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Abstract 

Title of Dissertation: Effects of Acute Stress on Discriminative Fear Conditioning: A Key 

Role of Kynurenic Acid in the Medial Prefrontal Cortex 

Alex D. Klausing, Doctor of Philosophy, 2020 

Dissertation Directed by: Robert Schwarcz, Ph.D., Professor, Department of Psychiatry 

 

Stressful events can profoundly impact physiology and are implicated in multiple 

brain disorders. Likewise, the kynurenine pathway (KP) of tryptophan degradation is 

associated with neurological diseases. Both stress and the KP, in particular the metabolite 

kynurenic acid (KYNA), can affect behavior, specifically learning and memory. Moreover, 

stress has been shown to manipulate the KP, but an investigation into the link between 

stress, KYNA, and cognition has yet to happen. To this end, we utilized three acute 

stressors (predator odor exposure, restraint, and inescapable shocks) of differing degrees 

of severity to investigate stress-related effects on KYNA levels in the medial prefrontal 

cortex (mPFC) and cognitive behavior. We focused on fear discrimination because it 

requires the mPFC, is easily testable in rodents, and is a hallmark of many stress-related 

disorders, in particular post-traumatic stress disorder. Furthermore, the adrenal gland, 

critical for an organismôs stress response, has been shown to have effects on the KP and 

cognition. Therefore, we also examined how adrenalectomy (ADX) affects a stress-

induced change in KYNA and behavior.  

Inescapable shocks stress (ISS) was the most severe form of stress tested, defined 

by the highest increase in plasma corticosterone levels in naïve rats. ISS induced a 

significant, sustained elevation of extracellular KYNA in the mPFC and impairments in 



 

 

fear discrimination. A KYNA synthesis inhibitor administered before the initiation of ISS 

decreased the stress-induced KYNA increase and normalized the fear discrimination 

impairments, suggesting a causal linkage. Restraint and predator odor exposure did not 

affect KYNA levels or fear discrimination. However, in ADX rats, the threshold for the 

severity of stress required appears to be lower to elicit the effects described above. Restraint 

stress produced an increase in extracellular KYNA levels in the mPFC of ADX rats as well 

as impairments in fear discrimination, contrary to rats with intact adrenal glands. 

Additionally, a KYNA synthesis inhibitor attenuated these biochemical and behavioral 

effects. Together, these findings suggest a causal relationship between the stress-induced 

increase in KYNA and cognitive deficits. Therefore, targeting the KP by pharmacological 

or other means may alleviate some of the detrimental symptoms seen in stress-related 

psychiatric disorders. 
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Chapter 1: Introduction  

 

 

1.1 Rationale 

 

Since stress and cognition are broad and complex, one study cannot entirely 

investigate all of their intricacies. Acute stress has long been known to influence cognitive 

processes in both beneficial and disruptive manners (Shields et al. 2016). Multiple brain 

regions are involved in learning and memory, but the medial prefrontal cortex (mPFC) is 

critical for top-down processing of executive functions. Dysfunction in mPFC is implicated 

in many mental diseases, including post-traumatic stress disorder [PTSD] (Musazzi et al. 

2018; Jacob et al. 2019). Therefore, understanding the acute stress-induced mechanisms in 

the mPFC that lead to cognitive dysfunction and the development of stress-related 

disorders is vital for the discovery of novel therapeutics. 

Kynurenic acid (KYNA), a metabolite of the kynurenine pathway of tryptophan 

degradation, can bidirectionally influence cognitive behaviors (to be detailed in sections 

1.2 and 1.3). The kynurenine pathway is known to be modulated by stress, but very little 

is known about the effects of stress on KYNA in the brain (see section 1.4). Furthermore, 

no study, to date, has examined if KYNA plays a role in acute stress-induced cognitive 

dysfunction. Here, we will investigate in rodents the impact of acute stressors on KYNA 

in the mPFC and on fear discrimination, a mPFC-dependent behavior that is impaired in 

patients with PTSD.  
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1.2 The Kynurenine Pathway of Tryptophan Degradation 

 

KYNA is a metabolite of the kynurenine pathway, deriving from the degradation 

of the essential amino acid tryptophan (TRP). A variety of biological processes involve 

TRP, including biosynthesis of proteins, neurotransmitter synthesis (i.e. serotonin), 

hormone synthesis (i.e. melatonin), as well as microbiota function. However, in mammals, 

>90% of TRP not used for protein synthesis is metabolized down the lesser known 

kynurenine pathway [Figure 1.1] (Peters 1991). As detailed below, this pathway contains 

several metabolites with neuroactive properties. Additionally, various biological processes, 

particularly acute stress and glucocorticoids, the main focus of this dissertation, influence 

the regulation of this pathway (see section 1.4). Due to this nature, the kynurenine pathway 

is implicated in many human brain disorders but has not been adequately investigated in 

PTSD. 

 

1.2.1 Tryptophan 

TRP is one of the nine essential amino acids in humans with an estimated dietary 

requirement of 4-5 mg/kg/day (Institute of Medicine 2005). Thus, availability within the 

body is dependent on how much TRP is consumed in the diet since humans cannot 

synthesize TRP. Besides the amount of TRP in the diet, the transport of TRP into the brain 

is contingent on the peripheral metabolism of TRP, the expression of the large neutral 

amino acid transporter 1 (LAT1), the concentration of other large neutral amino acids 

(LNAA) that compete at the LAT1, and the percentage of plasma TRP bound to serum 

albumin (Höglund et al. 2019). A majority of neuroscience studies primarily note TRP as 
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the precursor of serotonin (5-HT) and melatonin, though only ~1% of dietary TRP is 

metabolized down this route (Stone 1993). The breakdown of TRP through that route 

(Figure 1.1) starts with the rate-limiting enzyme tryptophan hydroxylase (Höglund et al. 

2019). However, this portion of the pathway will not be the focus of the research described 

here [see (Okaty et al. 2019; Tan et al. 2020) for reviews]  Conversely, the overwhelming 

majority of TRP is metabolized into kynurenine by two enzymes, tryptophan-2,3-

dioxygenase (TDO) and indoleamine 2,3-dioxygenase [IDO1 and IDO2] (Schwarcz et al. 

2012). 
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Figure 1.1 ï The tryptophan degradation pathway. 

TPH, tryptophan hydroxylase; AAAD, aromatic L-amino acid decarboxylase; TDO, 

tryptophan 2,3-dioxygenase; IDO, indoleamine 2,3-dioxygenase; MAO, monoamine 

oxidase; KAT, kynurenine aminotransferase; KMO, kynurenine 3-monooxygenase;   

3-HAO, 3-hydroxyanthranilic acid 3,4-dioxygenase; ACMSD, 2-amino-3-

carboxymuconic-6-semialdehyde decarboxylase; QPRT, quinolinate 

phosphoribosyltransferase 
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1.2.2 Kynurenine 

Under normal physiological conditions, TDO is the primary enzyme responsible 

for kynurenine synthesis (Peters 1991; Kiank et al. 2010). TDO is located almost 

exclusively in the liver, though TDO expression and activity have been found in other 

tissues, including the brain (Larkin et al. 2016). The other means of kynurenine synthesis 

is through IDO1 and IDO2, which are found in extrahepatic tissues, most notably in tissues 

with immune-related functions [i.e. spleen, blood, thymus] (González Esquivel et al. 2017). 

Like TRP, kynurenine is transported across the blood-brain barrier (BBB) through the 

LAT1 and competes with other peripheral LNAA  for entry into the brain (Sekine et al. 

2015). Although the brain has detectable expression levels of TDO and IDO, the activity 

of both enzymes is currently below the limit of detection under normal physiological 

conditions. Consequently, peripheral kynurenine makes up about 60% of brain kynurenine, 

and levels of its metabolites, ñkynurenines,ò are much lower in the brain compared to 

peripheral tissues (Gál and Sherman 1980). 

Kynurenine can be metabolized further to neuroactive molecules via one of two 

branches, sometimes simplistically named the ñneuroprotectiveò and ñneurotoxicò arms 

(Savitz 2020). Kynurenine is directly metabolized to the ñneuroprotectiveò branch into the 

terminal molecule KYNA through kynurenine aminotransferases [KATs] (Han et al. 

2010). For the ñneurotoxicò arm, kynurenine is metabolized to two different molecules, 3-

hydroxykynurenine (3-HK) or anthranilic acid. Further metabolism for both of these 

molecules eventually leads to the formation of quinolinic acid [QUIN] (Schwarcz et al. 

2012). The enzyme responsible for 3-HK synthesis is kynurenine 3-monooxygenase 

(KMO), while the enzyme kynureninase produces anthranilic acid. 
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In addition to its metabolites, kynurenine is biologically active itself via activation 

of the aryl hydrocarbon receptor [AHR] (Mezrich et al. 2010). AHR is involved in multiple 

physiological functions, including xenobiotic defense, development, immune system, and 

reproduction (Bock 2019). Although the establishment of kynurenine as a ligand for AHR 

is a rather recent finding and its actions are still mainly unresolved, at least two noteworthy 

effects have been discovered. The first being that kynurenine promotes the differentiation 

of T cells towards FoxP3+ regulatory T cells versus Th17 cells through activation of the 

AHR (Mezrich et al. 2010). Secondly, activation of the AHR induces IDO expression in 

dendritic cells (Vogel et al. 2008; Nguyen et al. 2010). A positive feedback loop has been 

postulated such that kynurenine can activate AHR, AHR can stimulate IDO, and more IDO 

can lead to increased synthesis of kynurenine thus restarting the loop. (Nold et al. 2019). 

