ICV infusions of PPA is 

known to cause increased markers of oxidative stress as well as induce an innate 

neuroinflammatory response in the brain (MacFabe, et al., 2007), findings consistent 

with human autopsy studies (Vargas, Nascimbene, Krishnan, Zimmerman, & Pardo,

2004; Chauhan & Chauhan, 2006). Thus, perhaps it is estrogen and progesterone that

are playing a key role in mitigating PPA induced effects on social behaviour. Estrogen
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and progesterone may be attenuating PPA's effects in a variety of ways, as they have 

been found to enhance anti-oxidant mechanisms, reduce innate neuroinflammation, 

and decrease excitotoxicity by altering glutamate receptor activity (Roof & Hall, 2000; 

Garcia-Segura, Azcoitia, & DonCarlos, 2001; Stein, 2001). Furthermore, in a model of 

Hungtington's using 3-NP, a mitochondrial toxin and derivative of PPA, 17 (3-estradiol 

was found to have many protective effects (Tunez, et al., 2006). In ovariectomized rats, 

3-NP was found to exacerbate oxidative stress induced by ovariectomy, while 

administration of 17 (3-estradiol decreased oxidative stress and cell death induced by 

ovariectomy and 3-NP (Tunez, et al., 2006).

Total cholesterol levels have been found to be low in those with ASDs (Tierney, et 

al., 2006). Additionally, a rare genetic condition of impaired cholesterol biosynthesis, 

Smith-Lemli-Opitz syndrome, is associated with autism. Furthermore, colonic short- 

chain fatty acids, such as PPA, decreases cholesterol in males but not in females 

(Wolever, Fernandes, & Rao, 1996). In fact, work in this PPA model demonstrated a 

decrease in plasmologens, which have been suggested to play a role in cholesterol effux 

(Thomas, Foley, Mepham, Tichenoff, Possmayer, & MacFabe, 2010). Thus, perhaps the 

sex differences in systemic lipid metabolism are responsible for the sexually dimorphic 

effects of PPA on social behaviour.

2.4.5 Summary

It is important to note some limitations of this study. To begin with, the sample size 

was limited. Specifically, percentage of time in physical contact, which is perhaps the

most informative variable, was a measure using pairs of animals, thus leading to a small
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n value of four per group. It is important that this variable be looked at again with a 

larger sample size. Secondly, only one dose of PPA was used. Further studies using IP 

injections of PPA should be conducted to gain a better understanding of the effects PPA 

may have at varying systemic doses. Thirdly, since animals were not behaviourally 

tested until the 8th day of injections, the initial effects of IP injections on male and 

female adolescent rats were not characterized. It would be interesting to examine the 

initial effects of PPA on locomotor activity and determine if hypoactivity is an immediate 

response, or one that occurs over time. Also, only same-treatment pairs were used in 

the investigation of social behaviour. Although some work by Shams, et al. (2009) has 

been done in adolescents looking at both same- and different- treatment pairs, this was 

only done in males. Thus, it would be interesting to investigate the effects of PPA 

administration on social behaviour using females in different-treatment pairs as well. 

Additionally, more measures of social behaviour should be investigated, as the current 

study focused largely on play-fighting behaviour, which is considered to reflect more 

agonistic behaviour.

The finding that intraperitoneal injections of PPA elicit hypoactivity, rather than 

hyperactivity, was unexpected. One possible reason as to why this was found is that 

systemic administration of PPA induces aversive internal cues. To further examine this, 

a second experiment using adolescent male rats was conducted and investigated 

whether conditioning with PPA can establish a conditioned place and taste avoidance 

for a context or taste previously paired with PPA. This study also attempted to establish 

if IP injections of PPA elicit hypoactivity from the initial injection onward.
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In conclusion, this first study provides information on the effects of IP injections in 

adolescent male and female rats in terms of locomotor activity, anxiety-related 

behaviour, and social interaction. Results show that such injections result in 

hypoactivity, slight anxiety, and sex-specific impairments in social interaction. The 

findings of this study are consistent with ASD, and offer further support of PPA 

administration as an animal model of autism.
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Intraperitoneal Injections of Propionic Acid in Male Adolescent Rats
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3.1 Introduction

Autism spectrum disorder is a family of neurodevelopmental lifelong disorders 

characterized by social impairment, altered motor activity, restricted interests, and 

language problems (Arndt, Stodgell, & Rodier, 2005; DiCicco-Bloom, et al., 2006).

Incomplete concordance rates amongst monozygotic twins, as well as variance in 

the severity of autism in monozygotic twins, suggest environmental factors may play a 

role in ASD (Hu, Frank, Heine, Lee, & Quackenbush, 2006). Furthermore, research has 

established a variety of environmental agents that may contribute to the development 

of autism including postnatal exposure to valproic acid (Ingram, Peckham, Tisdale, & 

Rodier, 2000), ethanol (Arndt, Stodgell, & Rodier, 2005), and thalidomide (Narita, Kato, 

Tazoe, Miyazaki, Narita, & Okado, 2002). Thus, many animal models now aim to study 

how these environmental agents play a role in the development of autism (Ingram, 

Peckham, Tisdale, & Rodier, 2000; Narita, Kato, Tazoe, Miyazaki, Narita, & Okado, 2002; 

Kamitani, Ono, & Yoshino, 2003; Fatemi, Pearce, Brooks, & Sidwell, 2005).

One such model involves the administration of propionic acid, a short-chain fatty 

acid, in the rat (MacFabe, et al., 2007; MacFabe, et al., 2008; Shultz S. R., et al., 2008; 

Shultz S. R., et al., 2009). This model hypothesizes that due to PPA's ability to affect a 

variety of physiological processes in the body, it may provide a link among the disparate 

behavioural, dietary, gut, metabolic and immune factors in autism. ICV infusions of PPA 

directly into the lateral cerebral ventricles of adult male rats have induced behavioural, 

biochemical, neuropathological and electrophysiological effects consistent with those 

seen in ASD (MacFabe, et al., 2007; MacFabe, et al., 2008; Shultz S. R., et al., 2008;
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Shultz S. R., et al., 2009; Thomas, Foley, Mepham, Tichenoff, Possmayer, & MacFabe,

2010).

