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ABSTRACT 
 
 

ENDOCANNABINOID REGULATION OF NAUSEA AND EMESIS:  
THE ROLE OF 2-ARACHIDONOYL GLYCEROL  

IN LICL-INDUCED VOMITING IN SUNCUS MURINUS  
AND CONDITIONED GAPING IN RATS 

 
 
 

Martin Anton Sticht               Advisor: 
University of Guelph, 2015              Professor L. A. Parker 
 
 
 
 The anti-emetic effects of anandamide are well established; however, the role of 

2-arhachidonoylglycerol (2-AG) is less clear. In Chapter II, I assessed the effects of 

exogenous 2-AG in the house musk shrew, Suncus murinus. It was found that 2-AG alone 

did not induce emesis, but rather interfered with lithium chloride (LiCl)-induced 

vomiting. The anti-emetic effects of 2-AG were not mediated by CB1 receptors, as 

concomitant pretreatment with the CB1 receptor antagonist, SR141716, did not reverse 

the suppressive effects of 2-AG. These findings serve to highlight species differences in 

emesis research 

 Next, the role of the endocannabinoid system in nausea was investigated using 

conditioned gaping in rats. However, prior to assessing endocannabinoid manipulations, 

the gaping model itself was scrutinized in Chapter III. To determine whether a LiCl-

paired stimulus elicits nausea in the absence of pharmacologically-induced illness, rats 

received second-order conditioning to a novel stimulus experienced in a nausea-paired 

context. Rats were injected with LiCl or saline prior to confinement in a chamber (CS1). 

Subsequently, second-order conditioning consisted of a five min intraoral infusion of 

saccharin (CS2) upon exposure to the drug-free CS1. Rats were tested during a drug-free 



 

taste reactivity test in a novel environment and it was found that saccharin elicited 

nausea-induced gaping among rats receiving four or eight first-order conditioning trials.  

 In the final two chapters, I assessed endocannabinoid suppression of nausea via 

manipulations of the visceral insular cortex (VIC). Rats received intra-VIC 

pharmacological manipulations inhibiting endocannabinoid metabolism prior to a 

saccharin-LiCl association, and gaping was assessed to the nausea-paired taste in a drug-

free taste reactivity test. Acute LiCl selectively increased VIC 2-AG, whereas levels of 

anandamide remained unchanged. Furthermore, inhibition of 2-AG metabolism increased 

VIC 2-AG and suppressed conditioned gaping, while reduced anandamide metabolism 

did not elevate VIC anandamide, nor did it reduce gaping. Lastly, systemic inhibition of 

2-AG metabolism reduced nausea-induced c-Fos expression in the VIC.  

Taken together, these findings suggest that the VIC eCB system modulates nausea 

primarily through 2-AG. Thus, manipulations selectively targeting 2-AG may have 

therapeutic potential in reducing nausea, likely by reducing neuronal activation in this 

brain region during an episode of nausea. 
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CHAPTER I 

General Introduction 

Cannabinoid drugs, both synthetic and plant based, are treatment options for a 

broad range of disorders (Ligresti, Petrosino, & Di Marzo, 2009), and are increasingly 

used for their therapeutic benefits (Pertwee, 2009). For example, cannabinoid-containing 

medications provide effective relief for the anorexic side effects often accompanying 

treatment of hepatitis C virus (Costiniuk, Mills, & Cooper, 2008), while other cannabis-

based drugs such as Sativex have been used to alleviate neuropathic pain and sleep 

disturbances caused by several different disorders (Perez & Ribera, 2008), and the 

synthetic cannabinoid, Nabilone, has been used to manage treatment-resistant nightmares 

among patients diagnosed with posttraumatic stress disorder (Fraser, 2009). Moreover, 

the therapeutic application of cannabinoid drugs has been proposed for the treatment of 

gastrointestinal, pancreatic and liver diseases (Izzo & Camilleri, 2008), and due to their 

potent immuno-modulatory properties, show promise in the development of novel 

treatments for various inflammatory disorders (Croxford & Yamamura, 2005). 

Conversely, drugs that block the biological action of cannabinoids also appear to have 

therapeutic potential, such that Rimonabant (Leite, Mocelin, Petersen, Leal, & Thiesen, 

2009) and Taranabant (Schwartz et al., 2008) have been used in the treatment of obesity. 

However, the earliest and most recognized medical use of cannabinoid has been for the 

management of nausea and vomiting (Abrams & Guzman, 2015; Sharkey, Darmani, & 

Parker, 2014). 
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Cannabinoid Effects on Nausea and Vomiting in Humans 

A prevalent and recent therapeutic application of cannabinoids is to alleviate 

chemotherapy-induced nausea and vomiting (CINV) among cancer patients. The 

experience of CINV is classified into distinct phases, based on the time of onset from 

initial treatment: 1) Acute onset, which occurs within 24 hours or less of chemotherapy 

treatment. 2) Delayed onset, following the first day of initial treatment. 3)Anticipatory 

nausea and vomiting, which is a classically conditioned response to the environment that 

can occur within a number of months following treatment (Jacobsen & Redd, 1988; 

Nesse, Carli, Curtis, & Kleinman, 1980) or prior to the administration of chemotherapy 

(Bender et al., 2002). When untreated by anti-emetics, CINV is experienced by 

approximately 75-80 percent of cancer patients (Schwartzberg, 2006; 2007), with patients 

reporting these as among the most distressing side effects of treatment (de Boer-Dennert 

et al., 1997). As these symptoms can significantly impair quality of life, it has been 

estimated that nearly 20 percent of patients decided to abandon treatment due to CINV 

(Jordan, Kasper, & Schmoll, 2005). 

Many drug treatments are accompanied by the unwanted side effects of nausea 

and vomiting within their effective dose ranges (Horn, 2008), which may impede both 

traditional and novel therapies due to potential dose-limiting toxicities (Andrews & Horn, 

2006). The 5-hydroxytryptamine-3 (5-HT3) receptor antagonists, such as ondansetron 

(ondansetron), in combination with dexamethasone and the Neurokinin 1 antagonist, 

aprepitant (Poli-Bigelli et al., 2003), have been shown to provide effective relief of acute 

vomiting (Navari & Province, 2006); however, they are less effective in treating acute 

nausea (Andrews & Horn), and are ineffective in treating delayed or anticipatory nausea 
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and vomiting (Aapro, 2005). Even greater than emesis, patients often consider nausea to 

be more problematic due to the longer duration of symptoms compared to the relatively 

brief episodes of vomiting (Andrews & Horn). Therefore, there is a need for more 

effective treatments of nausea, as well as delayed CINV and anticipatory nausea.  

Evidence suggests that cannabinoid compounds are effective alternative 

treatments for CINV and anticipatory nausea (Parker, Rock, Sticht, Wills, & Limebeer, 

2015). Clinical trials throughout the 1970s and 1980s revealed the effectiveness of the Δ-

9-tetrahydrocannabinol (Δ9-THC ) compound, Dronabinol (Marinol), and the synthetic 

compound, Nabilone, as anti-emetic agents (reviewed in Parker, Rock, & Limebeer, 

2011). Subsequent investigations found that Dronabinol and Nabilone provided superior 

anti-emetic effects compared to conventional non-cannabinoid anti-emetics available at 

the time (Tramèr et al., 2001), suggesting that cannabis-based medicines may be 

particularly effective in managing certain forms of treatment-resistant nausea and 

vomiting. Surprisingly, only one study has compared the effectiveness of Δ9-THC with 

the more effective 5-HT antagonist, ondansetron, in treating delayed chemotherapy-

induced nausea and vomiting (Meiri et al., 2007). Among patients receiving a moderately 

to highly emetogenic chemotherapy regimen, Dronabinol was found to be more effective 

than ondansetron in reducing the intensity of nausea compared to a placebo treatment. 

Importantly, the dose of Dronabinol used in this study was at least 50 percent lower than 

in previous studies (e.g. Sallan, Cronin, Zelen, & Zinberg, 1980; Sallan, Zinberg, & Frei, 

1975) resulting in a lower incidence of CNS-related adverse effects, which did not differ 

from incidence in the ondansetron treated group. Therefore, this finding supports the 
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effectiveness of cannabinoids as an alternative treatment for CINV and delayed CINV, 

particularly among patients who do not respond to current antiemetic agents.  