 

1.2.3 Kynurenic Acid 

Currently, four mammalian versions of KAT, termed KAT I-IV, have been reported 

(Han et al. 2010). Of those four, KAT II is thought to be the primary enzyme for KYNA 

synthesis in both the rat and human brain, but not necessarily in the mouse brain. (Yu et al. 

2004; Guidetti et al. 2007a). KYNA levels in the brain increase with age and are also 

species-dependent (Moroni et al. 1988a; Gramsbergen et al. 1992). Notably, KYNA 

concentrations in the human brain are considerably higher than in other species (Moroni et 

al. 1988a; Turski et al. 1988). Since KYNA , unlike TRP and kynurenine, cannot readily 

cross the BBB (Fukui et al. 1991), brain KYNA must be produced locally. KYNA synthesis 

in the brain occurs nearly exclusively in astrocytes (Guillemin et al. 2000; Guillemin et al. 

2001; Guidetti et al. 2007b). Another difference between KYNA and most other pathway 
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metabolites is that it is not degraded enzymatically (Schwarcz et al. 2012), though it can 

be taken up through organic anion transporters (Uwai et al. 2012) and can exit the brain 

through a probenecid-sensitive carrier (Moroni et al. 1988b; Miller et al. 1992). Therefore, 

KYNA levels in the brain can increase by either heightened synthesis or reduced clearance. 

KYNA is considered to be neuroprotective for several reasons, which include its 

antioxidant properties (Hardeland et al. 2000; Lugo-Huitrón et al. 2011) and its ability to 

inhibit all ionotropic glutamate receptors (NMDARs, AMPARs, and kainate receptors) at 

high micromolar (i.e. non-physiological) concentrations (Perkins and Stone 1982). 

However, the physiological effects of KYNA in the brain are more likely due to its ability 

to antagonize the function of the alpha-7 nicotinic acetylcholine receptor (Ŭ7nAChR) and 

to inhibit the glycine site on the NMDAR at high nanomolar to lower micromolar 

concentrations [i.e. near the endogenous levels of KYNA in the brain] (Kessler et al. 1989; 

Hilmas et al. 2001). Notably, KYNA also has activity on GPR35 and AHR, though 

KYNAôs effect on these receptors is less well characterized and more likely involved in 

the periphery (Wang et al. 2006; DiNatale et al. 2010; Moroni et al. 2012). 

Fluctuations of brain KYNA levels, induced experimentally by either 

pharmacological or genetic means, have an inverse effect on multiple neurotransmitters 

(summarized in table 1.1) in several brain regions (Pocivavsek et al. 2016). The most 

widely studied of these effects is KYNAôs influence on glutamate. When KYNA levels are 

increased either by local perfusion of nanomolar concentrations of KYNA itself or by 

indirect means (i.e. administration of kynurenine or KMO inhibitors), extracellular 

glutamate levels decrease, as explicitly demonstrated in the mPFC, the dorsal 

hippocampus, and the striatum (Carpenedo et al. 2001; Moroni et al. 2005; Rassoulpour et 
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al. 2005; Konradsson-Geuken et al. 2010; Pocivavsek et al. 2011; Beggiato et al. 2013; 

Bortz et al. 2017; Secci et al. 2019).  Additionally, in the offspring of mothers prenatally 

treated with kynurenine, KYNA levels are increased, and extracellular glutamate levels are 

reduced in the adult brain (Pocivavsek et al. 2012; Pocivavsek et al. 2019). Conversely, 

when KAT II synthesis inhibitors reduce KYNA levels, a rise in levels of extracellular 

glutamate is seen (Konradsson-Geuken et al. 2010; Wu et al. 2010; Pocivavsek et al. 2011; 

Beggiato et al. 2013; Wu et al. 2014; Bortz et al. 2017; Pocivavsek et al. 2019). Moreover, 

in the brain of KAT II knockout (KO) mice, basal KYNA levels are decreased, while 

glutamate levels are elevated (Potter et al. 2010). Although not reported as extensively, a 

similar inverse relationship for KYNA has been found with the neurotransmitters dopamine 

and GABA in the mPFC and striatum (Rassoulpour et al. 2005; Wu et al. 2007; Amori et 

al. 2009; Beggiato et al. 2013; Beggiato et al. 2014; Wu et al. 2014; Pocivavsek et al. 

2016). Additionally, one study reported increased extracellular acetylcholine in the mPFC 

due to a decrease in KYNA levels caused by a KAT II inhibitor (Zmarowski et al. 2009). 

The behavioral ramifications of KYNAôs ability to modulate neurotransmitter levels and 

KYNAôs activity on the receptors described above will be discussed in section 1.3.  
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Table 1.1 ï Effect of changes in KYNA on extracellular neurotransmitters in 

various brain regions. 

 

 

 

 

Figure 1.2 ï Timeline schematic of fear discrimination. 
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1.2.4 3-Hydroxykynurenine 

The favored route for kynurenine degradation and one of the initiation points of the 

neurotoxic branch is through the production of 3-HK by KMO (Savitz 2020). In the brain, 

this synthesis is thought to occur nearly exclusively in microglia (Alberati-Giani et al. 

1996; Guillemin et al. 2001; Guillemin et al. 2007). Akin to kynurenine and TRP, 3-HK 

can cross the BBB (Fukui et al. 1991). Thus, both peripheral and local synthesis can 

increase levels in the brain. However, unlike kynurenine and KYNA, no studies have 

linked 3-HK to any direct effect on neuronal activity so far (Schwarcz et al. 2012). Still, 3-

HK may indirectly alter brain function either through further metabolism to QUIN or by 

auto-oxidizing under physiological conditions, thus promoting a pro-oxidant environment 

(Goldstein et al. 2000). 

 

1.2.5 Quinolinic Acid 

QUIN is a downstream metabolite of both 3-HK and anthranilic acid, which are 

degraded into 3-hydroxyanthranilic acid (3-HANA) by kynureninase or hydroxylation, 

respectively. QUIN is then synthesized from 3-HANA by the enzyme 3-hydroxyanthranilic 

acid 3,4-dioxygenase (3-HAO). In the brain, all of these enzymatic processes are thought 

to occur primarily in microglia or infiltrating macrophages (Alberati-Giani et al. 1996; 

Heyes et al. 1996; Guillemin et al. 2001). QUIN can be further degraded by quinolinate 

phosphoribosyltransferase (QPRT) to nicotinic acid mononucleotide, and eventually 

further metabolized to nicotinamide adenine dinucleotide (NAD+). Though QUIN can be 

degraded into NAD+, the primary source of NAD+ is from a typical diet where it occurs 

as niacin [vitamin B3] (Rodriguez Cetina Biefer et al. 2017). However, QPRT KO mice do 
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have some growth abnormalities if fed a niacin-deficient diet indicating that QPRT is, in 

fact, critical for the de novo production of NAD+ (Terakata et al. 2012).  

Comparing brain KYNA to QUIN, similarities and differences are observed. Like 

KYNA, QUIN cannot cross the BBB due to its polar nature (Fukui et al. 1991). Therefore, 

all brain QUIN must be synthesized locally. QUIN also has an affinity for NMDAR 

receptors, just as KYNA does, but unlike KYNA, QUIN is an agonist at this receptor (Stone 

and Perkins 1981). This NMDAR agonism gives rise to the ñneurotoxicò label for this 

branch since too much activation of NMDARs leads to excitotoxicity. Additionally, QUIN 

has pro-oxidant properties, which may also contribute to its neurotoxic effects (Rios and 

Santamaria 1991).  

 

1.2.6 Other Kynurenines 

As seen in figure 1.1, other kynurenines exist as well. However, unlike the 

kynurenines described above, these metabolites have been far less studied, and most have 

no known direct effect on neuronal activity (Stone 1993; Schwarcz et al. 2012). Briefly, 3-

HANA can easily auto-oxidize and produce reactive oxygen species, while xanthurenic 

acid has antioxidant properties (Christen et al. 1990; Goldstein et al. 2000). Additionally, 

xanthurenic acid and cinnabarinic acid have been reported to interact with metabotropic 

glutamate (mGlu) receptors (Fazio et al. 2017). Specifically, xanthurenic acid activates 

mGlu2 and mGlu3 receptors, whereas cinnabarinic acid is an agonist at mGlu4 receptors. 

There is not much known about the biological role of picolinic acid, but it is speculated to 

be neuroprotective (Heilman et al. 2019). In summary, it is becoming increasingly clear 
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that the kynurenine pathway plays a role in brain physiology, implying that dysfunction of 

this pathway may be causally related to many brain diseases (Savitz 2020). 

 

1.3 Kynurenic Acidôs Influence on Learning and Memory 

 

The idea that endogenous KYNA may influence cognition came from the discovery 

of KYNAôs antagonism of NMDARs and Ŭ7nAChRs (Perkins and Stone 1982; Pittaluga 

et al. 1995; Hilmas et al. 2001). These two receptors are widely expressed throughout the 

brain and play critical roles in learning and memory (Ma and Qian 2019; Collingridge et 

al. 2013). KYNAôs ability to modulate multiple neurotransmitters (Table 1.1) provides 

additional support for the hypothesis that KYNA may affect cognition. 

To test this concept, several investigators manipulated KYNA levels in the brain of 

animals and then tested the performance of those animals in various cognitive tasks. 

Briefly, stimulation of brain KYNA levels in rats by peripheral administration of 

kynurenine impairs cognitive flexibility (Alexander et al. 2012),  spatial learning and 

memory (Pocivavsek et al. 2011), contextual fear memory (Chess et al. 2009; Pocivavsek 

et al. 2017), and spatial working memory (Chess et al. 2007). Furthermore, chronic 

prenatal treatment with kynurenine leads to similar cognitive deficits in adulthood. 