In a previous study, Benzaquen, et al. (2010), investigated the effects of systemic 

IP injections of PPA on locomotor activity and social behaviour in adolescent male and 

female rats. One significant finding of that study was hypoactivity in some measures of 

locomotor behaviour. This was interesting as all studies that had been done using ICV 

infusions of PPA had found hyperactivity. Benzaquen, et al. (2010) speculated that 

animals were hypoactive due to PPA inducing aversive internal cues, whether this is 

nausea, irritation or pain, or an acute sickness response. The aim of the current study 

was to determine if IP injections of PPA were in fact inducing aversive internal cues 

using a place and taste avoidance paradigm. Conditioned place avoidance is a widely 

accepted measure of aversive states in rodents (Cunningham, Gremel, & Groblewski, 

2006). Place avoidance paradigms typically involve conditioning trials where on 

alternating days, either the drug in question is paired with a distinct context or a vehicle 

is paired with a distinct context on alternating days. During this time the animal is 

conditioned to form an association between the effects of the injected substance (i.e. 

drug or vehicle) and the context. The animal is then assessed in a drug-free state to 

determine if a conditioned place avoidance (CPA) or preference (CPP) has formed. If the 

animal avoids the context that was previously paired with the drug, then it is reasoned 

that the drug in question induced a CPA and thus has some kind of aversive property. In 

the same vein, a conditioned taste avoidance paradigm traditionally involves

conditioning trials where animals drink from a bottle containing a novel taste or flavor
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shortly before receiving an injection of the drug in question. Once again, in a drug-free 

state, avoidance of this flavour in a two-bottle taste test implies that the drug in 

question has aversive properties. In the current studies, however, rats received an 

injection of PPA and saccharin (to provide a novel taste) simultaneously, allowing place 

and taste conditioning to occur simultaneously using the concept of 'intravascular taste'. 

Lithium chloride (LiCI) was used as a positive control, as it is a well known toxin, and has 

been repeatedly shown to elicit conditioned place and taste avoidance (Tenk, Kavaliers, 

& Ossenkopp, 2005). Thus, it was used to demonstrate that a conditioned place and 

taste avoidance (CPA/CTA) can, in fact, be simultaneously produced in the same animal 

using intravascular taste. Establishing if PPA does induce aversive internal cues when 

injected intraperitoneally is important as finding a systemic mode of administration is 

one key aspect of this animal model. Furthermore, by monitoring locomotor activity 

across conditioning days, the time course of PPA's effects can be determined.

The present experiment investigated whether IP injection of PPA induces 

aversive internal cues using a place and taste avoidance paradigm. Hence, animals were 

investigated immediately following an injection of PPA or vehicle to identify 

abnormalities in locomotor behaviour, as well as in a drug-free state to elucidate the 

presence of a conditioned place or taste avoidance. This also allowed for the

examination of unconditioned versus conditioned effects of PPA.
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3.2 Methods

3.2.1 Subjects

Subjects were 48 male Long-Evans hooded rats (Charles River Laboratories, 

Quebec, Canada) who arrived on postnatal day (PND) 23. Rats were housed in groups of 

four until PND 26 when groups were split and housed in pairs. Rats were single housed 

on PND 41 for three days. This coincided with the conclusion of injections and the drug- 

free place avoidance test day, and lasted until the end of the taste aversion test day, 

which concluded the study. Animals were housed in standard acrylic cages (26 cm x 48 

cam x 21 cm) with wood shavings at a controlled temperature (21 ± 1°C) in a 12:12 

light/dark cycle with lights on from 7:00 to 19:00h. Animals were allowed access to food 

(Rat Chow) and water ad libitum. All experimental procedures were carried out in 

accordance with guidelines of the Canadian Council on Animal Care and approved by the 

University of Western Ontario Animal Use Committee.

3.2.2 Treatment Groups

Rats were randomly assigned to five treatment groups;

• PBS (phosphate buffered saline, 0.1M solution of phosphate, n = 10)

• PPA (propionic acid; 500mg/kg, 0.26M, n = 10)

• PPAsac (propionic acid with saccharin; 500mg/kg, 0.26M PPA with 2% saccharin, 

n = 10)

• PBSsac (phosphate buffered saline with saccharin; 0.1M solution of phosphate 

with 2% saccharin, n = 10)

• LiCIsac (lithium chloride with saccharin; 127mg/kg, 0.15M, n = 8).
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The vehicle group, PBS, acted as a control for all groups. The PPA group 

permitted testing of a place avoidance due to conditioning with PPA. PPAsac enabled 

testing for a place and taste avoidance in the same animal by pairing the unconditioned 

stimulus (US; PPA) with a taste conditioned stimulus (CS; saccharin) based on the 

concept of "intravascular taste" (Bradley & Mistretta, 1971; Rinaman, Saboury, &

Litvina, 2009). Thus, the US was delivered IP in a solution containing 2% saccharin (sac). 

The reasoning behind intravascular taste is that saccharin is absorbed into the 

bloodstream following an IP injection, and thus accesses and stimulates oral taste 

receptors. Thus the animal is experiencing the systemic effects of the US (PPA) while 

tasting saccharin. Holland, Zampighi and Simon (1991) demonstrated that small 

molecules that leave the bloodstream can diffuse into the taste pore and interact with 

receptors in the microvilli of taste cells, resulting in intravascular taste (Holland, 

Zampighi, & Simon, 1991). PBSsac acted as a control. Lastly, there was a lithium 

chloride with saccharin group as a positive control, to demonstrate that intravascular 

taste can in fact elicit a place and taste avoidance in the same animal (LiCIsac,

127mg/kg, 0.15M, n = 8).

PPA was buffered to physiological pH 7.5 before injection using hydrochloric acid 

or sodium hydroxide. The PPA dose was based on past dose-response findings 

(MacFabe, et al., 2007). The 2% saccharin injection concentration was chosen as it 

results in a saccharin concentration of approximately 0.2% after absorption and dilution 

within a total blood volume of about 17mL (Lee & Blaufox, 1985) and is consistent with

other studies using intravascular taste (Bradley & Mistretta, 1971; Rinaman, Saboury, &
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Litvina, 2009). The LiCI dose has been established as a dose that can produce both a 

place and taste avoidance in past studies (Tenk, Kavaliers, & Ossenkopp, 2005).

Rats were injected intraperitoneally daily for 12 conditioning days. Injections 

alternated for the 12 days between treatment and vehicle. That is, an animal may 

receive a treatment injection on the first conditioning day, and a vehicle injection on the 

second conditioning day. Injections alternated in this manner throughout the study. 

Thus, each animal received in total six injections of treatment and six injections of 

vehicle. On these conditioning days, behavioural data were collected for the 30 minutes 

immediately following injection.

3.3.3 Apparatus

3.3.3.1 Locomotor Activity -  Conditioning Days. The two-chamber place 

conditioning apparatus (Tenk, Kavaliers, & Ossenkopp, 2005) allowed measurement of 

locomotor activity in eight modified VersaMax Animal Activity Monitors (Model 

NVMA16TT/W, Accuscan Instruments Inc., Columbus, OH). Each monitor is a Plexiglas 

open field (40 cm x 40 cm x 30.5 cm) with a Plexiglas lid with air holes. Horizontal 

activity was measured by a set of infrared beams located every 2.54 cm for a total of 16 

beams on each side of the monitor, creating a grid at a height of 2.5 cm. To measure 

vertical activity, two additional sets of beams were located 14 cm above the floor of the 

open-field. A VersaMax Analyser (Accuscan Model VSA-16, Columbus, OH) recorded 

data from each monitor to a computer in an adjacent room.