 

Anti-Emetic Effects of Cannabinoids in Animal Models 

Animal models of nausea and vomiting function as pre-clinical tools to evaluate 

potential pharmacological treatments (Andrews & Horn, 2006), as well as provide an 

opportunity to explore the neurobiology of nausea and emesis (Hornby, 2001). As with 

humans, cannabinoids have been shown to be very effective in reducing vomiting in 

animal models. For example, the synthetic cannabinoid, nabilone, was shown long ago to 

suppress emesis in cats induced by a variety of toxins including the chemotherapeutic 

agent cisplatin (London, McCarthy, & Borison, 1979; McCarthy & Borison, 1981). More 

recently, highly efficacious cannabinoid agonists, such as WIN55,212-2, have been found 

to suppress toxin-induced vomiting in ferrets (Percie Du Sert, Ho, Rudd, & Andrews, 

2010; Van Sickle et al., 2001), and cisplatin-induced emesis in the least shrew, Cryptotis 

parva (Darmani, 2001). Similarly, the potent cannabinoid agonists, CP55,940 and HU-

210, have also been shown to suppress cisplatin-induced vomiting in least shrews 

(Darmani et al., 2003) and pigeons (Ferrari, Ottani, & Giuliani, 1999), while THC was 

found to dose-dependently reduce vomiting in the larger shrew species (20-30 g females, 

30-40 g males), Suncus murinus (Parker, Kwiatkowska, Burton, & Mechoulam, 2004).  

In a similar study, the effects of ondansetron and Δ9-THC were assessed in 

response to administration of cisplatin (Kwiatkowska, Parker, Burton, & Mechoulam, 

2004). It was found that cisplatin-induced vomiting was suppressed by either compound, 

as well as with concomitant pretreatment of both Δ9-THC and ondansetron at doses that 
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were ineffective alone. Importantly, this latter finding emphasizes the therapeutic 

potential of administering low doses of Δ9-THC and ondansetron to reduce vomiting. 

Although ondansetron is effective in treating acute vomiting in shrews (Kwiatkowska, 

Parker, Burton, & Mechoulam), it was found to be ineffective in a shrew model of 

anticipatory nausea; when shrews received multiple pairings between a distinct 

environment and LiCl-induced vomiting, ondansetron failed to suppress conditioned 

retching upon return to the nausea-paired context, while Δ9-THC -treated shrews 

displayed fewer conditioned vomiting and anticipatory nausea in the Suncus murinus. 

The anti-emetic properties of Δ9-THC and THC -like synthetic analogues are 

subsequently reversed by selective antagonism of cannabinoid (CB1) receptors and these 

effects are mediated by emetic brainstem structures located in the dorsal vagal complex 

(DVC; see Hornby, 2001). For example, Darmani et al. (2003) reported that CB1 

localization and activation following administration of CP55,940 occurred in the nucleus 

tractus solitarius (NTS) of the DVC. In ferrets, cannabinoid-induced suppression of 

vomiting was dependent on activation of CB1 receptors in DVC structures including the 

NTS, area postrema, and dorsal motor nucleus of the vagus (Van Sickle et al., 2001), 

such that CB1 agonism reduced subsequent neuronal activation within the DVC in 

response to an emetic stimulus (Van Sickle et al., 2003). Taken together, cannabinoid 

agonists appear to exert their anti-emetic effects within brainstem emetic structures of the 

DVC. 

Beyond cannabinoid compounds acting at CB1 receptors, several other non-

psychotropic cannabinoids have been evaluated for their potential to reduce toxin-

induced vomiting. Parker and colleagues (Parker et al., 2004) investigated the ability of 



 6 

the non-psychoactive constituent of cannabis, cannabidiol (CBD), to suppress vomiting 

induced by LiCl in Suncus murinus. It was found that CBD dose-dependently suppressed 

LiCl-induced vomiting; however, compared to Δ9-THC, which attenuated vomiting 

through the entire tested dose range (3-20 mg/kg), the effect of CBD was biphasic as 

vomiting was enhanced at higher doses (25-40 mg/kg). The mechanism of action of CBD 

is attributable to activation of 5-HT1A receptors, as its anti-emetic effects were reversed 

by the 5-HT1A antagonist, WAY100135 (Rock et al., 2012). More recently, the precursor 

for CBD, canabidiolic acid (CBDA; De Meijer, Hammond, & Sutton, 2009; Gaoni & 

Mechoulam, 1971), has also been shown to suppress LiCl- and motion-induced emesis in 

shrews, but within a markedly lower dose range (0.1-0.5 mg/kg) than CBD (Bolognini et 

al., 2013). Interestingly, in the case of CBD, its anti-emetic effects are blocked by another 

naturally occurring phytocannabinoid found in marihuana, cannabigerol (CBG; Gaoni & 

Mechoulam); specifically, CBG was found to interfere with CBD-induced suppression of 

vomiting in shrews, likely by opposing actions on 5-HT1A receptors (Rock et al., 2011). 

This latter finding suggests a dynamic interaction between phytocannabinoids in the 

regulation of vomiting. 

 

Conditioned Gaping as a Measure of Nausea in Rats 

Although much is known about the neurobiological basis of emesis (see Andrews 

& Horn, 2006; Hornby, 2001), less is understood about the neural systems responsible for 

the sensation of nausea. Several factors contribute to this, including the subjective nature 

of the experience of nausea and the lack of a reliable animal model to study it (Andrews 

& Horn). However, evidence suggests that conditioned taste aversion, as measured by 
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conditioned gaping (wide triangular opening of the mouth with incisors exposed) in rats, 

represents a reliable animal model to investigate nausea (Parker, Rana, & Limebeer, 

2008). Conditioned taste aversion learning was initially investigated by Garcia and 

colleagues (Garcia, Hankins, & Rusiniak, 1974), in which rats learned to associate a 

particular taste with toxin-induced illness. As this type of associative learning was 

directly related to the regulation of the internal homeostatic environment, Garcia and 

colleagues argued that the palatability of a taste was modified by internal effects 

subsequent to consumption. In this way, for example, preference for a particular taste 

would be enhanced following an animal’s recuperation from illness, whereas a taste 

aversion would ensue after consumption of a meal that caused illness (Garcia, Hankins, 

& Rusiniak). Interestingly, this latter type of learning was so powerful that it often 

resulted after a single taste-illness pairing, unlike associative learning processes 

pertaining to external cues (such as visual and auditory stimuli) and their external 

consequences (such as shock). Rats not only avoided consumption of any food that was 

associated with illness, but also displayed conditioned disgust (rejection) reactions when 

re-exposed to the illness-paired taste (Garcia, Hankins, & Rusiniak). 

The observation that an illness-inducing drug produced conditioned disgust 

reactions was later replicated by (Grill & Norgren, 1978a), who developed the taste 

reactivity (TR) test to systematically assess responses to gustatory stimuli. Traditionally, 

fluid consumption tests such as one or two bottle preference tests were typically used to 

study flavour-illness associations. However, according to Grill and Norgren, this 

methodology was problematic as non-human subjects must initiate and maintain drinking 

behaviour before acceptance or rejection of a taste could be accurately determined. 
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Instead, the TR test assessed the palatability of a fluid injected directly into the oral 

cavity of freely moving rats, during which time the orofacial movements were video 

recorded for further analysis. In the event that a highly palatable solution such as sucrose 

was delivered intraorally, rats were observed to display ingestive reactions in the form of 

rhythmic mouth movements and tongue protrusions. Alternatively, bitter quinine solution 

elicited characteristic disgust reactions in the form of gaping, as well as a series of body 

responses (e.g. chin rubs, pawtreads) all of which were considered to be indicative of an 

aversion to the taste. Most interestingly, when rats were re-exposed to a sweet solution 

that was previously paired with a nauseating drug such as LiCl, they were also observed 

to display conditioned disgust reactions (Grill & Norgren, 1978b). Among these, gaping 

is the most reliable measure of aversive reactions (Breslin, Spector, & Grill, 1992). 

Electromyographic analysis in rats revealed a similarity between the facial musculature 

involved in gaping and those involved in vomiting responses among emetic species 

(Travers & Norgren, 1986), indicating that gaping reactions may represent an incomplete 

emetic response. 