Interestingly, KYNA levels remain elevated in adulthood even though animals no longer 

receive kynurenine after birth (Pocivavsek et al. 2012; Alexander et al. 2013; Pocivavsek 

et al. 2014; Pershing et al. 2015; Pershing et al. 2016; Hahn et al. 2018; Pocivavsek et al. 

2019). Likewise, chronic administration of kynurenine during adolescence also produces 

cognitive deficits in adulthood (Akagbosu et al. 2012), although these impairments may 
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not be as pervasive (Pocivavsek et al. 2014). Interestingly, profound learning deficits due 

to elevations in KYNA levels have also been reported in Caenorhabditis elegans (Vohra 

et al. 2017; Vohra et al. 2018). 

 Conversely, when KYNA levels are reduced either by genetic or pharmacological 

means, learning and memory are improved. In KAT II KO mice, KYNA levels are reduced 

in the brain for the first month of life (Yu et al. 2004), and these mutant mice show 

enhanced contextual and spatial memory (Potter et al. 2010). Reduction of KYNA 

synthesis either by peripheral or intracerebroventricular administration of a KAT II 

inhibitor, too, improves cognitive function (Pocivavsek et al. 2011; Kozak et al. 2014; Wu 

et al. 2014; Pocivavsek et al. 2019). Markedly, this connection between decreased KYNA  

levels and enhanced cognition is observed not only in rodents but also in both non-human 

primates (Kozak et al. 2014) and Caenorhabditis elegans (Vohra et al. 2017; Vohra et al. 

2018). Additionally, acute administration of galantamine normalizes the cognitive 

impairments that are associated with elevated brain KYNA levels by stimulating 

Ŭ7nAChRs, one of KYNAôs targets (Alexander et al. 2012; Alexander et al. 2013). This 

suggests that KYNA influences learning and memory by bidirectionally modulating the 

function of Ŭ7nAChRs. 

 

1.4  Effect of Acute Stress Response Systems on the Kynurenine Pathway 

 

Stress is an organismôs response to harmful stimuli, is highly conserved 

evolutionarily, and is critical for survival in the wild. The concept of stress has origins in 

the 1800s, but Walter B. Cannon and Hans Selye in the 1930s were the pioneers for our 
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current understanding of stress (Rom and Reznick 2016). Since then, the mechanisms 

involved in the pathophysiology of stress have been elaborated to a significant extent. The 

two best characterized systems involved in an acute stress response are the hypothalamic-

pituitary-adrenal (HPA) axis and the autonomic nervous system (ANS), which are both 

critically dependent on the function of the adrenal gland (Ulrich-Lai and Herman 2009). 

The brain regulates the activation of both these systems, and, conversely, the two systems 

affect the brain. Normally, stress can be beneficial and can enhance learning and memory 

due to the activation of the HPA axis and the ANS. However, prolonged or severe stress 

can have detrimental effects, including impairments of cognition (McEwen et al. 2015; 

Sapolsky 2015; Musazzi et al. 2017). 

 

1.4.1 Hypothalamic-Pituitary-Adrenal Axis 

The HPA axis involves the structures that define its name, specifically the 

paraventricular nucleus of the hypothalamus, the anterior pituitary gland, and the adrenal 

gland. Acute stress stimulates a specific group of neurons in the paraventricular nucleus 

that releases corticotropin-releasing hormone (CRH), which is transported to the pituitary 

gland (Oyola and Handa 2017). The hormone then binds to the CRH receptor type 1, 

initiating synthesis and secretion of adrenocorticotropic hormone (ACTH) into the 

circulation (Bale and Vale 2004). ACTH reaches the adrenal gland and activates the 

melanocortin receptor 2 in the zona fasciculata of the adrenal cortex, initiating synthesis of 

glucocorticoids in the form of corticosterone (CORT) in rodents and cortisol in humans 

(Oyola and Handa 2017). CORT or cortisol then enters the circulation and can induce 

effects throughout the body, including the brain.  
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CORT activates two receptors types, the mineralocorticoid receptor (MR) and the 

glucocorticoid receptor (GR). Both are present throughout the brain but are most highly 

expressed in the hippocampus (Osborne et al. 2015). CORT has a greater affinity to the 

MR (Kd ~ 0.2 nM) than the GR (Kd ~ 3 nM). Therefore, under normal physiological 

conditions, MRs are almost always occupied by CORT (Joëls and de Kloet 1994). Acute 

stress and circadian rhythm can raise CORT levels, thus increasing the occupancy of GRs. 

Canonically, when CORT binds to MRs and GRs, these receptors translocate to the 

nucleus, bind glucocorticoid response elements, and then stimulate gene transcription 

(Joëls and de Kloet 1994).  

Activation of the GR by CORT provides negative feedback that diminishes the 

activity of the HPA axis. Initiation of the HPA axis and entry of CORT into the brain by a 

stressful event occurs within minutes, but termination of this process is multifaceted. Thus, 

CORT levels take a few hours to return to basal conditions (Osborne et al. 2015). However, 

CORT can also produce fast-acting effects that are likely non-genomic (Joëls et al. 2013). 

These rapid effects of CORT can stimulate glutamate release in the hippocampus and the 

mPFC (Moghaddam et al. 1994; Venero and Borrell 1999), which in turn increases 

extracellular dopamine in the mPFC and the nucleus accumbens (Jedema and Moghaddam 

1994; Butts and Phillips 2013; Moghaddam 2002). Notably, neurotransmission of 

glutamate and dopamine is critical for learning, but overactivation of these 

neurotransmitters can produce harmful outcomes (Osborne et al. 2015). 

CORT and the HPA axis are also involved in the immune system, with 

glucocorticoids possessing well-established anti-inflammatory and immunosuppressing 

properties. Acute stress stimulates the production of many inflammatory markers, but this 
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elevation is, in turn, dampened by the stress-induced increase of CORT (Nguyen et al. 

1998; Uchoa et al. 2014). However, challenging dogma, glucocorticoids have also been 

reported to exacerbate inflammation (Sorrells et al. 2009). The effect of glucocorticoids on 

inflammation is dependent on the timing, dose, and duration of the exposure. Taken 

together, modest provocation of the HPA axis can lead to enhanced learning due to the 

release of excitatory neurotransmitters. In contrast, acute or prolonged overactivation of 

the HPA results in detrimental outcomes, including neurotoxicity, increased inflammation, 

and impaired learning and memory. 

 

1.4.2 Autonomic Nervous System 

Two competing subsystems, the sympathetic and parasympathetic nervous systems, 

make up the ANS. Briefly, the sympathetic nervous system is stimulatory, rapidly activated 

in response to acute stress, and characterized as the ñfight-or-flight responseò while the 

inhibitory parasympathetic nervous system, on the other hand, slowly dampens the 

sympathetic nervous system (Ulrich-Lai and Herman 2009; McKlveen et al. 2015). The 

ANS is located almost exclusively outside the brain but sends and receives inputs to and 

from multiple brain regions, indicating a reciprocal regulatory role (Ulrich-Lai and Herman 

2009). For example, areas in the brainstem detect disturbances in homeostatic factors, such 

as respiration, blood flow, and pain, stimulating projections to the intermediolateral cell 

column of the spinal cord, and activating the ANS. The ANS may have initiated these shifts 

in homeostasis, though.  

Both sympathetic and parasympathetic preganglionic neurons are found in the 

intermediolateral column of the spinal cord and send afferent fibers that release 
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acetylcholine onto postganglionic neurons (Wehrwein et al. 2016). Then, sympathetic 

postganglionic neurons project quite a distance to release norepinephrine onto their target 

organs, while parasympathetic postganglionic neurons are located near to their target 

organs and release acetylcholine. The adrenal glands are an exception to this anatomical 

organization. Thus, sympathetic preganglionic axons terminate directly onto chromaffin 

cells in the medullary portion of the adrenal gland. These chromaffin cells then release 

norepinephrine and epinephrine into the bloodstream, leading, for example, to increased 

cardiac output and energy mobilization (McKlveen et al. 2015). However, though the 

adrenal glands are a major source of catecholamines, brain catecholamines, but not CORT, 

are produced predominantly locally (Leret and Fraile 1985; Dunn 1988; Pacák et al. 1993).  

 

1.4.3 Adrenalectomy 

As described above, the adrenal gland is critically involved in an organismôs stress 

response by releasing CORT, epinephrine, and norepinephrine. Since understanding how 

acute stress affects certain biological processes is the focus of this project, and since many 

psychiatric disorders are associated with a dysfunctional HPA axis and ANS, we will 

investigate how mimicking a compromised stress response system by adrenalectomy 

(ADX) affects the stress-induced outcomes tested here.  

ADX has profound consequences on the organism. As this project focuses on events 

in the brain, only notable effects of ADX on the brain will be discussed here. The 

hippocampus is the brain region that is most profoundly affected by ADX, probably 

because it is densely packed with GRs and MRs, but it is not the only region altered 

(McEwen et al. 1968). ADX results in the degeneration of neurons in the hippocampus and 
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reduced dendritic branching in surviving neurons in at least the hippocampus and mPFC 

(Wossink et al. 2001; Cerqueira et al. 2007; Hamadi et al. 2016). This effect is likely 

related to increased gliosis of astrocytes and microglia (OôCallaghan et al. 1991; Sugama 

et al. 2013; Hamadi et al. 2016) and, possibly, due to a lack of signaling on the MRs and 

GRs whose expression increases after ADX (Kalman and Spencer 2002). Probably due to 

damaged neurons, glutamate and dopamine neurotransmission in the PFC and dorsal 

hippocampus is impaired in response to stress (Moghaddam et al. 1994; Mizoguchi 2004; 

Yukio et al. 2009). Notably, reinstatement of CORT normalizes all of these ADX-induced 

effects (Gould et al. 1990; OôCallaghan et al. 1991; Moghaddam et al. 1994; Kalman and 

Spencer 2002; Mizoguchi 2004). Of particular interest to the present project, ADX 

increases TRP levels in the brain, thus potentially enhancing kynurenine pathway 

metabolism (Miller et al. 1980). This effect may be rather modest, however (Dunn 1988). 