Each monitor was divided into two equal sized chambers (20 x 40 x 30.5 cm) by a

clear Plexiglas partition located parallel to the elevated photobeams ensuring sensors
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were not blocked. Each of the two chamber contexts for conditioning differed both in 

visual and tactile floor cues. One context contained black and white stripes (of 2cm 

width) on the walls with a removable wire grid floor. The second context contained 

solid grey walls with a removable clear rough Plexiglas floor. During a conditioning trial, 

the animal was confined to one chamber of the monitor, and thus one context, by a 

solid Plexiglas partition. This apparatus is unbiased, in that animals do not show a 

natural preference for either context.

33.3.2 Locomotor Activity -  Place Avoidance Test Day. The apparatus used on 

the test day was identical to that during conditioning days (see above) except for one 

key factor. Instead of using a solid Plexiglas partition and confining animals to one 

chamber within the monitor, a Plexiglas partition with a doorway (10 x 15 cm) was used. 

This allowed the free passage of the animal between the two chambers with different 

contexts (striped walls and wire grid floor or grey walls and rough Plexiglas floor).

3.3.4 Experimental Procedures (Fig. 3.1)

3.3.4.1 Locomotor Activity -  Conditioning Days. Rats were handled for an hour 

on three consecutive days. Six days after arrival (PND 29) conditioning was started, with 

rats receiving daily intraperitoneal injections for 12 days. Prior to each conditioning 

trial, rats were weighed and received an IP injection immediately before being placed in 

the apparatus. Conditioning trials were 30 minutes in length as pilot work and past 

studies show the majority of behavioural effects occur in the first 30 minutes following 

infusion or injection of PPA (MacFabe, et al., 2007; Shams, 2009). Furthermore, LiCI has

been shown to exert its maximal effects on behaviour in the 15-30 minutes following
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23d

t
Arrival

12 Conditioning Days, 
1 injection/day

I Individually housed

I

24hr Two-Bottle 
Taste Test

44-45d

t t
Place Avoidance Monitored for bottle preference 

Test Day

Drug-free test day

Conditioning day 

Animals undisturbed

Figure 3.1 Methods timeline, where d = days old. Conditioning days alternated between 

administration of one IP injection of either drug treatment in one context, or vehicle 

treatment in another. Place avoidance test day occurred in a drug-free state, as did the 

two-bottle taste test, which evaluated the presence of a conditioned place and taste

avoidance, respectively.
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administration (Parker, Hills, & Jensen, 1984). Each monitor and all removable parts 

were cleaned with a mild detergent solution (Alconox Inc., New York) and rinsed with 

baking soda solution after each conditioning trial.

Conditioning trials occurred once every 24 hours and alternated between 

treatment and vehicle trials. Thus, animals received 6 pairings of the treatment with a 

context and 6 pairings of the vehicle with a second context. The experimental design 

was balanced so that half of the rats received drug treatment on odd conditioning days, 

and half received vehicle on odd conditioning days. Of the half that received drug 

treatment on odd conditioning days, half received treatment with the striped context 

while the other half received treatment with the grey context. All five treatment groups 

were balanced in this way. Locomotor activity during conditioning was assessed.

3.3.4.2 Locomotor Activity -  Place Avoidance Test Day. 24 hours following the 

last conditioning trial the place avoidance test took place. Animals were placed into the 

chamber at the far outer corner, facing the wall. Half the animals started in their drug- 

paired chamber, while the other half started in their vehicle-paired chamber. Animals 

were placed into the chamber in a drug-free state and were able to explore both 

chambers via an opening in the centre partition. Locomotor activity, along with time 

spent in each chamber, was assessed.

3.3.4.3 Taste Avoidance 24 hour Taste Test. Following the place avoidance test, 

animals were placed into individual home cages with two water bottles. One water 

bottle was placed in the original position, where bottles had been placed throughout

the study. A second water bottle was placed next to it. Rats were left undisturbed in
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their home cages for about 60 hours before starting the 24 hour taste avoidance test. 

Before commencing the test, bottle side preference was determined by noting from 

which bottle the animal had consumed the most water.

The 24 hour taste test commenced at 9:00h on PND 44 with a 0.2% saccharin 

water bottle being placed on the preferred side of the cage (which for most animals was 

the original water bottle site). Next to the preferred bottle was a bottle filled with 

water. Animals were assessed for their voluntary intake of saccharin (0.2% in water) 

and water at 0.5 hrs, 1 hr, 2 hrs, 4 hrs, and 24 hrs. This was done by weighing bottles 

before commencing testing, and at each subsequent time period.

3.3.5 Behavioural Measures

3.3.5.1 Locomotor Activity -  Conditioning Days. As described, VersaMax Animal 

Activity Monitors automatically collected data using a grid of infrared beams. Variables 

reflecting locomotor activity were collected and are described below.

• Total distance (cm) -  the total horizontal distance (cm) travelled.

• Frequency of stereotypy -  the number of times a rat breaks the same beam 

without breaking an adjacent beam, with a minimum stop time of 1 s to separate 

movements.

• Frequency of rearing -  the number of individual vertical movements made with a 

minimum stop time of 1 s to separate movements.

3.3.5.2 Locomotor Activity -  Place Avoidance Test Day. As described, VersaMax

Animal Activity Monitors automatically collected data using a grid of infrared beams.
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Variables reflecting locomotor activity in each of the two chambers were collected and 

are described below.

• Total distance (cm) -  the total horizontal distance (cm) travelled.

• Frequency of stereotypy -  the number of stereotypic movements with a 

minimum stop time of 1 s to separate movements.

• Frequency of rearing -the number of individual vertical movements made with a 

minimum stop time of 1 s to separate movements.

• Duration of time (s) spent in context -  the time (s) spent in each the treatment- 

paired and vehicle-paired context.

• Percentage of time rearing -  the time (s) spent rearing in a particular context 

divided by the total time spent in that context, multiplied by 100.

• Percentage of time in horizontal movement -  the time (s) spent in horizontal 

movement in a particular context divided by the total time spent in that context, 

multiplied by 100.

3.3.5.3 Fluid Intake -  Taste Avoidance 24 hour Taste Test. As described, saccharin- 

water and water volumes were taken over a 24 hour period to monitor voluntary 

saccharin intake. The variable used to quantify this data is defined below.

• Saccharin Ratio -  the amount of saccharin water consumed divided by the total 

amount of fluid (saccharin water + water) consumed.

3.3.6 Statistical Analysis of Behaviours

All statistical tests were calculated using SPSS 17.0 (SPSS, Inc.) for Windows. 

Tests were completed using a =.05 as the criterion for significant effects.
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3.3.6.1 Locomotor Activity -  Conditioning Days. Data was analyzed for main 

effects and interactions using a mixed design ANOVA with PPA treatment and saccharin 

treatment as the between-subjects factors and drug OR vehicle conditioning day as the 

within-subject factor. This allowed overall effects of PPA or saccharin to be revealed for 

every group except the LiCI saccharin group. Student-Newman-Keuls (S-N-K) post-hoc 

pair-wise comparisons were carried out to examine group differences (including the LiCI 

saccharin group) on individual days.