The TR test measures the aversiveness of a particular taste, which may not be 

reflected by suppressed consumption of that same taste. In fact, evidence indicates that 

conditioned taste aversion and conditioned taste avoidance indeed reflect different 

processes (Parker, 2003). Following a flavour-illness pairing, the conditioned taste comes 

to elicit conditioned gaping, which is likely mediated by conditioned nausea because 

gaping occurs only after treatment with substances that produce vomiting in emetic 

species (Parker, 1998). On the other hand, conditioned taste avoidance occurs not only 

following a flavour-illness pairing but also following a pairing of a flavour with drugs of 
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abuse such as cocaine and amphetamine that, at similar doses, are self-administered by 

rats (Parker, 1995). This finding indicates that nausea is not necessary for the 

establishment of conditioned taste avoidance. Although rats avoid a flavour paired with 

rewarding drugs, they do not display conditioned gaping when re-exposed to this flavour, 

as measured by the TR test; that is, flavours paired with rewarding drugs do not become 

conditionally aversive (Parker, 1995). This dissociation is not simply a difference in the 

sensitivity of the two measures, because Zalaquett & Parker (1989) demonstrated that 

even at a dose that produced weaker taste avoidance than amphetamine, LiCl produced 

conditioned gaping reactions while amphetamine did not. Moreover, even after 10 

saccharin-amphetamine pairings, rats did not display conditioned gaping reactions when 

re-exposed to saccharin alone (Parker, 1991). 

If conditioned gaping reactions reflect conditioned nausea-like behaviour, then 

attenuation of LiCl-induced nausea by anti-emetic pretreatment should interfere with the 

establishment of these aversive reactions. Indeed, the classic anti-emetic drugs 

ondansetron, and the 5-HT1A autoreceptor agonist, 8-OH-DPAT, prevent the 

establishment of LiCl-induced conditioned gaping reactions without attenuating 

conditioned avoidance of that flavour during a consumption test (Limebeer & Parker, 

2000, 2003). Therefore, because rats learn to associate a flavour with LiCl during the 

establishment of conditioned taste avoidance, anti-emetic drugs do not modify learning 

per se, but instead appear to reduce LiCl-induced nausea, whereby they selectively 

prevent the development of conditioned gaping reactions. As such, conditioned gaping is 

a more selective measure of nausea than is suppressed consumption, in the rat. 
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Cannabinoid Effects on Conditioned Gaping in Rats 

 Cannabinoid agonists not only prevent toxin-induced emesis in species capable of 

vomiting, but also prevent conditioned gaping reactions in rats. Limebeer and Parker 

(1999) investigated the effects of Δ9-THC on toxin-induced conditioned gaping reactions 

in which rats were pre-treated with the cannabinoid agonist prior to receiving an intraoral 

infusion of 0.1 % saccharin solution and an injection of the emetic drug, 

cyclophosphamide. Accordingly, if Δ9-THC were to reduce toxin-induced nausea, then 

rats would be expected to develop a weaker aversion to saccharin, as reflected by fewer 

disgust reactions during a subsequent drug-free test. Indeed, this is what occurred as Δ9-

THC attenuated the establishment of conditioned gaping reactions, as well as the 

expression of conditioned gaping when injected prior to the test. Subsequent studies 

found that LiCl-induced conditioned gaping reactions were blocked by pretreatment with 

the non-psychoactive cannabinoid, CBD (Parker, Mechoulam, & Schlievert, 2002),   as 

well as the synthetic cannabinoid, HU-210 (Parker et al. 2003). Importantly, although 

these cannabinoids had the ability to suppress conditioned gaping, they did not modify 

the strength of taste avoidance. Therefore, this effect was selective to conditioned nausea, 

and not attributable to an interference with learning.  

 Recently, the effects of CBDA have also been shown to suppress LiCl-induced 

conditioned gaping, and, as with its anti-emetic effects, the effective dose range (0.01-0.1 

mg/kg) was significantly lower than that of CBD (Bolognini et al., 2013). The 

mechanism of action for either phytocannabinoid was attributable to activation of 5-HT1A 

receptors, as the anti-nausea effects of either compound were reversed by the 5-HT1A 

antagonist, WAY100635 (Bolognini et al.; Rock et al., 2012). Recently, the interaction 
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between CBD and CBG on conditioned gaping has also been assessed, in which the 

CBD-induced suppression of conditioned gaping was reversed by pretreatment with CBG 

(Rock et al., 2011). These findings are consistent with the opposing actions of either 

compound on LiCl-induced vomiting in shrews.  

 

Endocannabinoids: Effects on nausea and vomiting 

The endogenous cannabinoids, or endocannabinoids, consist of the lipid 

messengers N-arachidonoylethanolamine, or anandamide (Devane et al., 1992), and 2-

arachidonoylglycerol (2-AG ; Mechoulam et al., 1995), and are synthesized in an 

activity-dependent manner from N-arachidonoyl phosphatidylethanolamine (NAPE) and 

1, 2-diacylglycerol (DAG), respectively (Piomelli, 2003). Once released, 

endocannabinoids bind to metabotropic CB1 or CB2 receptors located on pre-synaptic 

axon terminals, which results in inhibition of neurotransmitter release (Piomelli), 

followed by intra-cellular enzymatic hydrolysis (Deutsch & Chin, 1993; Di Marzo et al., 

1994). Importantly, this is also the site of action for exogenous cannabinoids such as Δ9-

THC, as well. After binding CB1 or CB2 receptors, anandamide is subsequently 

hydrolyzed by the enzyme fatty-acid-amide-hydrolase (FAAH; Cravatt et al., 1996), 

whereas 2-AG is degraded primarily by monoacylglycerol-lipase (MAGL; Dinh et al., 

2002). In terms of nausea and vomiting, much like the anti-emetic and anti-nausea 

properties of synthetic and plant-based cannabinoids, endocannabinoids also suppress 

these behaviors in a number of animal models. 
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 Endocannabinoids and vomiting.  Administration of exogenous anandamide has 

been shown to reduce toxin-induced vomiting in ferrets (Sharkey et al., 2007), and 

suppress vomiting in least shrews (Darmani, 2002), along with its stable analogue, 

methanandamide (Darmani, 2002; Van Sickle et al., 2001). Similarly, by prolonging the 

action of endogenously released anandamide, the FAAH inhibitor, URB597, has been 

shown to interfere with cisplatin- and nicotine-induced vomiting in the larger shrew 

species, Suncus murinus (Parker et al., 2009), and in ferrets (Sharkey et al., 2007; Van 

Sickle et al., 2005). In all cases, the anti-emetic effects were blocked by a CB1 

antagonst/inverse agonist indicating a CB1 receptor dependent mechanism of action of 

anandamide in suppressing vomiting. Unlike anandamide, however, the role of 2-AG in 

emesis remains somewhat less clear.  

The earliest reports of exogenous 2-AG administration suggested that this 

particular endocannabinoid played a functionally opposite role in modulating emesis 

compared to that of anandamide. Specifically, Darmani and colleagues reported that an 

injection of exogenous 2-AG alone dose-dependently produced vomiting among least 

shrews, an effect that was blocked by the CB1 antagonist/inverse agonist, SR141716 

(Darmani, 2002). In a subsequent study it was revealed that brain 2-AG levels were 

increased following cisplatin-induced vomiting (Darmani et al., 2005). Interestingly, pre-

treatment with anandamide partially blocked the emetic effects of 2-AG (Darmani, 2002). 

Thus, among least shrews, 2-AG appears to be a highly emetogenic endocannabinoid.   

However, opposite effects of 2-AG on vomiting have been reported in other 

animal models. Specifically, Van Sickle et al. (2005) found that a low dose of 2-AG (0.5 

mg/kg) attenuated toxin-induced vomiting in ferrets when combined with the cannabinoid 
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re-uptake inhibitor, VDM11, while higher doses were capable of blocking vomiting alone 

(Sharkey et al., 2007; Van Sickle et al., 2005). Interestingly, the anti-emetic effects of 2-

AG were reversed not only by CB1 receptor blockade, but also by a CB2 antagonist (Van 

Sickle et al., 2005), which is particularly interesting given that the effects of anandamide 

on vomiting are not reversed by CB2 antagonism (Van Sickle et al., 2005). More recently, 

Sticht et al. (2012) demonstrated similar anti-emetic effects associated with increased 

endogenous 2-AG levels. Administration of the selective MAGL inhibitor, JZL184, dose-

dependently suppressed LiCl-induced vomiting in Suncus murinus, whereby the 

suppression of vomiting was mediated through a CB1-dependent mechanism of action 

(Sticht et al., 2012). Although it is unclear whether exogenous 2-AG administration 

would produce similar anti-emetic effects in Suncus murinus, or precisely how higher 

doses of 2-AG would modulate toxin-induced vomiting in ferrets, the conflicting reports 

regarding the effects of 2-AG on vomiting may point to important species differences in 

emesis research. The experiments in Chapter II investigated the effects of exogenous 2-

AG on vomiting in the Suncus murinus. 