Not surprisingly, ADX causes some cognitive dysfunctions. ADX animals display 

impairments in hippocampal-dependent tests that require spatial and contextual learning 

and memory, including performance in the Morris water maze (Oitzl and de Kloet 1992; 

Adem et al. 1995; Islam et al. 1995), passive avoidance (Borrell et al. 1983), Y-maze 

(Conrad et al. 1997), and contextual fear conditioning, but notably not cued fear 

conditioning (Pugh et al. 1997). Most of these deficits are alleviated by the reinstatement 

of the lost CORT or by restoring signaling through MRs and GRs, though recovery of these 

impairments appears to be dependent on the dosage and timing of the remedy and the time 

that has elapsed since the ADX (Oitzl and de Kloet 1992; Conrad et al. 1997; Pugh et al. 

1997). Notably, however, CORT does not alleviate the deficits in passive avoidance 

(Borrell et al. 1983), indicating the involvement of other mechanisms, such as adrenal 
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catecholamines (Borrell et al. 1984). Additionally, ADX animals receiving CORT 

replacement do not display impairments in novel object and novel place recognition but 

demonstrate deficits in the object/context mismatch task (Spanswick and Sutherland 2010), 

which is critically dependent on the mPFC (Spanswick and Dyck 2012). 

 

1.4.4 Effect of Acute Stress and Glucocorticoids on the Kynurenine Pathway 

The kynurenine pathway can be influenced by acute stress, mainly through CORT 

and inflammation (Barone 2019). TDO activity in the liver is induced by CORT 

(Sitaramam and Ramasarma 1975), mirroring the circadian rhythm of basal CORT levels, 

albeit in a slightly delayed timeframe (Rapoport et al. 1966). Interestingly, ADX 

completely abolishes the circadian rhythmicity of hepatic TDO activity (Rapoport et al. 

1966). Conversely, proinflammatory cytokines stimulate IDO (Byrne et al. 1986; 

OôConnor et al. 2009; Brooks et al. 2016). Therefore, though acute stress does not affect 

hepatic TDO activity in ADX animals (Curzon and Green 1969), kynurenine production in 

the brain may be enhanced by the stimulation of IDO activity in response to stress-induced 

inflammation. Similarly, proinflammatory cytokines stimulate KMO (Alberati-Giani et al. 

1996). These findings suggest that acute stress increases TRP metabolism towards the 

neurotoxic branch of the kynurenine pathway. This assumption is, in fact, the basis of the 

prevailing hypothesis linking stress with impaired kynurenine pathway function (Corona 

et al. 2013; Parrott et al. 2016; Laumet et al. 2017; Garrison et al. 2018). 

Acute stress also increases free plasma TRP, thus increasing brain TRP and 

stimulating metabolism along the kynurenine pathway (Miura et al. 2008). Whereas an 

increase in the neurotoxic branch has been observed in the brain following acute stress,  
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cerebral KYNA  levels have also occasionally been shown to be elevated (Pawlak et al. 

2000; Notarangelo and Schwarcz 2017). Since KYNAôs involvement in acute stress has 

been mostly ignored, and as cognitive impairments are commonly found in PTSD and other 

stress-related psychiatric diseases, investigating a potential linkage of the three would be 

both a novel approach and potentially reveal an unconsidered therapeutic target. 

 

1.5  Animals Models of Acute Stress 

 

Several animal models have been developed to generate stressful experiences and 

to translate those findings to human psychiatric disorders. In these models, stress can be 

applied acutely or chronically and may produce different outcomes due to their nature and 

intensity. For this doctoral project, we selected three acute stressors (predator odor 

exposure, restraint, and inescapable shocks) which have been reported to elicit cognitive 

impairments in rodents (Schöner et al. 2017; Török et al. 2019). Only studies describing 

the effects of these acute stressors are described here.  

 

1.5.1 Predator Exposure 

Predator exposure elicits a response in prey species, providing a translationally 

informative model for the study of stress-related disorders, such as avoidance, 

hypervigilance, and changes in risk assessment. Of particular relevance to the present 

project, exposure to various predator odors stimulates the HPA axis in rodents (Morrow et 

al. 2000b; Thomas et al. 2006; Muñoz-Abellán et al. 2011; Whitaker and Gilpin 2015). 

Animals exposed to a predator show increased anxiogenic behavior and impaired cognition 
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(Morrow et al. 2000b; Zoladz et al. 2008; Muñoz-Abellán et al. 2011; Whitaker and Gilpin 

2015). To date, only one study has investigated the possible connection between a predator 

and the kynurenine pathway metabolism in a prey species. Mice exposed to rats for 20 min 

displayed a significant increase in kynurenine levels in the PFC, but no changes in the 

hippocampus, amygdala, or the dorsal raphe nuclei and no changes in brain TRP levels 

after one or more weeks (Miura et al. 2011). No other kynurenines were analyzed in that 

study. 

There are caveats to consider when using this stress model. Rodents have many 

natural predators that can elicit a stress response, and predator stress can not only be 

induced by a live animal, but also by using an odorant linked to the predator, such as feces, 

urine, fur, or even soiled bedding (Apfelbach et al. 2005). Importantly, depending on 

duration and concentration, exposure to an odor can also produce no response or 

habituation to the stimulus (Dielenberg and McGregor 1999; Morrow et al. 2000a). 

Predator odor exposure was considered the mildest of three stressors we tested in the course 

of the present project (Morrow et al. 2000a; Muñoz-Abellán et al. 2011). 

 

1.5.2 Restraint 

Restraint is one of the most common stress models used in rodents. It entails placing 

an animal into either a cylindrical plexiglass tube or a wire mesh such that only very 

minimal movement can occur, and the animal cannot escape. Since this stressor is widely 

used, much is known about how restraint affects a rodentôs brain and behavior. Notably, 

restraint activates the HPA axis and reliably elevates CORT levels (Kennett and Joseph 

1981; Hesketh et al. 2005; Andero et al. 2012). Additionally, the stress causes anxiogenic 
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behaviors as well as deficits in spatial memory and fear learning (Andero et al. 2012; 

Chauveau et al. 2012; Andero et al. 2013; Sawamura et al. 2016). Peculiarly, restraint 

stress impairs cognitive flexibility when applied chronically, but can facilitate cognitive 

flexibility , specifically reversal learning (Thai et al. 2013), when applied acutely 

(Nikiforuk and Popik 2013). 

Compared to predator exposure, the effects of restraint on the kynurenine pathway 

have been investigated more frequently. Since the 1960s, restraint stress has been reliably 

shown to increase hepatic TDO activity (Curzon and Green 1969). However, studies 

investigating the effects of restraint on brain kynurenines have been much sparser until 

recently, possibly due to technical limitations. Brain tissue levels of TRP and kynurenine 

increase only modestly after restraint, and depend on the duration of the stress and the 

species, sex, and developmental stage of the animal (Kennett and Joseph 1981; Dostal et 

al. 2017; Notarangelo and Schwarcz 2017; Ohta et al. 2017). So far, only one study has 

examined other pathway metabolites in the brain, showing that restraint stress in pregnant 

mice causes no significant change in KYNA , 3-HK, and QUIN levels in the maternal brain 

(Notarangelo and Schwarcz 2017). In remarkable contrast, however, this stress results in 

significant increases in kynurenine and KYNA levels in the fetal brain. 

Additionally, changes in the expression of kynurenine pathway enzymes in various 

brain regions or cell types have been examined after restraint. Depending on the duration 

of the stress, restraint in adult, male rats increases TDO expression in the hypothalamus; 

raises IDO, KMO, and kynureninase expression in the amygdala; decreases 3-HAO 

expression in the hypothalamus; and reduces kynureninase expression in the PFC 

(Vecchiarelli et al. 2016). In adult, male mice, 3 h of restraint increases IDO and TDO 
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expression in astrocytes and in several areas of the brain and causes KMO expression to 

increase and 3-HAO expression to decrease in microglia (Dostal et al. 2017). Notably, no 

changes in KAT expression were found in these experiments. Taken together, increased 

cerebral kynurenine pathway metabolism appears to be modestly stimulated by restraint 

stress, though details clearly require further analysis. 

 

1.5.3 Inescapable Shock 

The most severe acute stressor to be tested here is inescapable foot shock(s), which 

generates enduring PTSD-like abnormal behaviors, in some cases lasting up to 8 weeks 

(Schöner et al. 2017; Deslauriers et al. 2018; Török et al. 2019). Compared to non-shocked 

controls, animals display this long-lasting effect by freezing significantly more often in the 

same context in which they were shocked (Berardi et al. 2014). Additionally, animals that 

receive inescapable shocks have reduced social interactions and reduced REM sleep (Jha 

et al. 2005; Pawlyk et al. 2005; Cui et al. 2007; Chen et al. 2012; Berardi et al. 2014). The 

latter, as well as the stressor itself, may impair learning and memory. Indeed, animals 

receiving inescapable shocks show impairments in cognitive tasks, including novel object 

recognition (Philbert et al. 2012), fear learning (Poulos et al. 2014), Y-maze (Jackson et 

al. 1980), and active avoidance (Markus and Lammers 2003). Whether this stressor induces 

anxiety-like behavior is currently still unclear as both increases, decreases, and a lack of 

effect have been reported (Zhukov and Vinogradova 1994; Grahn et al. 1995; MacLean 

and Datta 2007; Berardi et al. 2014; Karakilic et al. 2018). This discrepancy may be related 

to the fact that anxiety was tested at different times after stress in various studies. 
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Similar to the other two stressors described here, inescapable shock provokes the 

HPA axis and increases ACTH and CORT levels (Keim and Sigg 1976; Odio and Maickel 

1985; Helmreich et al. 2008). However, only one study so far has used this stressor to 

examine effects on the kynurenine pathway, finding robust increases in TRP, kynurenine, 

3-HK, and KYNA levels in several brain regions and in the plasma immediately after 

termination of the shocks. These levels returned to control levels 24 h later (Pawlak et al. 