Averaging each variable's values across the six drug OR vehicle conditioning days 

(ex. average total distance travelled across drug exposure days 1-6) allowed bar graphs 

to show trends in locomotor variables across days. A univariate ANOVA was performed 

on these averaged values, with PPA treatment and saccharin treatment as the between- 

subjects factors and drug or vehicle conditioning day as the within-subject factor. If an 

effect of PPA or saccharin treatment was found, an S-N-K post-hoc revealed group 

differences (including the LiCI saccharin group).

3.3.6.2 Locomotor Activity- Place Avoidance Test Day. Data were analyzed with a 

mixed design ANOVA with PPA treatment and saccharin treatment as the between- 

subjects factors with the within-subject factor being the context (drug or vehicle- 

paired). To further explore treatment differences from controls, a paired samples t-test 

was performed to reveal differences in behaviour in each context.

3.3.6.3 Fluid Intake-2 4  hour Taste Test. Data was analyzed for main effects 

using a mixed design ANOVA with PPA treatment and saccharin treatment as the
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between-subjects factors and time as the within-subject factor. An S-N-K post-hoc 

revealed group differences.

3.3 Results

3.3.1 Locomotor Activity -  Conditioning Days

There was no significant main effect of PPA or saccharin exposure for total 

distance or frequency of stereotypy during vehicle exposure days (a dummy variable).

During drug exposure days, an overall main effect of PPA exposure was found for 

total distance travelled, F (1, 24) = 13.310, pc.005. Post-hoc analyses revealed PPA and 

PPA saccharin animals travelled a shorter distance compared to PBS saccharin animals 

on drug exposure days 2 and 4 (p < .05 and .01, respectively). When total distance was 

averaged across drug exposure days for each treatment group, a main effect of PPA 

treatment was present, F(l,44) = 11.491, p<.005 with post-hoc analyses revealing that 

on average, the PPA and PPA saccharin groups travelled a shorter distance than the PBS 

saccharin group (ps<.01; Fig. 3.2A).

For stereotypy frequency on drug exposure days, a large main effect for PPA 

exposure was found, F (1, 24) = 61.275, pc.001. Post-hoc analyses revealed significant 

group differences on all drug exposure days. On day 1, PPA and PPA saccharin animals 

displayed less stereotypic movements than PBS and PBS saccharin animals (p < .005).

On days 2 and 5, PPA and PPA saccharin animals displayed less stereotypy than all other 

groups (p < .005 and 001, respectively) while on day 3 only PPA animals exhibited less

stereotypic movements than all other groups (p < .05). On days 4 and 6 PPA and PPA
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Figure 3.2 Total distance (cm) travelled (A) and frequency of stereotypy (B) in a chamber across

drug exposure days during conditioning for male adolescent rats, injected (IP) with PBS (vehicle), 

PBS saccharin (2% sac), PPA (0.26M), PPA saccharin (0.26M with 2% sac) or LiCI saccharin (0.15M 

with 2% sac). Each bar represents mean data across all six drug exposure days. Error bars 

represent + SEM. A p < .05, AAA p < .001, PPA and PPA saccharin less than PBS saccharin. ## p < 

.005, PPA and PPA saccharin less than PBS and PBS saccharin. ** p < .005, *** p < .001, PPA and 

PPA saccharin less than all other groups. & p < .05, PPA less than all other groups.
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saccharin animals made less stereotypic movements than PBS saccharin animals (p < 

.001 and .05, respectively). When stereotypy frequency was averaged across drug 

exposure days, an overall effect of PPA exposure was still present, F (1, 44) = 39.909, 

pc.OOl. Post-hoc analyses revealed PPA and PPA saccharin groups exhibited less 

stereotypy than all other groups (Fig. 3.2B).

On drug exposure days an overall effect of PPA exposure was found for 

frequency of rearing, F (1, 24) = 16.889, pc.OOl. Post-hoc analyses showed significant 

group differences on days 1, 2, and 4. On day 1 PPA animals exhibited less rearing than 

PBS animals (pc.05). On day 2 PPA and PPA saccharin animals displayed less rearing 

than PBS saccharin animals (pc.Ol) and on day 4 PPA saccharin animals showed less 

rearing than PBS saccharin animals (pc.05). When rearing frequency was averaged 

across days for each group, and overall main effect of PPA treatment was still present, F 

(1, 44) = 17.634, pc.OOl. Post-hoc analyses revealed that the PPA and PPA saccharin 

groups were exhibiting less rearing than the PBS saccharin group (Fig. 3.3 Al). During 

vehicle exposure days, a significant main effect of PPA exposure was still present, F (1, 

24) = 5.743, pc.05. However, post-hoc analyses revealed no significant group 

differences. Averaging rearing frequency across vehicle exposure days also showed a 

main effect of PPA exposure, F (1, 44) = 6.762, pc.05, but once again post-hoc analyses 

did not reveal any significant group differences (Fig. 3.3 A2).

3.3.2 Locomotor Activity -  Place Avoidance Test Day

No effect of treatment was found for total distance travelled (Fig. 3.4 A l & A2).
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A1 - Frequency of Rears, Drug Exposure
PBS (n = 10) 
PBS-Sac (n = 10)

A2 - Rearing Frequency, Vehicle Exposure

zzzzzn PBS

Figure 3.3 Rearing frequency in a chamber across drug exposure days (Al) and vehicle exposure 

days (A2) during condition trials for male juvenile rats, injected (IP) with PBS (vehicle), PBS 

saccharin (2% sac), PPA (0.26M), PPA saccharin (0.26M with 2% sac) or LiCI saccharin (0.15M 

with 2% sac). Each bar represents mean data for each group across all drug (Al) or vehicle (A2) 

exposure days. Error bars represent + SEM. & p < .05 PPA less than PBS. ** p < .01, *** p<  .005,

PPA and PPA sac less than PBS sac. #, p < .05, PPA sac less than PBS sac & LiCI sac.
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A1 - Total Distance Travelled
I I PBS (n = 10) 
■ ■ !  PBS-Sac (n = 10)

Figure 3.4 Total distance (cm) travelled in each context, between groups (Al) and within group 

(A2), during the place avoidance drug free test day. Each bar represents group mean of data for 

the 30 minutes in the two-chambered monitor. Error bars represent + SEM. No between groups

or within group differences.
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I I PBS (n *  10)
PBS-Sac (n = 10)

A1 - Frequency of Rearing

Figure 3.5 Frequency of rearing in each context, between groups (Al) and within group (A2), 

during the place avoidance drug free test day. Each bar represents group mean of data for the 

30 minutes in the two-chambered monitor. Error bars represent + SEM. No between groups or

within group differences.
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An overall effect of PPA exposure was found for frequency of rearing, F (1, 25) = 

5.140, p < .05, however, post-hoc analysis revealed no group differences (Fig. 3.4 al). 