 

 Endocannabinoids and nausea. Investigations surrounding the role of the 

endocannabinoid system in nausea and vomiting have typically relied on a number of 

experimental animal models, and, therefore, human data concerning endocannabinoid 

involvement has been rather scarce. However, recent research by Schelling and 

colleagues suggests that the endocannabinoid system, indeed, acts to modulate nausea 

and vomiting in humans. Specifically, Choukèr et al. (2010) reported that motion 

sickness corresponded with lower blood endocannabinoid levels among participants 
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undergoing parabolic flight maneuvers (PFs), whereas anandamide and 2-AG levels were 

higher among participants who did not experience motion sickness. Moreover, CB1 

receptor expression was reduced among participants experiencing motion sickness 

compared to those unaffected by PFs, who did not show any change in CB1 expression 

from baseline values. Interestingly, anandamide increases were observed early on during 

PFs, whereas 2-AG levels were highest following the in-flight maneuvers, suggesting that 

endocannabinoids may play different roles in reducing both motion sickness and stress 

induced by PFs (Choukèr et al., 2010).  

As mentioned earlier, conditioned gaping to an illness-paired taste (such as 

saccharin) is a selective (and reliable) measure of nausea in rats, and therefore, serves as 

an ideal tool to explore the neurobiological mechanisms of nausea. Endocannabinoids, in 

addition to their powerful anti-emetic properties, are equally effective in reducing 

conditioned nausea in rats. Inhibition of FAAH-mediated hydrolysis of anandamide has 

been shown to moderately suppress LiCl-induced nausea in rats, with a greater 

suppressive effect following co-administration of the FAAH inhibitor, URB597, and 

exogenous anandamide  (Cross-Mellor, Ossenkopp, Piomelli, & Parker, 2007). Similarly, 

URB597 was found to interfere with both the establishment and expression of 

conditioned aversive reactions to an illness-paired context in a rat model of anticipatory 

nausea (Rock, Limebeer, Mechoulam, Piomelli, & Parker, 2008). In either case, the 

effects of anandamide on the establishment of conditioned aversion were CB1 receptor-

mediated as pretreatment with a CB1 antagonist reversed the anti-nausea effects of 

increased anandamide levels. 
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2-arachidonoyl glycerol, like anandamide, also appears to reduce nausea in rats; 

however, the anti-nausea properties do not appear to be entirely dependent on CB1 

receptors (Sticht et al., 2012). The metabolic products of 2-AG metabolism include 

MAGL-mediated conversion to the fatty-acid, arachidonic acid (AA) and glycerol, and, 

subsequently, cyclooxygenase enzyme (COX; Smith, Meade, & DeWitt, 1994) derived 

prostaglandins (PGs; Poyser, 1973). Importantly, PG synthesis can also occur through 

direct oxygenation of 2-AG (Fowler, 2007; Woodward et al., 2008). These oxygenated 

fatty acids have been shown to play a number of diverse roles, the most common of 

which is mediating the inflammatory response (Davies, Bailey, Goldenberg, & Ford-

Hutchinson, 1984; Hata & Breyer, 2004; Larsen & Henson, 1983). However, until 

recently their potential role in nausea remained unknown. We investigated the role of 2-

AG in nausea, whereby administration in rats was shown to dose-dependently suppress 

the establishment of conditioned gaping when animals were pre-treated prior to LiCl-

induced illness (Sticht et al., 2012). Surprisingly, the effects of exogenous 2-AG alone 

were reversed by a COX inhibitor, indomethacin, whereas pretreatment with a CB1 

antagonist had no effect (Sticht et al., 2012). This finding, therefore, suggests that COX-

derived products of 2-AG and/or its metabolic products play an essential role in 

mediating the anti-nausea effects following exogenous administration (Sticht et al., 

2012).  

Interestingly, although the anti-nausea effects of exogenous 2-AG administration 

are reversed by a COX inhibitor, its effects may not be exclusively independent of CB1 

receptors (Sticht et al., 2012). This notion is based on the finding that the suppression of 

conditioned gaping following concomitant pre-treatment with the MAGL inhibitor, 
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JZL184, and exogenous 2-AG was found to be partially reversed by a CB1 antagonist 

(Sticht et al., 2012). Therefore, this finding suggests that decreased 2-AG turnover 

reduces nausea, in part, through an action at CB1 receptors. Nonetheless, the fact that 

COX-inhibition blocked the anti-nausea effects of 2-AG serves to highlight the dynamic 

nature of endocannabinoid-suppression of nausea, such that 2-AG functions through 

several potential mechanisms to modulate the sensation of nausea. Further research is 

needed to clarify the precise role of downstream endocannabinoid metabolites in the 

suppression of nausea. 

 

Forebrain Structures are Required for the Establishment of Nausea-Induced Conditioned 

Gaping 

 The emetic circuitry responsible for mediating the vomiting reflex is well 

documented, yet the precise mechanisms underlying the sensation of nausea, and nausea-

induced conditioned gaping, remain unclear. Although conditioned taste aversion 

learning research was originally pioneered by Garcia and colleagues, early research by 

Grill and Norgren first uncovered the potential mechanism(s) underlying this type of 

learning. Specifically, a series of experiments demonstrated that a decerebrated forebrain 

in rats disrupted the ability of animals to both retain and acquire a taste-illness pairing as 

measured by conditioned gaping (Grill & Norgren, 1978b). Importantly, chronically 

decerebrate rats did not differ from neurologically intact animals in their gaping 

responses elicited by bitter quinine solution (gaping) or tongue protrusions to sucrose 

(Grill & Norgren, 1978c). That is, unconditioned aversive or ingestive responses to 

sucrose and quinine were alike among decerebrate and control rats, and, thus, the 
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manipulation selectively disrupted the establishment of conditioned gaping among 

decerebrates. This disruption is likely attributable to a reduction of LiCl-induced nausea, 

which, under normal circumstances, results in the subsequent rejection (conditioned 

gaping) of any nausea-associated flavour. 

 One system that appears to be critically important for the establishment of nausea-

induced conditioned gaping in rats is the dorsal and median raphe nuclei of the brainstem, 

which are the site of origin for forebrain serotonin release (Vasudeva, Lin, Simpson, & 

Waterhouse, 2011). Following the discovery that systemically applied 5-HT antagonists 

reduced conditioned gaping (Limebeer & Parker, 2000; Limebeer & Parker, 2003), 

subsequent research focused on the mechanism(s) underlying the role of serotonin in 

nausea-induced conditioned gaping. To this end, Limebeer, Parker, Fletcher (2004) 

demonstrated that 5,7-DHT lesions of the dorsal and median raphe nuclei interfered with 

the establishment of conditioned gaping. Despite the effects of overall 5-HT disruption, 

however, rats still displayed conditioned avoidance of LiCl-paired saccharin in either a 

one- or two-bottle consumption test. Taken together, this study demonstrated that 

forebrain 5-HT is required for nausea-induced conditioned gaping, specifically, and is 

consistent with the findings of Grill and Norgren (1978b) that an intact forebrain is 

necessary for the establishment of conditioned gaping. In terms of the precise forebrain 

mechanism underlying this behavior, one area that appears to be of particular importance 

is that of the insular cortex (IC). 
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Insular Cortex: Site of Action Underlying Nausea-Induced Conditioned Gaping 

The earliest reports that the IC may be involved in nausea came from the work of 

Penfield and Faulk (1955) who documented the subjective responses of patients 

undergoing treatment for temporal lobe epilepsy. Specifically, upon stimulation of the IC, 

visceral sensory phenomena were reported by patients as the feeling of nausea and 

nausea-like gastric sensations (Penfield & Faulk). Moreover, in some cases patients were 

found to vomit in response to IC stimulation (Penfield & Faulk). These findings were 

replicated by Catenoix and colleagues who reported similar observations in a patient 

undergoing treatment for temporal lobe epilepsy (Catenoix et al., 2008).   