2000). 

Data interpretation in these studies is somewhat compromised by the fact that the 

shock protocols used differ between laboratories. Thus, no set standard has been 

established regarding the duration of each shock (usually between 1-30 sec) and the entire 

shock session (10-120 min), the amplitude of the shock (0.2-3 mA), and the time interval 

between the shocks. Therefore, it is not straightforward to compare experimental effects 

between studies, although it can be reasonably assumed that the more shocks delivered at 

higher amplitudes will induce the greatest amount of stress to the animal. 

 

1.6 Neural Circuitry  of Fear Discrimination 

 

Fear discrimination (see Figure 1.2)  is a modified version of classical Pavlovian 

conditioning (Pavlov 1927). Testing the generalization of fear, it involves several brain 

regions, particularly the mPFC, the hippocampus, and the amygdala (Korzus 2015). This 

behavioral paradigm surveys cognitive flexibility requiring animals to learn to generalize 

dangerous cues to future predatory encounters while also interpreting safe cues in 

appropriate circumstances in order to conserve biological resources (Asok et al. 2019). 
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Fear overgeneralization (i.e. interpreting safe cues as dangerous) is a major fear feature of 

PTSD and other stress-related disorders (Elzinga and Bremner 2002; Lissek et al. 2010; 

Dunsmoor et al. 2011). In the following, each component of fear discrimination, as well as 

the critical circuitry involved in the phenomenon, will be described 

 

 

  

Figure 1.2 ï Timeline schematic of fear discrimination. 
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1.6.1 Fear Acquisition/Learning 

In classical fear conditioning, rats are exposed to a neutral conditioned stimulus 

(CS), such as a tone, that is paired with an aversive unconditioned stimulus (US), such as 

an electric foot shock. Animals are tested to see how well they acquire or learn the 

association that the CS will predict the US by their conditioned fear response, which for 

this body of work is freezing behavior (Fanselow 1980). If an animal acquires the CS-US 

association, it will freeze during the presentation of the CS. Additionally, during the 

conditioning session, animals will learn to associate the previously neutral context in which 

they received the US as a dangerous environment. The learned relationship of the CS or 

the context to the US requires plasticity in different brain regions, but both eventually 

converge in the basolateral complex of the amygdala (BLA), i.e. the lateral and the basal 

amygdala (Janak and Tye 2015; Lopresto et al. 2016).  

For the acquisition of the auditory CS-US relationship, the auditory cortex and the 

auditory thalamus are activated during the presentation of an auditory cue, while the US 

provides peripheral sensory inputs to the posterior intralaminar nucleus of the thalamus 

and the posterior insular cortex. All  then send projections to the lateral amygdala (LeDoux 

2000; Asok et al. 2019). Thus, lesioning of the lateral amygdala blocks the acquisition of 

fear conditioning and, therefore, also the expression of fear (LeDoux et al. 1990; Nader et 

al. 2001). Contextual fear conditioning requires signaling from the hippocampus to the 

basal amygdala (Chaaya et al. 2018). The BLA, from both basal and lateral regions, 

projects to the central amygdala, which then sends GABAergic projections to multiple 

regions in the brainstem, mainly the periaqueductal gray, which controls the expression of 

the conditioned fear response (Bergstrom 2016).  
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Lesions of specific subregions of the mPFC [i.e. anterior cingulate cortex (ACC), 

prelimbic cortex (PL), and infralimbic cortex (IL)], revealed that the mPFC plays an 

intricate role in the acquisition of fear. Lesioning the ventral mPFC (predominately PL and 

IL)  did not affect cued or contextual acquisition (Morgan et al. 1993). In contrast, lesions 

in the dorsal mPFC (mainly the PL), enhanced acquisition to both the context and cue 

(Morgan and LeDoux 1995) and ACC lesions weakened fear acquisition (Bissière et al. 

2008). These studies indicate opposing roles of different mPFC subregions in fear 

acquisition (Giustino and Maren 2015). Although the PL and the IL receive similar 

excitatory inputs from the BLA and the hippocampus, they project to different neuronal 

populations within the BLA (generally basal vs. lateral, respectively) and the 

periaqueductal gray, possibly accounting for these disparate functions (Asok et al. 2019). 

We will revisit this issue in the context of our studies. Figure 1.3 summarizes the major 

regions involved in fear acquisition. 
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Figure 1.3 ï Neurocircuitry of fear conditioning.  

Acquisition of the auditory CS-US relationship requires different regions within 

thalamic and cortical tissues that project to the lateral amygdala. The hippocampus 

serves a principal role for contextual information processing. The prelimbic and 

infralimbic cortices of the mPFC enhance or suppress fear expression, respectively. The 

basolateral amygdala complex receives multiple inputs from several brain regions and 

sends an orchestrated signal to the central amygdala which controls the output of the 

fear response. 
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1.6.2 Fear Memory and Extinction 

Expression of fear during extinction sessions (see days 2-4 in Figure 1.2) requires 

multiple cognitive processes to occur after acquisition, namely memory consolidation, 

retrieval and expression of the memory, and eventually ñunlearning/new learningò of the 

memory. As described in the acquisition section above, each of these processes involves 

different brain regions, with the mPFC, the hippocampus, and the amygdala playing crucial 

roles. The hippocampus is required in at least the early stages of memory consolidation as 

well as in long-term memory, whereas cortical regions appear to be more critical in the 

storage of long-term memories (Bergstrom 2016). The temporal dynamics of these 

processes are still unresolved, however (Tonegawa et al. 2018). Notably, while the 

hippocampus seems to be only essential for contextual information, the amygdala is critical 

for both cued and contextual fear acquisition, consolidation, and expression (Phillips and 

LeDoux 1992; Maren et al. 1996). Interestingly, lesioning the TE2, but not the TE1 region, 

of the auditory cortex disrupts remote, but spares recent auditory cued fear memory (Sacco 

and Sacchetti 2010).  

Since the mPFC has multiple links between its subregions as well as reciprocal 

connections with several brain regions, including the hippocampus, the BLA, and the 

thalamus, the mPFC can modulate both cued and contextual fear expression and extinction 

with its subregions performing distinct functions (Giustino and Maren 2015; Korzus 2015). 

Thus, fear expression appears to be increased by the PL and suppressed by the IL  (Courtin 

et al. 2013; Giustino and Maren 2015; Korzus 2015). Viewed from a systems-level 

perspective, the amygdala plays a central role in the retrieval and expression of cued and 

contextual fear. Early memory formation requires signaling from the hippocampus for 
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contextual fear, and longer-term memory depends on cortical tissues from both sensory 

and prefrontal regions for both cued and contextual fear. 

 

1.6.3 Fear Discrimination/Generalization  

Although acquisition, expression, and extinction of fear are impaired in PTSD 

patients (Maren and Holmes 2016), the flashback of the traumatic event that instigated the 

PTSD is usually triggered by sensory cues that are identical or similar to those present 

during the trauma. Understanding the mechanisms of how animals learn to discriminate 

and generalize cues is therefore essential for developing effective therapies, but this 

important issue has not been carefully investigated so far. Here, as illustrated in Figure 

1.2, animals will receive two distinct auditory cues during the acquisition session ï one 

paired with a shock (CS+), the other unreinforced (CS-). Under normal circumstances, the 

animal would learn to associate the CS+ with an impending threat while the CS- will be 

perceived either as a neutral or as a safe cue. When re-exposed to the tones without delivery 

of a foot shock, the animal will therefore freeze more in response to CS+ than to CS-, 

displaying appropriate fear discrimination.  

While the amygdala is still needed to orchestrate the fear response and the 

hippocampus is still essential for processing contextual information, appropriate cued and 

context discrimination is critically dependent on the mPFC (Lopresto et al. 2016). 

Although a novel context is utilized in this fear discrimination paradigm, the animal is 

tested mainly on cued discrimination since the novel context is introduced after multiple 

days of context extinction. Thus, this paradigm would not be a good measure of context 

discrimination. Therefore, the mPFC, rather than the hippocampus, will be the focus of the 
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studies described below. Cued fear discrimination is dependent on NMDARs in the mPFC 

since the deletion of the obligatory NR1 subunit of the NMDAR in mPFC prevents animals 

from effectively discriminating between CS+ and CS- (Vieira et al. 2015). Excessive 

KYNA in the mPFC may therefore impair fear discrimination due to defective NMDAR 

functioning.  

Although activation of the IL enhances fear discrimination (Scarlata et al. 2019), 

and IL  inactivation reduces fear discrimination (Sangha et al. 2014), the respective roles 

of the IL and the PL in cued fear discrimination have not been thoroughly studied until 

very recently (Sangha et al. 2020). Interestingly, PL inactivation does not affect fear 

discrimination but decreases fear expression (Sangha et al. 2014). Future studies are clearly 

warranted to examine if the PL and the IL have opposing roles in fear discrimination, 

similar to their functions in fear expression. 