Furthermore, none of the treatment groups exhibited significantly greater rearing 

frequency in one context compared to the other (drug-paired or vehicle-paired) (Fig. 3.5 

A2).

There was no overall effect of treatment on frequency of stereotypy (Fig. 3.6 

A l). However, when comparing this variable within groups and between contexts, a 

paired samples t-test revealed LiCI saccharin animals displayed significantly less 

stereotypic movements in the drug-paired chamber compared with the vehicle-paired 

chamber, t(7) = -4.833, p < .005 (Fig. 3.6 A2).

There was no overall effect of treatment on duration of time spent in each of the 

two contexts, drug or vehicle-paired (Fig. 3.7 Al). However, a paired samples t-test did 

show that LiCI saccharin animals spent significantly more time in the vehicle-paired 

chamber compared to the drug-paired chamber, t(7) = -.4630, p < .005. This effect was 

not found in the PPA groups (Fig. 3.7 A2).

There was an overall effect of treatment on the percentage of time spent 

rearing, F (1, 25) = 5.312, p < .05. Post-hoc analyses revealed that in the drug-paired 

chamber both the PPA and LiCI saccharin group spent a significantly greater percentage 

of time rearing compared to the PBS group (p < .01; Fig. 3.8 A l & A2). A paired samples 

t-test showed that the LiCI saccharin group spent a significantly greater percentage of
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Figure 3.6 Frequency of stereotypy in each context, between groups (Al) and within group (A2), 

during the place avoidance drug free test day. Each bar represents group mean of data for the 

30 minutes in the two-chambered monitor. Error bars represent + SEM. No between group 

differences. * p < .05, LiCI-Sac less movements in drug-paired context than vehicle paired

context.
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Figure 3.7 Duration of time in each context, between groups (Al) and within group (A2), during 

the place avoidance drug free test day. Each bar represents group mean of data for the 30 

minutes in the two-chambered monitor. Error bars represent + SEM. No between group

differences. * p  < .05, LiCI-Sac less time in drug-paired context than vehicle paired context.
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Figure 3.8 Percentage of time rearing, between groups (Al) and within group (A2), during the 

place avoidance drug free test day. Each bar represents group mean of data for the 30 minutes 

in the two-chambered monitor. Error bars represent + SEM. * p <  .05, PPA and LiCI saccharin 

more time rearing in the drug-paired context compared to all other groups. A p < .05, LiCI-Sac

more time rearing in drug-paired context than vehicle paired context.
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time rearing in the drug-paired chamber compared to the vehicle-paired chamber, t (7) 

=4.344, p < .005. This comparison did not reach significance for the PPA group (p=.085; 

Fig. 3.8 A2).

For horizontal movement there was no overall effect of treatment (Fig. 3.9 Al). 

However, when comparing within groups, a paired samples t-test revealed that LiCI 

saccharin animals spent a significantly greater percentage of time in horizontal 

movement in the drug-paired chamber compared with the vehicle-paired chamber, t(7) 

= 5.101, p < .005 (Fig. 3.9 A2).

3.3.3 Fluid Intake -  Taste Avoidance 24 hour Taste Test

There were no significant group differences in the saccharin ratio at any of the 

time points before 24 hours (0.5,1, 2, and 4 hours).

Univariate analysis of variance revealed the LiCI saccharin group had a 

significantly smaller saccharin ratio compared to all other groups at 24 hours, F (4, 43) = 

4.702, p < .005 (Fig. 3.10).

3.4 Discussion

This study used a place and taste conditioning paradigm to investigate the 

presence of aversive internal cues induced by IP injections of PPA in adolescent male 

rats. A drug-free test day revealed that only the LiCI saccharin group demonstrated a 

conditioned place avoidance to the drug-paired side. However, in the drug-paired 

chamber the PPA group (but not the PPA saccharin group) exhibited more escape 

behaviour than controls, in the form of increased rearing. A conditioned taste

avoidance to saccharin water was established for the LiCI saccharin group, but not the
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Figure 3.9 Percentage of time in horizontal movement in each context, between groups (Al) and 

within group (A2), during the place avoidance drug free test day. Each bar represents group 

mean of data for the 30 minutes in the two-chambered monitor. Error bars represent + SEM.

No between group differences. * p < .05, LiCI saccharin spent more time moving in drug-paired

context than vehicle-paired context.
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A - Saccharin Ratio

Figure 3.10 Saccharin ratio (amount of saccharin consumed/total consumption) during the taste 

avoidance 24 hour two-bottle taste test. Error bars represent + SEM. * p < .05, LiCI less than all

other groups.
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PPA saccharin group. This was expected considering the PPA saccharin group did not 

show increased escape behaviour in the drug-paired chamber like the PPA group. 

During conditioning days, PPA groups exhibited hypoactivity, while the activity level of 

LiCI saccharin animals was the same as controls.

3.4.1 Conditioning Days

On conditioning days, variables were assessed on drug exposure trials and 

vehicle exposure trials. On drug exposure days, there was a main effect of PPA 

treatment for total distance and frequency of rearing and stereotypy. When values 

were averaged across drug exposure days, a main effect of PPA treatment remained. 

Post-hoc analyses showed PPA and PPA saccharin treated animals to travel a smaller 

total distance, rear less, and exhibit fewer stereotypic movements. The only variable to 

exhibit a main effect of treatment on vehicle exposure days was frequency of rearing. 

However, post-hoc analyses revealed no group differences. The LiCI saccharin treated 

group closely resembled the PBS group on all variables. These findings seem to reflect 

hypoactivity in rats treated with PPA, and no behavioural abnormalities in those treated 

with LiCI saccharin.

Hypoactivity as a response to PPA treatment is consistent with results reported 

by Benzaquen, et al. (2010) and Shams (2009), both of which used IP injections of PPA. 

Benzaquen, et al. (2010) IP injected adolescent male and female rats with PPA twice 

daily for 14 days, with behavioural testing taking place on injection days 8-14. 

Hypoactivity was reported, as measured by decreased rearing and stereotypy, for both 

males and females. Shams (2009) IP injected PPA daily for 7 days, with behavioural
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testing taking place in two sets; on injection days 1-4 and 5-7, with a three day break in 

between the two. Hypoactivity was also a finding of this study, as measured by a 

decreased total distance, less time spent moving, and less rearing. Unlike the study by 

Benzaquen, et al. (2010), the current study looked at locomotor activity beginning on 

the first injection day. Consistent with findings by Shams (2009) hypoactivity was 

present from the first drug exposure day and throughout the entirety of the study. This 

helps to validate the finding that IP injections of PPA cause hypoactivity. However, it 

should be noted that most studies using ICV infusions of PPA have found hyperactivity 

as a response to PPA treatment (MacFabe, et al., 2007; MacFabe, et al., 2008). These 

studies used a schedule of twice daily ICV infusions for seven days. Shultz, et al. (2008), 

also used ICV infusions; however, animals only received a total of two infusions, one 

week apart, with testing occurring immediately after each infusion. Shultz, et al. (2008) 

found little to no difference in activity levels between PPA and control animals. Thus, 

the effects of PPA on locomotor activity seem to vary based on the amount of PPA 

exposure and not the mode of administration. Furthermore, since IP administration of 

PPA requires PPA to gain access to the brain by first passing through the blood-brain 

barrier, the amount of PPA reaching the brain following IP injection of PPA is most likely 

different from the amount following ICV infusion directly into the ventricles of the brain. 