Recently, functional neuroimaging studies in humans explored the brain circuitry 

involved in nausea  (Napadow et al., 2013; Sclocco et al., 2014), revealing an important 

role for the insular cortex in its sensation. Specifically, Napadow et al. (2013) 

demonstrated that a strong sensation of nausea resulted in sustained activation of the 

interoceptive insula, as well as limbic and sub-cortical regions. Importantly, autonomic 

activation, which is important for nausea perception (LaCount et al., 2011), appears to be 

modulated by the insular cortex (Sclocco et al. 2014). Neuroimaging data in humans also 

suggests that the IC also plays a central role in the processing of disgust related facial 

expressions (see Calder, Lawrence, & Young, 2001). In fact, a functional neuroimaging 

study by Calder and colleagues revealed that anterior insular cortex activation correlated 

positively with the propensity of individuals to experience disgust in response to 

nauseating-stimuli (Calder et al., 2007). Thus, taken together, the human insula is part of 

a broad network of brain areas underlying the experience of several aspects of nausea 

(Napadow et al. 2013) and disgust (Calder et al.), and may play a particularly critical role 
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in regulating autonomic control in response to a nausea-inducing stimulus (Sclocco et al. 

2014). 

In rats, a similar role for the IC in nausea appears to exist such that IC lesions 

were shown to interfere with nausea-induced conditioned gaping responses. Specifically, 

ablation of the entire IC interfered with the establishment of LiCl-induced conditioned 

gaping, while sham control animals displayed typically aversive behavior to an IO 

infusion of LiCl-paired sucrose (Kiefer & Orr, 1992). However, ablation of the entire IC 

only mildly interfered with conditioned taste avoidance and had no effect on gaping 

elicited by an unconditionally aversive bitter quinine solution (Kiefer & Orr). These 

findings suggest that the IC is critical for the establishment of LiCl-induced nausea, 

specifically. 

 

Neuroanatomy of the Insular Cortex 

The IC is an extensive band of cortex initially described by Cunningham as the 

insular district of the human and primate brain (Cunningham, 1897). Many years later, 

work in rats subsequently revealed that the IC is composed of three distinct cellular layers 

along the rostro-caudal axis (Krieg, 1946), extending from a ventral agranular layer 

through dysgranular and granular layers located more dorsally (Cechetto & Saper, 1987; 

Krieg, 1946). The functional organization of this region, which receives both gustatory 

and visceral input, was uncovered in a detailed study by Cechetto and Saper (1987). It 

was found that the various cortical layers within this region responded preferentially to 

particular visceral stimuli: rostrally located taste-responsive neurons were contained 

primarily in the dysgranular, and to a lesser extent agranular, layers, while general 
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visceral stimulation corresponded to neurons in the granular layer (Cechetto & Saper). 

Retrograde labeling using horseradish peroxidase (HRP) injections indicated that these 

differentially responsive areas received afferents originating in distinct nuclei of the 

thalamus: relays from the parvicellular area of the ventro-posterior-medial (VPMpc) 

thalamic nucleus corresponded to the gustatory neurons found primarily within the 

dysgranular layer (GIC), whereas efferents from the ventro-posterior-lateral (VPLpc) 

parvicellular thalamic nucleus converged on a visceral area with the posterior granular 

layer (VIC; Cechetto & Saper). Interestingly, the thalamic nuclei were sub-served by 

parallel (medial gustatory; lateral visceral) relays within the parabrachial nucleus, and, 

taken together, indicate that visceral and gustatory stimuli are topographically processed 

in a parallel fashion at various levels – and structures – within the central nervous system 

(Cechetto & Saper). 

In terms of nausea, input from the NTS, specifically, may be of particular 

importance in mediating its sensation by the IC. Saper and colleagues demonstrated that 

ascending projections from the NTS are relayed by the parabrachial nucleus (Moga et al., 

1990) and, in turn, the thalamus before reaching the IC. Visceral and gustatory input are 

mediated separately via projections through either the lateral or medial nuclei of the PBN, 

respectively (Herbert, Moga, & Saper), and their respective thalamic subnuclei (Cechetto 

& Saper, 1987) prior to terminating in the GIC and VIC (Allen, Saper, Hurley, & 

Cechetto, 1991). Because emetic brainstem structures of the dorsal vagal complex such as 

the NTS are important in the regulation of vomiting, their input into the IC may, 

therefore, be equally important for nausea. Moreover, the VIC may be particularly critical 

in mediating the sensation of nausea given its role in the processing of visceral stimuli. 
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Manipulations of the VIC on Nausea in Rats 

Several studies have focused on the role of the VIC in nausea-induced behavior in 

rats. Contreras and colleagues (2007) were the first to demonstrate nausea-induced 

activation of the VIC, that, when blocked was found to interfere with unconditioned 

nausea. Specifically, injections of LiCl produced Fos-immunoreactivity in the VIC, while 

inactivation of the VIC through localized lidocaine administration interfered with LiCl-

induced lying on belly (LOB), which is a measure of unconditioned nausea in rats 

(Parker, Hills, & Jensen, 1984). In particular, it was found that rats that received an intra-

VIC infusion of lidocaine displayed reduced LOB behavior, as well as a longer latency of 

onset compared to saline-treated controls (Contreras, Ceric, & Torrealba, 2007). 

Importantly, the effect of lidocaine was limited to the VIC because infusions into the 

adjacent primary somatosensory cortex had no effect on LOB (Contreras, Ceric, & 

Torrealba). Therefore, inactivation of the VIC, specifically, appears to interfere with the 

sensation of nausea in rats. 

Recent findings from our laboratory suggest that activation of 5-HT3 receptors in 

may be responsible for the sensation of nausea in the VIC. Serotonin-selective 5, 7-DHT 

lesions of the IC were found to impair conditioned gaping compared to sham-lesions 

controls (Tuerke, Limebeer, Fletcher, & Parker, 2012). More specifically, bilateral 

infusions of the 5-HT3 antagonist, ondansetron, into the VIC selectively blocked the 

establishment of LiCl-induced conditioned gaping, but not taste avoidance. Conversely, 

bilateral intracranial injections of the 5-HT3 agonist, mCPBG, produced the opposite 

effect on conditioned gaping: Intra-VIC administration potentiated the rejection of LiCl-

paired saccharin, and was sufficient to produce conditioned gaping on its own when 



 22 

explicitly paired with an IO infusion of saccharin (Tuerke, Limebeer, et al.). In the latter 

case, mCPBG-induced conditioned gaping was blocked by ondansetron pretreatment, but 

had no effect on conditioned taste avoidance (Tuerke, Limebeer, et al.). Most 

interestingly, the same manipulations in the GIC modified taste avoidance, but not 

gaping, suggesting a double dissociation between VIC and GIC function on LiCl-induced 

conditioned gaping and taste avoidance, respectively (Tuerke, Limebeer, et al.). Taken 

together, these results demonstrate the critical role of 5-HT3-mediated signaling in the 

VIC in triggering the sensation of nausea. 

 

VIC Endocannabinoid System: Potential Site of Cannabinoid Modulation of Nausea 

Cannabinoid receptors, predominantly the CB1 subtype, are widely distributed 

throughout the central nervous system (Tsou, Brown, Sañudo-Peña, Mackie, & Walker, 

1998), and, in particular, are expressed in the insular cortex (Moldrich & Wenger, 2000); 

thus, the endocannabinoid system serves as an ideal neuromodulator of nausea, 

potentially through action(s) within the VIC. To date, only one study has investigated this 

possibility. Limebeer and colleagues recently demonstrated that infusions of the CB1 

agonist, HU210, directly into the VIC interfered with the establishment of LiCl-induced 

conditioned gaping in rats (Limebeer, Rock, Mechoulam, & Parker, 2012), and the anti-

nausea effects of HU210 were reversed by the CB1 antagonist, AM251. Thus, intra-VIC 

CB1 activation appears to reduce nausea in rats and suggests that the VIC 

endocannabinoid system plays an important role in regulating nausea-induced 

conditioned gaping. However, the precise nature of endocannabinoid-mediated signaling 

within this forebrain region during an episode of nausea remains to be determined. 
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Present Study  

The present dissertation was aimed at investigating the role of the intra-visceral 

insular cortex endocannabinoid system in acute nausea-induced conditioned gaping in 

rats, as well as clarifying the role of 2-AG in vomiting in Suncus murinus. Chapter I was 

published in the journal, Physiology & Behavior, and was aimed at clarifying the role of 

2-AG in vomiting. Specifically, we assessed whether exogenous 2-AG administration 

would produce vomiting in shrews, as previously demonstrated by Darmani (2002), as 

well as potentiate toxin-induced vomiting. Together, these experiments extend the 

existing literature regarding the effects of exogenous 2-AG administration in emetic 

species.  