 

1.7  Elevated Plus Maze 

 

Several animal models have been developed to test anxiety-like behaviors in 

rodents. In the elevated plus maze, one of the more popular tests, rodents can freely explore 

two arms that are open and two arms that are enclosed and dark. As rodents normally prefer 

dark and enclosed spaces, increased exploration in the open arms indicates less anxious 

behavior of the animal. Stress induces an anxiogenic response (i.e. more time spent in the 

closed arms) in this behavioral paradigm (Grahn et al. 1995; Korte and De Boer 2003), and 

treatment with anxiolytic drugs mitigates the stress-induced anxiety (Pellow et al. 1985). 

Although the circuitry involved in this behavior is less well defined than fear conditioning, 
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similar brain regions appear to be involved ï most notably the BLA (Janak and Tye 2015). 

Specifically, activation of the BLA and its projections enhances anxiety-like behavior (Tye 

et al. 2011; Felix-Ortiz et al. 2013; Felix-Ortiz et al. 2016). The mPFC, in contrast, appears 

to be less involved. Thus, mPFC lesions do not affect performance on the elevated plus 

maze (Lacroix et al. 1998; Klein et al. 2010), and lesion or inactivation of the mPFC may 

in fact be anxiolytic (Shah and Treit 2003; Shah et al. 2004). Notably, activation of 

excitatory neurons in the mPFC is anxiolytic (Pati et al. 2018), suggesting that, as in fear 

conditioning, the subregions of the mPFC may play distinct and opposing roles. However, 

the role of mPFC subregions in anxiety-like behavior is still unresolved. Thus, individual 

lesions of both the IL and the PL produced anxiogenic behavior (Jinks and McGregor 

1997), while another study reported that only the IL is involved whereas activation of the 

IL  is anxiolytic (Shimizu et al. 2018). In the context of this project, KYNA may therefore 

not have a robust, clear effect on the animalsô behavior in the elevated plus maze (Vécsei 

and Beal 1990). 
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1.8 Hypothesis and Specific Aims 

 

Overarching Hypothesis: Deficits in executive function induced by acute stress are 

mediated by KYNA in the mPFC 

 

Aim 1 (Chapter 3): Measure KYNA  in the mPFC in response to different acute stressors. 

Prediction 1.1: Acute stress will increase KYNA levels in the mPFC. 

Prediction 1.2: A stress-induced KYNA increase can be attenuated 

pharmacologically. 

 

Aim 2 (Chapters 3 and 4): Study the role of acute stress on mPFC-dependent cognitive 

behaviors and the possible involvement of KYNA. 

Prediction 2.1: A mPFC-dependent cognitive deficit will only be found in 

animals with a stress-induced increase in KYNA. 

Prediction 2.2: Pretreatment with a KAT II inhibitor will normalize the stress-

induced cognitive deficit. 

 

Aim 3 (Chapters 4 and 5): Investigate the mechanism of the stress-induced KYNA 

change. 

Prediction 3.1: Impairment in an organismôs stress response system, via removal 

of the adrenal glands, will block the stress-induced KYNA increase in rats. 

Prediction 3.2: Abnormal function of the kynurenine pathway underlies the 

stress-induced increase of extracellular KYNA in the mPFC. 
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Chapter 2: General Methods 

 

 

Animals 

Adult, male Sprague-Dawley rats (180-200 g on arrival; Charles River 

Laboratories, Kingston, NY, USA) were used for all experiments and maintained in a 

temperature- and humidity-controlled, AAALAC-approved animal facility on a 12/12 h 

light/dark cycle (lights on at 07:00 a.m.) and housed in pairs. Food and water were available 

ad libitum. Following delivery to the animal facility, the animals were adapted to the new 

environment for at least one week before experiments commenced. All experimental 

procedures were approved by the Institutional Animal Care and Use Committee of either 

the University of Maryland, Baltimore or Dartmouth College and were in full accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

Animals that underwent ADX were housed individually after the surgery for the remainder 

of the experiments.  

 

Chemicals/Drugs 

KYNA was purchased from Sigma (St. Louis, MO, USA). PF-04859989 was 

obtained from Pfizer (New York, NY, USA), dissolved in 0.9% saline, and administered 

subcutaneously (s.c.) for in vivo experimentation. BFF-816, kindly provided by Dr. H. 

Yasumatsu of Mitsubishi-Tanabe Pharma Corporation (Yokohama, Japan), was suspended 

in 40% cyclodextrin (Sigma), and the mixture was adjusted to pH 8.0 with 1 N NaOH. 

BFF-816 was administered by oral gavage (p.o.) for in vivo experimentation. All other 
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chemicals were obtained from a variety of suppliers and were of the highest commercially 

available purity. 

 

Adrenalectomy 

Rats were anesthetized with isoflurane using a vaporizer (2-5% in oxygen). To 

perform ADX, 4-cm incisions were made bilaterally into the skin and muscle along the 

back directly underneath the rib cage to allow access to the superior region of the kidneys. 

Adrenal glands on each side were identified visually and removed. The muscles were then 

sutured back together, and the skin was stapled closed. Sham-operated rats underwent an 

identical procedure but leaving adrenal glands intact. Animals that underwent either ADX 

or sham surgery were housed individually and allowed to recover seven days before further 

experimentation. Following surgery, animals received ad libitum access to 0.9% saline, 

replacing the tap water.  

 

Stress Models  

Animals were assigned to one of three experimental conditions (2 h of either 

exposure to predator odor in the home cage, physical restraint, or inescapable and 

unpredictable foot shock delivered in an operant chamber, as described below), or to one 

of the two control conditions (undisturbed and remaining in their home cage or placed in 

the operant chamber but with no shock delivered).  In the separate cohorts, the effects of 

the different treatment conditions were compared using biochemical measures and 

behavioral outcome measures. 
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Predator Odor Exposure 

Rats remained in their home cage. Then a beaker containing 30-40 ml of fox urine 

(Leg Up Enterprises, Lovell, ME, USA) was placed in the center of the home cage for 2 h. 

Restraint Stress 

Rats were placed in a clear plastic cylinder (diameter: 5.5 cm, with adjustable 

length) with the entire body tightly restrained for 2 h. 

Inescapable Shock Stress (ISS) 

Rats were placed in an operant chamber (Coulbourn Instruments, Holliston, MA, 

USA) for 2 h and received 1 mA foot shocks (30 sec in duration) with an inter-stimulus 

interval of 60 sec. The chamber (25.4 cm W x 25.4 cm H x 19.1 cm L) was composed of 

aluminum sidewalls and ceiling, and plexiglass front and back walls with a removable 

stainless-steel column grid (1 cm apart) floor. 

 

Microdialysis 

On the day before microdialysis was conducted, rats were anesthetized with 

isoflurane (2-5% in oxygen) and mounted onto a David Kopf stereotaxic frame. After 

exposing the skull and drilling a burr hole (AP: 3.2 mm anterior to bregma, L: 0.8 mm from 

midline), a guide cannula (MAB 2.14.G, Scipro Inc., Sanborn, NY, USA) was positioned 

unilaterally over the mPFC (2.0 mm below the dura; hemispheres counterbalanced) and 

secured to the skull with anchor screws and acrylic dental cement.  On the next day, a 

microdialysis probe (MAB 9.14.2, membrane length: 2 mm, Scipro Inc.) was inserted 

through the guide cannula of the awake and freely-moving rat. The probe was then 

connected to a microinfusion pump set to a speed of 1 µl/min and perfused with Ringer 
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solution containing 144 mM NaCl, 4.8 mM KCl and 1.7 mM CaCl2 (pH 6.7). After a 1 h 

stabilization period, microdialysate samples were collected every 30 min for up to 8 h. The 

first 2 h of collection provided baseline values. Data were not corrected for recovery from 

the microdialysis probe. 

 

Cortical Slice Incubation In Vitro  

 Animals were euthanized by CO2 asphyxiation, and their brains were quickly 

removed and placed on ice (4ęC). The cerebral cortex was dissected from the rest of the 

brain and cut into 1 x 1 mm slices using a McIlwain chopper (Mickle Laboratory 

Engineering, Gomshall, UK). The slices were kept on ice in a pre-oxygenated Krebs-

Ringer buffer containing 118.5 mM NaCl, 4.75 mM KCl, 1.77 mM CaCl2, 1.18 mM 

MgSO4, 12.9 mM NaH2PO4, 3 mM Na2HPO4, and 5 mM glucose (pH 7.4) until initiation 

of the experiment (< 1 h). Next, two slices were placed into the incubation wells of a 48-

well plate containing 100 µl of Krebs buffer and different concentrations of kynurenine (0, 

3, 10, and 30 µM). Well plates were then incubated for 1 h at 37ęC on a shaking water bath. 

An otherwise identical well plate was left on ice to provide blank values. Following the 

incubation, the plates were immediately placed on ice, the medium was rapidly separated 

from the slices, and 10 µl of 1 N HCl/ 25% perchloric acid were added to each sample. 

After centrifugation (18,400 x g, 10 min), the samples were stored at -80ęC until processed. 

The medium was later analyzed for KYNA content, and the protein content of the slices 

was determined as described below. 
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Intracortical 3H-Kynurenine Injections 

The radioactive tracer method, developed by Guidetti et al. (1995), was used to 

study acute kynurenine pathway metabolism in the brain in vivo. To this end, rats were 

anesthetized with isoflurane (2-5% in oxygen) and mounted onto a David Kopf stereotaxic 

frame, as described above. A guide cannula was positioned unilaterally over the mPFC 

(AP: 3.2 mm anterior to bregma, L: 0.8 mm from the midline, DV: 2.0 mm below the dura; 

hemispheres counter-balanced) and secured to the skull with acrylic dental cement. On the 

next day, 6 µl of [3H]-kynurenine (2.5 µCi, 7.1 Ci/mmol, Moravek Inc., Germany) was 

infused through the cannula into the mPFC over 10 min using a microinfusion pump. Some 

animals were restrained following infusion to assess the effect of stress while the remaining 

animals were left undisturbed. Rats were sacrificed by CO2 asphyxiation 2 h after the start 

of the [3H]-kynurenine infusion, and their brains were quickly removed. The cortical tissue 

surrounding the injection site was rapidly dissected out on ice, frozen on dry ice, and stored 

at -80ęC until processed.  