According to Brusque, et al. (1999) the BBB is differentially permeable to PPA 

dependent on age, with the barrier becoming less permeable to PPA as age increases. 

This also suggests the varying effects of PPA on locomotor activity could be due to

differences in PPA exposure.
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LiCI administration is known to suppress locomotor activity in rats (Tenk, 

Kavaliers, & Ossenkopp, 2005; Parker, Hills, & Jensen, 1984; Meachum & Bernstein, 

1992). However, in the current study, LiCI saccharin rats demonstrated the same 

activity levels as control animals. Possible reasons for this will be discussed later in the 

discussion.

3.4.2 Place Avoidance Test Day

The primary findings on the test day were that the LiCI saccharin group spent a 

significantly greater amount of time in the vehicle-paired chamber compared to the 

drug-paired chamber. PPA treated animals showed a slight trend in this direction, while 

the PPA saccharin treated group did not demonstrate this trend at all. This suggests a 

place avoidance to the drug paired chamber for the LiCI saccharin treated animals. 

Furthermore, a main effect of PPA treatment was found for percentage of time spent 

rearing in each context, with LiCI saccharin and PPA treated animals spending a greater 

percentage of time rearing than control animals in the drug paired context. This effect 

was not seen in the vehicle paired context. Lastly, LiCI saccharin treated animals 

exhibited a smaller number of stereotypic movements, and a greater percentage of time 

moving, in the drug-paired chamber compared to the vehicle-paired chamber.

In the current study, a conditioned place avoidance was not found for animals 

conditioned with PPA or PPA saccharin, however one was established for those 

conditioned with LiCI saccharin. This is a novel finding as no published studies have 

looked at the effect of PPA administration on conditioning a place avoidance in

adolescent rats. The ability for LiCI to elicit a CPA is consistent with past literature and
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its widely accepted ability to induce aversive internal cues. Although most of this 

literature used injections of solely LiCI, one recent study by Rinaman, Saboury & Litvina 

(2009) used LiCI saccharin in a conditioned place avoidance paradigm. They found LiCI 

saccharin was able to elicit a CPA, and that there was no significant effect of 

intraperitoneal saccharin pairing on experimental outcomes (Rinaman, Saboury, & 

Litvina, 2009).

Although conditioning with PPA and PPA saccharin was not able to elicit a CPA, 

one notable finding of this study was that PPA animals, along with LiCI saccharin 

animals, spent a greater percentage of time rearing in the drug-paired context 

compared to controls. In the vehicle-paired chamber, however, there were no group 

differences. This is significant as a study by Tenk, Kavaliers, & Ossenkopp (2005) looking 

at dose-response effects of LiCI on locomotor activity and CPA found that dose had no 

differential effect on the amount of time spent in the drug-paired chamber. They did 

find, however, that on the drug-free test day, animals exhibited enhanced rearing in a 

dose-dependent manner (Tenk, Kavaliers, & Ossenkopp, 2005). Specifically, 32 mg/kg 

LiCI did not elicit increased rearing, while 95 mg/kg and 127 mg/kg did. This is 

consistent with work by Parker, et al. (1984) which found increased rearing during a test 

trial for animals conditioned with 254 mg/kg but not those conditioned wit 51 mg/kg 

and 13 mg/kg (Parker, Hills, &. Jensen, 1984). These studies suggest that this increased 

rearing behaviour can be interpreted as escape behaviour. In fact, other studies have 

suggested rearing is a measure of escape, not exploratory, behaviour (Exner & Clark,

1993). Furthermore, some studies have demonstrated that increased rearing is present
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with measures of active avoidance. For example, Roman High Avoidance (RHA/Verh) 

rats exhibit more rearing in response to stress than their Roman Low Avoidance 

(RLA/Verh) counterparts (Wiersma, Knollema, Konsman, Bohus, & Koolhass, 1997). So, 

although PPA animals did not spend significantly more time in the vehicle-paired 

context than the drug-paired context, the increased rearing that occurred only in the 

drug-paired context may signify escape behaviour due to the aversive effects of PPA. Of 

course, during this test day animals were free to explore both chambers within the 

monitor, and an animal only needed to walk through the opening in the centre partition 

to 'escape' the drug-paired context. However, as animals had spent twelve 30 minute 

conditioning sessions in this apparatus already, where there was no opening into the 

adjoining chamber, animals may not have been immediately aware of this fact and 

needed to learn of this new option.

Another notable finding from the test day is the fact that not only did the PPA 

saccharin group fail to show a trend towards a conditioned place avoidance like the PPA 

group, this group did not exhibit more rearing in the drug-paired chamber compared to 

controls. Although the data from the conditioning trials suggests PPA paired with 

saccharin still results in the same hypoactivity, as indicated by the similar decrease in 

total distance, rearing and stereotypy, the failure to elicit any kind of CPA or escape 

behaviour on the test day suggests that saccharin was able to somehow mitigate the 

effects of PPA. The possible mechanism behind this will be addressed later in the 

discussion. No other studies have looked at the effect of PPA saccharin administration 

on locomotor activity and the establishment of a conditioned place avoidance.
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3.4.3 Taste Aversion Test Day

In the 24 hour two-bottle taste test, the LiCI saccharin treated group had a 

significantly smaller saccharin ratio than all other groups. This indicates that this was 

the sole group to demonstrate a taste avoidance for 0.2% saccharin water. PPA 

saccharin treated animals did not show an avoidance to 0.2% saccharin water, and thus 

did not demonstrate a conditioned taste avoidance. This is a novel finding as no 

published studies have looked at the effect of PPA administration on conditioning a 

taste avoidance in adolescent rats.

The ability for LiCI saccharin to elicit a conditioned taste avoidance is consistent 

with recent work by Rinaman, Saboury, & Litvina (2009). Using IP injection LiCI plus 2% 

saccharin, as in the current study, they established a CTA for 0.2% saccharin solution in a 

two-bottle choice test.

3.4.4 Mechanisms

On a drug-free test day PPA produced an increase in the percentage of time 

rearing, a putative index of escape behaviour, only when in the PPA-paired chamber. 

This suggests that PPA may be inducing some aversive internal cues. The exact nature 

of this aversive effect is unknown, but one possibility lies in PPA's ability to alter 

cytokine levels and the immune response. Inconsistent findings suggest PPA can both 

inhibit and cause inflammation dependent on a variety of factors such as; the 

concentration of PPA being used, where in the body PPA is being investigated (i.e. the 

gut, mouth, brain), and if other short-chain fatty acids are present. Kurita-Ochiai, et al. 