Next, we focused on the role of the endocannabinoid system in nausea using the 

conditioned gaping model in rats. However, prior to assessing the effects of 

endocannabinoid manipulations, we focused specifically on the gaping model itself. In an 

effort to clarify whether conditioned gaping behaviour is mediated by nausea – that is, 

whether a LiCl-paired stimulus elicits a sensation of nausea in the absence of 

pharmacologically-induced illness – we investigated whether rats acquire second-order 

conditioning to a novel stimulus experienced in a nausea-paired context. The experiments 

reported in Chapter III were published in the journal, Learning & Behavior, and assessed 

whether an excitatory contextual CS+ has the potential to confer second-order 

conditioning to a novel flavor in the absence of any direct pairing with LiCl. In this way 

second order conditioning would occur between two initially neutral stimuli such that 

both elicit conditioned nausea without any pharmacologically-induced illness. The results 
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of this study further demonstrate that nausea-induced conditioned gaping is a reliable 

animal model of nausea.   

The final two chapters directly assessed endocannabinoid regulation of nausea 

within the visceral insular cortex and investigated whether localized pro-endocannabinoid 

manipulations in this region reduce the establishment of acute nausea-induced 

conditioned gaping. Previous research has demonstrated the anti-nausea potential of 

anandamide (Cross-Mellor et. al., 2007) and 2-AG (Sticht et al., 2012) manipulations 

upon systemic administration, yet the effects of central endocannabinoid administration 

on nausea remained unknown. Localized administration of the conventional anti-emetic, 

ondansetron, or the synthetic cannabinoid, HU210, have previously been shown to 

interfere with the establishment of conditioned gaping upon administration into the VIC, 

likely by reducing the effects of a nausea-inducing stimulus. Thus, in Chapter IV, we 

hypothesized that localized intra-VIC endocannabinoid administration would interfere 

with acute nausea-induced conditioned gaping in rats. Therefore, animals received intra-

VIC infusions of exogenous anandamide or 2-AG prior to injections of nausea-inducing 

LiCl during each of two conditioning trials, and gaping to LiCl-paired saccharin was 

subsequently assessed.  

The final chapter focused specifically on the role of endogenously released 2-AG 

and anandamide in modulating nausea-induced conditioned gaping. As mentioned above, 

endocannabinoid inactivation occurs rapidly via enzymatic hydrolysis (Piomelli, 2003), 

and this mechanism can be targeted for exploring the biological effects of 

endocannabinoid signaling. Pharmacological inhibitors that selectively inhibit 

intracellular hydrolysis by FAAH (e.g. URB597, Fegley et al., 2005; PF3845, Ahn et al., 
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2009) or MAGL (e.g. MJN110; Niphakis et al., 2013), which elevate levels of 

anandamide and 2-AG, respectively, have been extensively used, leading to a better 

understanding of their role in physiology and behavior (Blankman & Cravatt, 2013). 

Given the ‘on-demand’ nature of endocannabinoid synthesis and degradation, this 

approach is particularly useful towards investigating the role of localized effects of 

anandamide and 2-AG. Therefore, we assessed the effects of localized administration of 

endocannabinoid catabolic enzyme inhibition prior to LiCl-induced nausea. 

Until now, investigations of endocannabinoid suppression of nausea have been 

limited to behavioral comparisons following systemic or central administration of 

cannabinoid agonists and antagonists, and, in the latter case, histological verification to 

determine localization of effects. However, it is unclear to what extent endocannabinoid 

levels are elevated in forebrain areas, and whether functional differences in 2-AG and 

anandamide contribute to their ability to suppress nausea. Therefore, we also quantified 

endocannabinoid levels in response to nausea-inducing LiCl, as well as systemic and 

intra-VIC FAAH/MAGL inhibition. Lastly, given the effectiveness of systemic MAGL 

inhibition to both elevate 2-AG levels in the VIC, as well as reduce LiCl-induced 

conditioned gaping, we assessed the ability of MJN110 to reduce VIC neuronal activation 

in response to an episode of nausea. 
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Abstract 

The role of the endocannabinoid system in vomiting has been previously studied using 

several animal species. These investigations have clearly demonstrated an anti-emetic 

role for the endocannabinoid, anandamide, in these animal models; however, research 

concerning the role of 2-arhachidonoylglycerol (2-AG) has been less clear. The aim of 

the present study was to assess the effects of exogenous 2AG administration in the house 

musk shrew, Suncus murinus. In Experiment 1, shrews were injected with vehicle or  

2-AG (1, 2, 5, 10 mg/kg) 15 min prior to behavioral testing in which the frequency of 

vomiting episodes was observed. In Experiment 2, shrews were pretreated with 2-AG (2, 

5 mg/kg) prior to being administered the emetic drug, lithium chloride (LiCl). It was 

found that 2-AG alone did not induce emesis, but interfered with vomiting in response to 

LiCl administration. The anti-emetic effects of 2-AG in Suncus murinus do not appear to 

be mediated by CB1 receptors, as concomitant pretreatment with the CB1 receptor 

antagonist, SR141716, did not reverse the suppressive effects of 2-AG. These results 

confirm that manipulations that increase levels of 2-AG exert anti-emetic effects in the 

house musk shrew. 

 

Keywords: Emesis Endocannabinoid 2-Arachidonoylglycerol Lithium chloride Shrew 
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Introduction 

 The modulatory role of the endocannabinoid system in nausea and vomiting is 

well documented (Parker & Limebeer, 2007; Rock, Sticht, & Parker, 2013). 

Endocannabinoids consist of the lipid molecules 2-arachidonoylglycerol (2-AG) 

(Mechoulam et al., 1995) and N-arachidonoylethanolamine (Devane et al., 1992), or 

anandamide, both of which are endogenous ligands for metabotropic CB1 (Matsuda, 

Lolait, Brownstein, Young, & Bonner, 1990) and CB2 (Munro, Thomas, & Abu-Shaar, 

1993) receptors (Piomelli, 2003). Anandamide- and 2-AG-mediated signaling is 

terminated following enzymatic hydrolysis by fatty-acid-amide-hydrolase (FAAH) 

(Cravatt et al., 1996) and monoacylglycerol-lipase (MAGL) (Dinh et al., 2002), 

respectively.  

 Numerous studies have demonstrated the effectiveness of cannabinoid drugs, both 

plant based and synthetic derivatives, to suppress toxin-induced vomiting in several 

animal models through an action at CB1 receptors (Parker & Limebeer, 2007; Rock, 

Sticht, & Parker, 2013). Indeed, manipulations that elevate levels of endocannabinoids 

have also been investigated for their potential to modulate toxin-induced vomiting. For 

example, exogenous anandamide has been shown to reduce vomiting in ferrets in 

response to morphine-6-glucuronide (M6G) (Sharkey et al., 2007; Van Sickle et al., 

2005), and elevations in endogenous anandamide by administration of the FAAH 

inhibitor, URB597, suppressed both nicotine- and cisplatin-induced vomiting in house 

musk shrews (Suncus murinus) (Parker, Limebeer, et al., 2009) and M6G-induced emesis 

in ferrets (Sharkey et al., 2007). Both anandamide and its synthetic analogue, 

methanandamide, have also been found to suppress vomiting in the least shrew (cryptotis 
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parva) (Darmani, 2002) as well as ferrets (Van Sickle et al., 2001). In all cases, these 

anti-emetic effects were attenuated following concomitant pretreatment with a CB1 

receptor antagonist, indicating a CB1 receptor dependent mechanism of action through 

which anandamide suppresses emesis.  

 The earliest reports concerning 2-AG in vomiting, however, revealed a potentially 

emetogenic role for this endocannabinoid (Darmani, 2002). Specifically, in least shrews, 

administration of 2-AG alone was found to dose-dependently (1–10 mg/kg) produce 

vomiting, which was blocked following concomitant pretreatment with the CB1 receptor 

antagonist/inverse agonist, SR141716, as well as by tetrahydrocannabinol and the 

synthetic cannabinoid agonists, WIN55,212-2 and CP55,940 (Darmani). On the other 

hand, exogenous anandamide did not induce vomiting, but along with its stable analogue, 

methanandamide, was reported to interfere with 2-AG-induced emesis (Darmani). 