 

Liver TDO activity 

Animals were euthanized by CO2 asphyxiation, and their livers were quickly 

removed and stored at -80ęC until initiation of the experiment. The liver was thawed and 

homogenized (1:10 w/v) in 100 mM HEPES buffer (pH 7.4), and the homogenate was 

further diluted (1:10, v/v) in the same buffer for a total dilution of 1:100 w/v. Next, 50 µl 

of liver homogenate were mixed with a solution containing a final concentration of 10 µM 

hematin, 25 µM ascorbic acid, and 200 µM TRP in a total volume of 100 µl and incubated 

for 2 h at 37ęC. At the end of the incubation, the reaction was stopped by adding 25 µl of 
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6% perchloric acid. Samples were further incubated for 20 min at 60ęC and then 

centrifuged at 18,400 x g for 10 min. Twenty µl of the supernatant were analyzed for 

kynurenine content (see below). 

  

Biochemical Measures 

Plasma Corticosterone 

To study CORT levels, rats from each of the 5 groups were euthanized by CO2 

asphyxiation immediately after the 2 h period, and trunk blood was collected in EDTA-

containing vials. Plasma was separated by centrifugation (6,000 x g, 10 min), and plasma 

CORT was determined by radioimmunoassay according to the protocol provided by the 

manufacturer (MP Biochemicals, Orangeburg, NY, USA). 

 

Determination of Kynurenic Acid and Kynurenine by HPLC 

The concentrations of KYNA and kynurenine were determined by high-

performance liquid chromatography (HPLC) with fluorescence detection (KYNA , 

excitation wavelength: 344 nm, emission wavelength: 398 nm; kynurenine, excitation 

wavelength: 365 nm, emission wavelength: 480 nm; Perkin Elmer 200a fluorescence 

detector, Waltham, MA, USA). To this end, 20-30 µl samples were applied to a BDS 

Hypersil C18 column (100 mm x 4.6 mm, particle size 3 µm, Thermo Scientific), and were 

isocratically eluted at a flow rate of 1 ml/min using a mobile phase containing 250 mM 

zinc acetate, 50 mM sodium acetate, and 4.5% (for KYNA) or 1% (for kynurenine) 

acetonitrile (pH 6.2), as previously described (Wu et al. 1992; Notarangelo and Schwarcz 



40 

 

2017). The retention times of KYNA and kynurenine were ~6 min and ~10 min, 

respectively.  

 

Determination of Kynurenine, Tryptophan, and Quinolinic Acid by GC/MS 

 As previously described (Notarangelo et al. 2012), kynurenine, TRP, and QUIN 

were determined by gas chromatography/tandem mass spectrometry. Frozen tissues were 

thawed, sonicated in ultrapure water (1:5 w/v), and then further diluted in 0.1% ascorbic 

acid for a final dilution of 1:20. Next, 50 ɛl of an internal standard mix ([2H3] QUIN, [2H6] 

L-kynurenine, and [2H5] L-TRP) were added to 50 ɛl of each sample, and proteins were 

precipitated with 50 ɛl of acetone. After centrifugation (13,700 x g, 5 min), 50 ɛl of 

methanol:chloroform (20:50) were added to the supernatant, and the samples were 

centrifuged again (13,700 x g, 10 min). The upper layer was added to a glass tube and dried 

for 90 min. The samples were then derivatized with 120 ɛl of 2,2,3,3,3-pentafluoro-1-

propanol and 130 ɛl of pentafluoropropionic anhydride at 75°C for 30 min, dried and 

reconstituted in 50 ɛl of ethyl acetate; 1 ɛl was then used for analysis by gas 

chromatography/mass spectrometry. 

 

Determination of 3-Hydroxykynurenine by HPLC 

The concentration of 3-HK was determined by HPLC with electrochemical 

detection (oxidation potential: +0.5 V; Eicom HTEC 500 detector, San Diego, CA, USA). 

To this end, 20 µl samples were applied to an HR-80 Catecholamine column (80 mm x 4.6 

mm, particle size 3 µm, Thermo Scientific), and 3-HK was isocratically eluted at a flow 

rate of 0.5 ml/min using a mobile phase containing 0.27 mM EDTA, 8.9 mM sodium 
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heptane sulfonic acid, 1.5% acetonitrile, 0.9% triethylamine, and 0.59% phosphoric acid, 

as previously described (Sathyasaikumar et al. 2010). The retention time of 3-HK was ~11 

min.  

 

Determination of [3H]-Kynurenine Pathway Metabolites 

Tritiated kynurenine pathway metabolites were analyzed as described previously 

(Guidetti et al. 1995). Briefly, samples were applied to a YMC-Pack Pro C18 (250 x 4.6 

mm) column and eluted at a flow rate of 1.2 ml/min (Waters 515 HPLC pump) with a 

mobile phase containing 100 mM ammonium phosphate (11.5 g/l), 100 mM glacial acetic 

acid (5.75 ml/l), 1.5 mM 1-octanesulfonic acid (0.34 g/l), and 4% acetonitrile at pH 3.2 

(titrated with 1:1 H3PO4/acetic acid) and detected by UV (Applied Biosystems 785A 

Absorbance Detector) at 254 nm, mixed with LabLogic FlowLogic U scintillation fluid 

flowing at 2.7 ml/min, and radioactively was determined (Berthold Technologies FlowStar 

LB514). The production of newly formed [3H]-KYNA, [ 3H]-3-HK, and [3H]-QUIN was 

expressed as a percentage of the total radioactivity recovered per cortical tissue. 

 

Protein Determination (Lowry et al. 1951) 

 Protein was determined using the method developed by Lowry et al. (1951). 

Briefly, 10 µl of homogenate (diluted 1:5) were mixed with 2.4 ml of ñLowry Iò consisting 

of 98 ml of 2% sodium carbonate in 0.1 N NaOH, 1 ml of 2% sodium potassium tartrate, 

and 1 ml of 1% cupric sulfate per 100 ml. After being incubated for 10 min at room 

temperature, 200 µl of ñLowry II,ò containing 1 N Folin and Ciocalteuôs phenol reagent, 

were added, and the samples were mixed and incubated at room temperature for another 



42 

 

20 min. Finally, samples were analyzed by light spectrometry (Thermo Scientific Biomate 

3S) at a wavelength of 660 nm. 

 

Behavioral Studies 

Elevated Plus Maze 

A black plexiglass plus-shaped platform (74 cm above the floor) with two open 

arms and two closed arms (each 50 x 10 cm) was placed in a quiet, dimly lit room.  The 

arms were connected by a central area (10 x 10 cm).  Animals were placed in the central 

area facing a closed arm and were allowed to explore freely for 5 min.  The time spent in 

each arm and the number of entries into each arm were recorded.  An entry was counted 

when the front two paws of the rat were placed on an arm.  The maze was cleaned with 

70% ethanol between tests.   

 

Fear Discrimination 

The fear discrimination procedure was performed in the same operant chamber used 

for the ISS. A 1500 kHz tone and white noise were used as the auditory cues (CS+, CS-; 

counterbalanced). Rats underwent a week-long procedure consisting of daily sessions as 

follows (see Figure 1.2): On the first day (conditioning session), rats were presented with 

three 10-sec pairings of the CS+ followed immediately by a 1 mA, 1-sec foot shock, 

intermixed with three 10-sec presentations of the CS-, with a 3-min interval between cue 

presentations.  For the next three days (days 2-4), contextual fear to the training chamber 

was extinguished by re-exposing the animals to the training chamber (context A) for 10 

min/day with no cues or shocks delivered. On day 5, rats were exposed to a new context 
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(context B), created by changing to a square grid steel mesh floor, adding white paper to 

the walls of the chamber, and the presence of an odor (Pine-Sol). On the following two 

days (days 6 and 7), rats underwent the critical cue-discrimination test sessions, during 

which the animals were re-exposed to each CS three times in context B with no shocks 

delivered. One of the CSs was presented during the first test session (day 6), and the other 

CS was presented during the second test session (day 7; counterbalanced). During the test 

sessions, freezing behavior [no movement except respiration; (Fanselow 1980)] was 

recorded only during the 10-sec cue presentations and was converted into a percentage of 

total observations as described (Keene and Bucci 2008; Bucci et al. 2016). 

 

Statistical Analysis 

All data are expressed as the mean ± S.E.M. Unless stated otherwise, statistical 

analyses were performed as follows: plasma CORT levels and elevated plus maze data 

were analyzed using a one-way analysis of variance (ANOVA). For analysis of 

microdialysis data, a two-way repeated measures ANOVA [factors: time (within subjects 

factor) and condition (between subjects factor)] or a three-way repeated measures ANOVA 

(for the PF-04859989 experiment) was used. For baseline freezing data before fear 

discrimination acquisition, a one-way ANOVA was used. A two-way repeated-measures 

ANOVA [factors: CS type (within subjects factor) and condition (between subjects factor)] 

or [factors: days (within subjects factor) and condition (between subjects factor)] was used 

to analyze all other fear discrimination data. KYNA  synthesis in vitro was assessed by a 

three-way repeated measures ANOVA [factors: concentration (within subjects factor) and 

stress and surgery (between subjects factors)]. For analysis of the data obtained when 
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studying de novo metabolism of [3H]-kynurenine, a three-way repeated measures ANOVA 

was used [factors: metabolite (within subjects factor) and stress and surgery (between 

subjects factors)]. A regular two-way ANOVA (factors: surgery and stress) was used for 

the analysis of tissue kynurenine pathway metabolites and hepatic TDO activity data. 