(1995) found PPA to significantly suppress T- and B-cell proliferation dose-dependently.
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As PPA concentration increased, so too did proliferation inhibition. Cavaglieri, et al. 

(2003) however, did not find PPA to inhibit lymphocyte proliferation. They reasoned, 

based on other literature, that they used a dose of PPA too small to elicit this inhibition. 

It is at high concentrations that PPA is able to inhibit the lymphocyte response (Kurita- 

Ochiai, Fukushima, & Ochiai, 1995; Cavaglieri, Nishiyama, Fernandes, Curi, Miles, & 

Calder, 2003; Wajner, Santos, Schlottfeldt, Rocha, & Wannmacher, 1999). Cavaglieri, et 

al. (2003) did find that the effect PPA had on cytokines varied depending on if it was 

investigated alone, or with one or two additional short-chain fatty acids (butyrate, 

acetate). It is therefore difficult to speculate what kind of effects IP injections of PPA 

have on the immune response. Nonetheless, the established finding that PPA can in 

someway alter the immune response and cytokine levels is important as pro­

inflammatory cytokines are known to elicit the sickness response. The sickness 

response is dictated by behaviours such as; fever, reduction in food and water intake, 

reduced social and sexual behaviours, and hypoactivity. Thus, based on the fact that 

PPA can alter cytokine levels, it can subsequently be speculated that this is the 

mechanism behind the decrease in activity seen after IP administration of PPA.

One interesting finding of this study was the fact that despite both PPA and PPA 

saccharin groups demonstrating hypoactivity during conditioning trials, during the drug- 

free test day only the PPA group showed increased escape behaviour in the drug-paired 

chamber. Literature shows that saccharin does not produce a CPP when administered 

on its own (Holman, 1975; Messier & White, 1984; White & Carr, 1984). Thus, PPA

saccharin animals should show the same magnitude of avoidance as the PPA animals.
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However, that was not the finding of the current study. Though literature does report 

that when saccharin is paired with glucose, it is able to elicit a CPP (Agmo & Marroquin, 

1997). This is due to the fact that when administered alone, the positive gustatory 

experience produced by saccharin does not outlast its consumatory experience (the 

instance in which saccharin activates the taste receptors), as saccharin does not elicit 

postabsorptive actions (Agmo & Marroquin, 1997). It is reasoned that the 

postabsorptive actions induced by glucose, thought to include the activation of 

dopamine systems involved in food reward and motivation, enhance the impact of 

saccharin, and thus result in acquiring a conditioned place preference (Touzani, Bodnar, 

& Sclafani, 2008). Thus, it could be speculated that if PPA is inducing any nutritional 

post-ingestive effects, pairing it with a saccharin taste could result in a positive cue. 

This, in turn, would make PPA saccharin administration less aversive, resulting in the 

failure to establish the same level of avoidance as found in the PPA group.

Another interesting finding of this study was that LiCI saccharin animals 

performed at the same level as controls in various measures of locomotor activity 

during conditioning trials. As mentioned, previous literature reports that LiCI induces 

hypoactivity at the dose used in this study. However, no study has examined the effect 

of LiCI on locomotor activity in adolescent rats. It is possible that the effect LiCI had on 

locomotor activity in the current study is due to the fact that the animals were 

adolescents, and not adult rats. It is well known that adolescent rats are differentially 

susceptible to the aversive effects of psychostimulants. For example, adolescent male

rats are more likely to acquire self-administration of nicotine and acetaldehyde than
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adult male rats (Belluzzi, Wang, & Leslie, 2005). Also, conditioned taste aversion to 

amphetamine and nicotine is reduced in adolescent rats compared to adult rats (Infurna 

& Spear, 1979; Shram, Funk, Li, & Le, 2006). Furthermore, Schramm-Sapyta, et al (2007) 

found THC to be more aversive in adults than adolescents as measured by place and 

taste aversion tasks. It was also more anxiogenic, and had stronger locomotor 

decreasing effects in adults. One study did look at the difference in conditioned 

aversive properties for LiCI, a non-addictive substance, between adolescents and adults. 

Schramm-Sapyta, Morris & Kuhn (2006) reported that at the 19 mg/kg, but not 76 

mg/kg, adolescents exhibited less of a conditioned taste avoidance in a saccharin choice 

test than adults. Thus, it is reasonable that the lack of hypoactivity seen in the current 

study is because LiCI does not act in the same manner in adolescent animals compared 

to adult rats. Further study comparing varying doses of LiCI induced locomotor activity 

in both adolescent and adult animals would help to get at this question.

3.4.5 Summary

A subset of autistic patients present initially with decreased activity, hypotonia 

and lethargy. Zwaigenbaum, et al. (2005) investigated the behavioural manifestations 

of autism in the first year of life for infants considered to be high risk for developing 

autism (have an older sibling with an ASD). They compared these infants with low risk 

controls (children without a 1st or 2nd degree relative with ASD). They found high risk 

infants, who were later diagnosed with autism, presented with decreased activity level 

at 6 month of age. Additionally, research has highlighted certain genetic abnormalities 

in a subset of autistic patients who present with seizures and/or mitochondrial
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dysfunction. These children often present with hypotonia and periods of lethargy 

(Filipek, et al., 2003; Zecavati & Spence, 2009). Thus, PPA eliciting hypoactivity and 

initially inducing an aversive state can be considered consistent with what is seen in 

some human forms of ASD.

It is important to note the limitations of this study. The sample size was 

somewhat limited, with eight to ten animals per group. Also, only one dose of PPA was 

used. The LiCI saccharin group was initially used solely as a positive control, to 

demonstrate the ability to obtain a conditioned place and taste avoidance in the same 

animal using intravascular taste. However, considering the findings in terms of 

locomotor activity, a LiCI adolescent group, and/or a LiCI saccharin adult group, would 

be helpful in interpreting the results. This study succeeded in investigating if PPA 

induced aversive internal cues, a question resulting from Benzaquen, et al. (2010). It 

also revealed the effects of PPA on locomotor activity from the first day of injections, a 

secondary question resulting from that study.

In conclusion, this study provides information on the effects of IP injections on 

adolescent male rats in terms of locomotor activity, and aversive internal cues. Results 

provide evidence that such injections result in hypoactivity and a slight conditioned 

place avoidance, as indicated by increased time rearing in a drug-paired context. The 

findings of this study are consistent with some forms of ASD, and offer further support

that PPA administration in rats may be a way to model autism.
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4.1 Discussion

The present studies investigated the effects of systemic, or intraperitoneal, 

administration of PPA on locomotor activity, anxiety-related behaviour, and social 

interaction in adolescent male and female rats. They also examined the ability for this 

type of administration to induce aversive internal cues in a place and taste avoidance 

paradigm. Chapter 2 reported a significant decrease in locomotor activity, inconsistent 

with past work using central ICV infusions of PPA, which found hyperactivity. It also 

reported increased anxiety-related behaviour as indexed by increased thigmotaxis, as 

well as reduced social interaction in males, but not females, treated with PPA. Chapter 

3 examined whether the decrease in locomotor activity might have been due to an 

induction of aversive internal cues by PPA when administered systemically. Chapter 3 

reported that PPA conditioning did not induce a place avoidance of the PPA-paired 

chamber, though it did result in an increase of rearing in the PPA-paired chamber, a 

putative index of escape behaviour. The taste avoidance paradigm in this experiment 

used simultaneous intraperitoneal injection of PPA and saccharin in order for animals to 

experience the aversive effects of PPA and the taste of saccharin concurrently.