Moreover, cisplatin-induced vomiting was found to correspond with increased brain 

levels of 2-AG in the least shrew (Darmani et al., 2005). However, opposite effects have 

been reported in other animal models of emesis. In particular, low doses of 2-AG (0.5 

mg/kg) suppressed M6G-induced vomiting in ferrets when combined with the 

endocannabinoid transport inhibitor, VDM11, and higher doses of 2-AG (1–2 mg/kg) 

were effective alone (Sharkey et al., 2007; Van Sickle et al., 2005). Interestingly, the anti-

emetic effects of 2-AG (2 mg/kg) were reversed either by the CB1 or CB2 antagonists, 

AM251 or AM630, respectively, which is in contrast to the selective CB1-dependent 

mechanism by which anandamide suppresses vomiting in this same species (Van Sickle 

et al., 2005). Although it remains unknown whether higher doses of 2-AG would induce 

vomiting alone or potentiate toxin-induced emesis in ferrets, these conflicting reports 
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concerning 2-AG in vomiting, nonetheless, suggest important species differences in 

emesis research.  

 Recently, our group reported that elevated levels of 2-AG in response to 

administration of the selective MAGL inhibitor, JZL184, dose-dependently suppressed 

lithium chloride (LiCl)-induced emesis in the house musk shrew, an effect that was 

reversed following concomitant pretreatment with AM251 (Sticht et al., 2012). However, 

until now it remained to be determined whether exogenous 2-AG administration (as 

opposed to the anti-emetic effects following increases in endogenous 2-AG via MAGL 

inhibition) would lead to emesis in this particular species. We report here that exogenous 

2-AG alone does not induce vomiting in the house musk shrew and interferes with LiCl-

induced emesis.  

 

2. Methods  

2.1. Subjects  

 The house musk shrews were bred and raised in a colony at the University of 

Guelph. Subjects consisted of males (40–55 g, between 170 and 348 days old; average 

age: 230) and females (20–35 g, between 161 and 315 days old; average age: 225) and 

were equally distributed among the treatment groups. The founding group of 30 shrews 

was graciously provided by Emily Rissman, University of Virginia in 2000. They have 

been bred at Wilfrid Laurier University and University of Guelph from the founder group 

since the initial group was received. The shrews were single-housed in clear Plexiglas 

cages (11” × 7” × 5”) in a colony room (ambient temperature: 22 °C; relative humidity: 

40%) and maintained on a diurnal light/dark cycle (7:00 lights on; 19:00 lights off) with 
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free access to food (Iams cat chow) and tap water, except during testing. On average, 

each shrew was tested twice (but no more than 3 times) throughout the course of the 

study, and 2AG/LiCl exposure was limited to two separate trials. In all cases, multiple 

trials were separated by a minimum of two weeks.  

 

2.2. Drugs  

 All drugs were administered intraperitoneally (i.p.). Exogenous 2- 

arachidonoylglcyerol (1–10 mg/kg; Cayman Chemical) was prepared in a 1:1:18 solution 

of ethanol: Tween 80 (Sigma): physiological saline. The drugs were first dissolved in 

ethanol and then Tween was added to the solution while the ethanol was evaporated off 

with a nitrogen stream after which saline was added. The final vehicle solution consisted 

of 1:9 Tween:saline, with 2AG prepared at a concentration of 1.25–2.5 mg/ml. The CB1 

inverse agonist/antagonist, SR141716 (3 mg/kg; Sequoia Chemicals, UK), was prepared 

at a concentration of 1.5 mg/ml. The treatment drug was 0.15 M lithium chloride 

(Sigma), which was prepared in a sterile H2O solution and administered at a volume of 

60 ml/kg (390 mg/kg).  

 

2.3. Procedures  

2.3.1. Experiment 1: potential for 2AG to induce vomiting  

 House musk shrews were each offered four meal worms (tenebrio sp.) in their 

home cage 15 min prior to the beginning of the experiment, which occurred between the 

hours of 9:00 and 18:00. The subjects then received an injection of 2-AG (1–10 mg/kg) 

or vehicle and were immediately placed into a clear Plexiglas observation chamber (7.5” 
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× 7.5” × 5”) that was illuminated by two 60 W lights. Vomiting behavior and retches 

were observed for 60 min via a mirror located at a 45 degree angle below the chamber, 

which enabled a clear view of the ventral surface of the animal. The number of emetic 

episodes (expulsion of fluids from stomach) and retches (wide open mouth with 

abdominal contractions without expulsion of fluid) was quantified by an observer. The 2-

AG treatment groups were as follows: 0 mg/kg (vehicle; n = 8), 1 mg/kg (n = 5), 2 mg/kg 

(n = 6), 5 mg/kg (n = 8), 10 mg/kg (n = 8). Male (n = 16) and female (n = 19) shrews 

were assigned to each of the groups in approximate equal numbers.  

 

2.3.2. Experiment 2: effect of 2AG on LiCl-induced vomiting  

 As in Experiment 1, all house musk shrews were offered four meal worms in their 

home cage 15 min prior to the start of the experiment. The shrews then received an 

injection of 2-AG (2, 5 mg/kg) or vehicle and were immediately placed into the 

observation chamber. Following a 15 min pretreatment observation period, the house 

musk shrews were administered LiCl and observed for an additional 45 min. To assess 

whether the anti-emetic effects following 2-AG pretreatment were CB1 receptor-

dependent, an additional group of shrews received an injection of the CB1 antagonist 

SR141716 (3 mg/kg) 15 min prior to an injection of 2-AG (5 mg/kg) and 15 min later, the 

shrews were injected with LiCl and observed for 45 min. The 2-AG treatment groups 

were as follows: 0 mg/kg (vehicle; n = 10), 2 mg/kg (n = 6), 5 mg/kg (n = 6), 

SR141716+5 mg/kg (n = 4). Male (n = 11) and female (n = 17) shrews were assigned to 

each of the groups in approximate equal numbers.  
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2.4. Data analysis  

 In Experiment 1, the number of emetic episodes and retches displayed by the 

shrews following administration of the various doses of 2-AG was analyzed as a 5 (Dose 

of 2-AG) by 2 (sex) between groups ANOVA. In Experiment 2, the number of emetic 

episodes and retches was each analyzed as a 4 (Pretreatment) by 2 (sex) between groups 

ANOVA. Bonferroni post hoc pairwise comparison tests were used to evaluate 

significant main effects of group. Significance was set at p < 0.05.  

 

3. Results  

3.1. Experiment 1: potential for 2AG to induce vomiting  

 As seen in Fig. 1, administration of exogenous 2-AG did not induce a significant 

amount of vomiting or retching in house musk shrews at doses of up to 10 mg/kg, as 

compared to vehicle-pretreated shrews. The ANOVAs for the number of emetic episodes 

and for the number of retches yielded no significant effects.  

 

3.2. Experiment 2: effect of 2AG on LiCl-induced vomiting  

 As seen in Fig. 2, pretreatment with 2-AG reduced, but did not eliminate, LiCl-

induced vomiting and retching in house musk shrews, and neither effect was reversed by 

SR141716. The injection of 2-AG did not produce vomiting or retching during the 15 

min period following 2-AG administration, before LiCl injections (data not depicted). 

The two factor between groups ANOVA of the number of vomiting episodes following 

LiCl revealed a significant effect of pretreatment, F(3,20) = 11.29, p < 0.001. Bonferroni 

post hoc comparisons revealed that vehicle-pretreated shrews displayed a greater 
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frequency of vomiting than those pre-treated with 2 mg/kg (p < 0.01) or 5 mg/kg (p < 

0.05) of 2-AG alone, as well as the shrews that received the highest dose of 2-AG (5 

mg/kg) and SR141716 (P = 0.001). There was no significant difference in vomiting 

behavior among the pretreatment groups that received 2-AG alone or when combined 

with SR141716. Also, there was no main effect sex, F(1,20) = 1.54, ns, or a significant 

group by sex interaction, F(3,20) = 0.47, ns, on vomiting.  

 The two factor between groups ANOVA of the number of retches following LiCl 

revealed a significant effect of pretreatment, F(3,20) = 8.27, p = 0.001. Bonferroni post 

hoc comparisons revealed that vehicle-pretreated shrews displayed a greater frequency of 

retches than those pre-treated with 2 mg/kg (p < 0.01) or 5 mg/kg (p < 0.05) of 2-AG 

alone, as well as the shrews that received the highest dose of 2-AG (5 mg/kg) and 

SR141716 (p < 0.01). There was no significant difference in retches among the 

pretreatment groups that received 2-AG alone or when combined with SR141716. Also, 

there was no main effect of sex, F(1,20) = 0.18, ns, or a significant group by sex 

interaction, F(3,20) = 0.05, ns, on retches.  