Unless otherwise stated, all analyses were followed up using a Bonferroniôs post-hoc test. 

A p value of <0.05 was considered significant in all cases.  
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Chapter 3: Stress-induced Impairments in Fear Discrimination are Causally 

Related to the Formation of Kynurenic Acid in the Medial Prefrontal Cortex 

 

 

3.1 Introduction  

 

Stress can have harmful health consequences and has a key role in the 

pathophysiology of various mental illnesses (Musazzi et al. 2018). Cognitive dysfunction 

is one of the major and impactful consequences of stress in patients (Paul et al. 2015; Bora 

2016; Flanagan et al. 2018; Misiak et al. 2018). Investigating the molecular mechanisms 

involved in stress-induced phenomena is, therefore, not only critical for understanding the 

pathophysiology of psychiatric disorders but may also lead to new strategies to prevent or 

normalize stress-related cognitive deficits. A variety of rodent stress models are available 

to study the domains and constructs of mental disorders in this context (Schöner et al. 

2017). Although differing in nature and duration, they share face validity and often cause 

similar cognitive dysfunctions in experimental animals.  

The role of the essential amino acid TRP in stress-related phenomena has been 

thoroughly investigated and documented in both humans and experimental animals 

(Ruddick et al. 2006; Miura et al. 2008). Stress-induced activation of the HPA axis raises 

the levels of CORT and increases inflammatory processes, and these effects, in turn, 

stimulate the conversion of TRP to the pivotal metabolite kynurenine by activating TDO 

and IDO, respectively (Sitaramam and Ramasarma 1975; Mándi and Vécsei 2012). This 

process diverts TRP metabolism away from producing serotonin, providing a conceptual 
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link between stress and the pathophysiology of stress-related disorders (Kiank et al. 2010; 

Gibney et al. 2014; Nold et al. 2019). Based on this theoretical construct and studies in 

relevant animal models (Laugeray et al. 2010; Fuertig et al. 2016; Ohta et al. 2017; Martín-

Hernández et al. 2018; Duda et al. 2019), investigators also began to consider a possible 

role of kynurenine and its downstream metabolites (ñkynureninesò) in the etiology of 

stress-related disorders. This connection was attributed mostly to the excessive production 

of compounds such as 3-HK and QUIN, in the so-called ñneurotoxicò branch of the 

metabolic cascade, following repeated or prolonged stress (Müller and Schwarz 2007; 

Raison et al. 2010; Krause et al. 2012; Myint et al. 2012; Erhardt et al. 2013; Parrott et al. 

2016; Laumet et al. 2017).   

So far, little attention has been paid in this context to KYNA, a neuroinhibitory 

compound that is produced from kynurenine in a sidearm of the pathway, although acute 

stress in rodents is known to result in prompt increases in cerebral KYNA levels in the 

fetus (Notarangelo and Schwarcz 2017) and adulthood (Pawlak et al. 2000). KYNA is an 

astrocyte-derived metabolite which influences cognitive functions in a biphasic manner 

(Pocivavsek et al. 2016). For example, experimental increases in brain KYNA levels 

caused by systemic administration of kynurenine lead to impairments in PFC-mediated set-

shifting (Alexander et al. 2012), spatial contextual memory (Pocivavsek et al. 2011), fear 

learning (Chess et al. 2009), and working memory (Chess et al. 2007). Conversely, 

reductions in cerebral KYNA, caused by either pharmacological inhibition or genetic 

deletion of KAT II, the primary enzyme responsible for the synthesis of readily mobilizable 

KYNA in the mammalian brain, improves cognitive function (Potter et al. 2010; Kozak et 

al. 2014; Wu et al. 2014; Pocivavsek et al. 2019). Presumably, these modulatory effects of 
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endogenous KYNA are related to the fact that the metabolite acts as an inhibitor of 

Ŭ7nAChRs as well as NMDARs (Kessler et al. 1989; Hilmas et al. 2001), both of which 

are critical for learning and memory (Levin et al. 2006; Robbins and Murphy 2006). 

Notably, KYNA levels are elevated in the PFC and CSF of patients with schizophrenia, a 

disorder in which cognitive dysfunction is a core feature (Heinrichs and Zakzanis 1998; 

Erhardt et al. 2001; Schwarcz et al. 2001; Sathyasaikumar et al. 2011; Linderholm et al. 

2012; Kindler et al. 2019). 

To date, the possible causal relationship between stress, KYNA, and cognitive 

function has not been directly examined. To begin investigating this connection, the present 

study in rats was designed to determine the effect of three acute stressors on extracellular 

KYNA levels in the mPFC and on mPFC-dependent fear discrimination. Causality was 

examined by using the selective, brain-penetrable KAT II inhibitor PF-04859989 (Kozak 

et al. 2014), which allowed us to test whether reducing KYNA neosynthesis attenuates the 

stress-induced increase in KYNA in the mPFC and ameliorates deficits in fear 

discrimination. 

 

3.2 Results 

 

Effect of Acute Stress on Plasma CORT Levels    

We first tested the effect of the three acute stressors on plasma CORT levels 

(Figure 3.1). Stress significantly affected plasma CORT (one-way ANOVA, F(4,41) = 

20.56, p<0.0001). Further analysis revealed 2 h of restraint stress (n=11) and ISS (n=12) 

increased CORT levels by 352 ± 61% and 622 ± 61%, respectively (Bonferroni post-hoc 
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test, p<0.01 and p<0.001, respectively) compared to control rats. Thus, ISS was a more 

severe stressor, raising CORT levels nearly twice as much as restraint (Bonferroni post-

hoc test, p<0.05).  

Since measurement of circulating CORT after a 2-h exposure to predator odor (n=7) 

did not reveal significant differences from control (n=9) levels (Figure 3.1; Bonferroni 

post-hoc test, p>0.05), we assessed the effect of 30 min exposure to predator odor in 

separate cohorts to investigate if the odor indeed elicited a stress response. In fact, CORT 

levels increased significantly by 197 ± 27% of control (n=8) after a 30 min exposure (n=4), 

suggesting that animals habituate to predator odor after 2 h (Figure 3.2; Studentôs t-test, 

p<0.05). 
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Figure 3.1 ï Plasma CORT levels immediately after the termination of a 2 h 

stress. 

Controls were left undisturbed in their home cage or in the shock chamber for 2 h. Data 

are the mean ± SEM (n = 7-12 per group). **p<0.01 vs. control; ***p<0.001 vs. control; 

#p<0.05 vs. 2 h restraint. 
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Figure 3.2 ï Plasma CORT levels immediately after the termination of 30 min 

exposure to predator odor. 

Rats were exposed to fox urine for 30 minutes while controls were left undisturbed in 

their home cage for 30 min. Data are the mean ± SEM (n = 4-8 per group). *p<0.05 vs. 

control.  
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Effect of Acute Stress on Extracellular KYNA Levels in the mPFC 

Next, we examined the effect of the three stressors on extracellular KYNA levels 

in the mPFC (Figure 3.3). The average basal level of extracellular KYNA of all rats studied 

was 2.1 ± 0.1 nM (n = 31). Stress significantly affected KYNA levels (two-way repeated 

measures ANOVA, main effect of stress, F(4,26) = 4.519, p<0.01). However, upon further 

analysis of the three stressors tested, only ISS raised extracellular KYNA levels 

significantly compared to baseline at each timepoint starting 1 h after the initiation of the 

stress (n = 6; Bonferroniôs post-hoc test, p<0.05), with a maximal increase of 194 ± 10% 

1.5 h after ISS termination. In contrast, no significant increases (p>0.05) compared to basal 

levels were caused by restraint stress (n = 6) and exposure to predator odor (n = 7). 
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Figure 3.3 ï Effect of 2 h stress on extracellular KYNA levels in the rat mPFC. 

Basal levels (2.1 ± 0.1 nM) are the average of all animals used in this microdialysis 

experiment. Data are the mean ± SEM (n = 6-7 per group). *p<0.05 vs. basal levels.  
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Behavioral Effects of Acute Stress  

Elevated Plus Maze 

Separate cohorts of animals (n = 8 per group) were tested on the elevated plus maze 

immediately after the termination of stress. Irrespective of the stressor used (ISS, restraint, 

and predator odor), none of the stressors had any significant impact on behavioral 

outcomes, including % of time in open arms (Figure 3.4; one-way ANOVA, F(4,35) = 

2.233, p=0.086), time spent in open (Figure 3.5; one-way ANOVA, F(4,35) = 1.932, 

p=0.128) and closed (one-way ANOVA, F(4,35) = 2.547, p=0.057) arms, entries into open 

(Figure 3.6; one-way ANOVA, F(4,35) = 1.061, p=0.390) and closed (one-way ANOVA, 

F(4,35) = 2.434, p=0.066) arms, and total entries (one-way ANOVA, F(4,35) = 0.4380, 

p=0.438).  
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Figure 3.4 ï Effect of 2 h stress on the percentage of time spent in the open arms 

of an elevated plus maze. 

Animals were tested immediately after termination of the stressor. Percentage of time 

spent in the open arms is shown here. Data are the mean ± SEM (n = 8 per group).  
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Figure 3.5 ï Effect of 2 h stress on time spent in the open and closed arms of an 

elevated plus maze. 

Animals were tested immediately after termination of the stressor. Time spent in the 

open and closed arms is shown here. Data are the mean ± SEM (n = 8 per group).  

 

 

 

 

 

 

 






















































































































