However, the place avoidance test day revealed that saccharin had somehow mitigated 

the effects of PPA during conditioning, and thus PPA saccharin animals did not 

demonstrate a place or taste avoidance. Yet it was established that it is possible to elicit 

a place and taste avoidance in the same animal using this method of intravascular taste, 

as in a drug-free state LiCI saccharin animals exhibited an avoidance of a LiCI-paired 

chamber, as well as an avoidance of saccharin water. Though interestingly, LiCI
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saccharin animals did not exhibit hypoactivity during conditioning days as is typically 

seen in animals under the influence of LiCI. In sum, these two studies established that 

systemic injections of PPA in adolescent rats elicit hypoactivity, anxiety, affect social 

interaction in a sex-specific manner, and induce aversive internal cues.

There are a number of limitations to consider with regard to these findings, 

which in turn help to highlight some future directions that may be taken in order to 

further validate this animal model. To begin with, both experiments had a reasonably 

small sample size of 8-10 for each group. For percentage of time in physical duration in 

chapter 2, the sample size was four for each group, due to the fact that this is a variable 

representing a pair of animals. Since this is quite an important variable with regard to 

social interaction, and the drug by sex interaction was very close to significance, it is 

imperative that this experiment be conducted with a larger sample size. This would 

allow a more definitive conclusion of whether or not PPA affects social behaviour in a 

sex-specific manner. Secondly, only one dose of PPA was used. It would be interesting, 

and necessary in terms of validating the model, to investigate the effects of PPA in 

varying doses, especially in terms of social behaviour, as abnormalities in social 

behaviour are a hallmark symptom of autism (Diagnostic and Statistical Manual of 

Mental Disorders, 2000). Furthermore, with respect to investigating social behaviour in 

chapter 2, more measures of social behaviour should be explored as that study focused 

largely on play behaviour which is traditionally considered to be more agonistic in 

nature. Lastly, although many mechanisms were proposed, none were validated, as this

is beyond the scope of this paper. However, one consistently suggested mechanism,
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although speculative at this point, is the possibility that PPA is altering cytokine levels or 

the immune response. If PPA is in fact having this effect, it would provide a more 

substantiated mechanism behind PPA inducing hypoactivity, anxiety, social 

abnormalities, and aversive internal cues. Thus, future studies should prioritize the 

investigation of cytokine levels in order to get at this question of if, and how, PPA is 

altering the immune response in these rodents.

In terms of implications for this animal model of autism, no published study in 

this rodent model has investigated the effect of systemic or intraperitoneal injection of 

PPA on rats. All published studies to date have used direct administration of PPA into 

the cerebral ventricles of the brain via intracerebroventricular infusion of PPA 

(MacFabe, et al., 2007; MacFabe, et al., 2008; Shultz S. R., et al., 2008; Shultz S. R., et al., 

2009; Thomas, Foley, Mepham, Tichenoff, Possmayer, & MacFabe, 2010). Together, the 

current studies looked at the effect of this systemic administration on locomotor activity 

during different stages of PPA exposure. In chapter 2, rats received twice daily 

injections of PPA for 14 days, with behavioural testing taking place on injection days 8­

14. Chapter 3, on the other hand, investigated locomotor activity from the first 

injection day, over a period of 12 days of injections, alternating between drug and 

vehicle. Thus, these studies helped to confirm that PPA injections can, in fact, elicit 

hypoactivity when injected intraperitoneally starting with the initial injection. This also 

helps to further validate this rodent model of autism, as initially those with ASD may 

present with hypoactivity or periods of lethargy. As discussed in chapter 2 and 3,

Zwaigenbaum, et al. (2005) investigated the behavioural manifestations of autism in the
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first year of life for infants considered high risk for developing ASD (have an older sibling 

with ASD) and for those considered low risk (do not have a 1st or 2nd degree relative with 

ASD). They found high risk infants, who were later diagnosed with autism, presented 

with decreased activity level at six months of age (Zwaigenbaum, Bryson, Rogers, 

Roberts, Brian, & Szatmari, 2005). Furthermore, the association of autism with 

metabolic or mitochondrial dysfunction was discussed in depth in chapter 1. In fact, 

some of these cases of dysfunction result in an increase of PPA and other short-chain 

fatty acids (Knerr, Gibson, Jakobs, & Pearl, 2008; Pearl, et al., 2003; Ching, et al., 2010; 

Filiano, Goldenthal, Flarker Rhodes, & Marin-Garcia, 2002). In these cases where 

children present with autism (or autistic features) and metabolic dysfunction, they often 

initially present with hypoactivity and lethargy (Filipek, et al., 2003; Zecavati & Spence, 

2009; Knerr, Gibson, Jakobs, & Pearl, 2008; Pearl, et al., 2003; Ching, et al., 2010; Filiano, 

Goldenthal, Harker Rhodes, & Marin-Garcia, 2002).

The finding that PPA can cause an increase in anxiety-related behaviour, 

specifically an increase in thigmotaxis, also helps to further validate this animal model. 

Skokauskas & Gallagher (2010) investigated the co-morbidity of autism and Asperger's 

syndrome with psychotic, anxiety and/or mood disorders. They found anxiety disorders 

to be the most common psychiatric co-morbidity in this population. Thus, this finding 

offers another point of face validity for this rodent model, as it is consistent with what is 

seen in the human manifestation of autism.

Lastly, these were the first studies to explore the effects of PPA on female rats.

The finding that PPA affects social behaviour in a sex-specific manner helps to further
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validate this animal model of autism as ASDs are four times more prevalent in males 

than females (Centers for Disease Control & Prevention, 2009). Also, as discussed in 

chapter 2, other animal models of autism, such as the valproic acid model, 

demonstrated that females exposed to valproic acid showed no evident behavioural 

alterations compared to controls, except for repetitive/stereotypic behaviour, where 

males performed abnormally on a variety of measures (Schneider, et al., 2008). As 

mentioned, more work needs to be done on the investigation of this sex difference in 

the effect of PPA on social behaviour, nonetheless this study has helped to further 

validate this model by offering another aspect of face validity.

Further development of this model may help aid in understanding the disparate 

aspects of autism spectrum disorders and will enable further understanding of the 

manifestation of this disorder. An animal model allows investigation of this disorder in a 

safe, effective and efficient way, and may one day provide a method in which

prevention and treatment options can be explored.
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