 

4. Discussion  

 As has been previously reported, 2-AG is either emetogenic or antiemetic in least 

shrews (Darmani, 2002) and ferrets (Sharkey et al., 2007; Van Sickle et al., 2005), 

respectively. Consistent with these latter reports, our results suggest that 2-AG also has 

antiemetic properties in house musk shrews, as exogenous administration alone did not 

induce vomiting, but rather attenuated vomiting and retching when shrews were 

pretreated with 2-AG prior to emetic LiCl. Moreover, this finding is consistent with a 
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previous study demonstrating that elevations of endogenous 2-AG by administration of 

the MAGL inhibitor, JZL184, also suppressed LiCl-induced vomiting in house musk 

shrews (Sticht et al., 2012). Taken together, these findings demonstrate that 

manipulations that increase 2-AG are anti-emetic in house musk shrews.  

 In light of the surprising differences between least shrews and house musk 

shrews, it is worthwhile to consider whether procedural variances may have contributed 

to 2-AG-induced vomiting, or the suppression thereof. One difference was the particular 

vehicle that was utilized in the current study and that conducted by Darmani (2002): 

While both vehicles were a 1:1:18 solution that included Emulphor (or Tween-80 in the 

current study), ethanol, and saline, in the current study the ethanol was evaporated off 

prior to dilution with saline, which did not produce vomiting or retching on its own. On 

the other hand, Darmani reported that their vehicle was further diluted with an equal 

amount of saline because the basic 1:1:18 solution (which included ethanol) elicited 

vomiting in 20% of shrews. In this case, despite being diluted, the vehicle solution 

reportedly elicited some vomiting in least shrews, albeit only rarely (Darmani). Aside 

from this difference, however, other aspects including the route of drug administration 

(i.e. intra-peritoneally), diet, and housing were all similar. Moreover, while Darmani 

observed shrews for 30 min following 2-AG administration, we used a 60 min 

observation period in the current study, thus, allowing for an even greater period to 

observe vomiting. Therefore, there appears to be a species difference in the response to  

2-AG.  

One peculiar difference with respect to the ability of 2-AG to interfere with 

vomiting in house musk shrews and ferrets, on the other hand, relates to its mechanism of 
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action. The anti-emetic effects of 2-AG in ferrets appear to be mediated by either CB1 or 

CB2 receptors, as administration of the respective selective antagonists was found to 

reverse the suppressive effects of 2-AG (Van Sickle et al., 2005). However, in the current 

study, the CB1 antagonist, SR141716, did not interfere with the ability of 2-AG to 

suppress vomiting and retching in the house musk shrew, indicating that its mechanism of 

action is likely independent of CB1 receptors. We did not evaluate the effect of CB2 

antagonism on the 2-AG induced suppression of vomiting. Although SR141716 appeared 

to enhance the suppression of vomiting by 2-AG, the group treated with 5 mg/kg 2-AG 

alone and the group treated with 5 mg/kg 2-AG + SR141716 did not significantly differ. 

Indeed, we have previously demonstrated that when shrews are given SR141716A, it 

does not suppress (or enhance) LiCl-induced vomiting on its own in the house musk 

shrew (Parker et al., 2004). While the specificity of SR141716 has not been assessed on 

CB1 receptors in house musk shrews, autoradiographic studies by Darmani and 

colleagues (Darmani et al., 2003) demonstrated that this compound is, indeed, selective 

for CB1 in least shrews, as it is in rat brain. Nonetheless, future studies will need to 

confirm the specificity of SR141716 in shrew brain tissue, as well as evaluate the 

potential of a CB2 antagonist such as AM630 to reverse the effects of 2-AG.  

 Given the rapid degradation of 2-AG by MAGL (Bisogno et al., 1997; Dinh et al., 

2002) and by cyclooxygenase (COX) (Kozak et al., 2002; Kozak, Rowlinson, & Marnett, 

2000), it is also conceivable that the anti-emetic effects of 2-AG are mediated by 

downstream metabolites. Previous research in least shrews suggests that an alternate 

mechanism may underlie the effects of 2-AG (albeit emetogenic), that is independent of 

cannabinoid receptors (Darmani 2002). Specifically, Darmani reported that the 
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emetogenic effects of 2-AG and its metabolic product, arachidonic acid (AA), in least 

shrews were reversed by the COX inhibitor, indomethacin. This finding suggests that 

downstream metabolites of the endocannabinoid system play a role in mediating the 

emetogenic effects of 2-AG in least shrews.  

 The metabolic products of endocannabinoids include FAAH-mediated hydrolysis 

of anandamide to AA and ethanolamine (Cravatt et al., 1996; Di Marzo et al., 1994), 

while 2-AG hydrolysis via MAGL yields AA and glycerol (Bisogno et al., 1997; Dinh et 

al., 2002). Phospholipid- and endocannabinoid-derived AA serves as a precursor for a 

number of functionally diverse oxygenated fatty acids known as eicosanoids, including 

leukotrienes, lipid epoxides, and prostanoids (Smith, 1989), the latter of which are 

produced by COX1 and COX2 enzymes, specifically (Smith et al., 1994). In addition, 

prostanoid synthesis also occurs via direct COX2 oxygenation of 2-AG to produce PG-

glycerol esters (PG-Gs) (Kozak et al., 2002, 2000). In either case, these COX-derived 

prostanoids may be particularly important in mediating the effects of 2-AG in the current 

study, given that blockade of COX enzymes interfered with the ability of 2-AG to induce 

vomiting in least shrews (Darmani, 2002). Paradoxically, we recently showed a parallel 

but opposite effect of indomethacin in rats; that is, indomethacin prevented the anti-

nausea effect of 2-AG in rats (Sticht et al., 2012).  

 Although rats are incapable of vomiting, they display conditioned disgust 

reactions to an illness-paired saccharin solution (which is only produced by emetic 

drugs); thus conditioned disgust is a selective model of conditioned nausea in this non-

emetic species (Parker, Radna, & Limebeer, 2009; Parker et al., 2008, 2011). We found 

that exogenous 2-AG or AA pretreatment in rats interfered with LiCl-induced 
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conditioned disgust reactions; although concomitant pretreatment with the CB1 or CB2 

antagonists, AM251 or AM630, respectively, was without effect, the anti-nausea effects 

of 2-AG and AA were reversed following administration of indomethacin (Sticht et al. 

2012). It is, therefore, plausible that a similar mechanism underlies the anti-emetic effects 

of 2-AG in house musk shrews, which would presumably be blocked following 

administration of a COX-inhibitor such as indomethacin.  

The current investigation highlights another important difference with respect to 

the effects of endocannabinoids on toxin-induced vomiting in house musk shrews; as 

reported here, 2-AG-pretreatment suppressed LiCl-induced vomiting at either of the 

doses (2, 5 mg/kg) that were assessed, whereas administration of exogenous anandamide 

(5 mg/kg) alone was unable to suppress cisplatin-induced vomiting in a previous study 

(Parker et al., 2009). It is unclear whether this inconsistency is related, in part, to 

differences in the particular emetogen employed in either study and to the relative 

differences in toxicity of these compounds. However, exogenous anandamide, when 

administered alone, is also ineffective in reducing the establishment of LiCl-induced 

conditioned disgust in rats (Cross-Mellor et al., 2007). In either case, elevating 

endogenously released anandamide through administration of the FAAH inhibitor, 

URB597, was effective in reducing toxin-induced vomiting in shrews (Parker et al., 

2009) and conditioned disgust in rats (Cross-Mellor et al., 2007), and either was reversed 

following CB1 antagonism.  

Lastly, elevations in endogenous 2-AG by MAGL inhibition also reduce LiCl-

induced vomiting in the house musk shrew (Sticht et al.), which, like FAAH inhibition 

(Parker et al.), is attenuated following administration of a CB1 antagonist. This finding 
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suggests that the potential downstream metabolic products that underlie the anti-emetic 

effects following exogenous 2-AG administration in the current study are the result of an 

abundance of 2-AG that is readily hydrolyzed and converted to free AA (which is 

impaired by pharmacological blockade of MAGL enzymes) and, in turn provides ample 

substrate for COX enzymes (Smith 1989). The particular COX-mediated products of AA 

(and their precise mechanism of action) that serve to reduce LiCl-induced vomiting 

remain to be determined, however, and should be addressed in future studies. 

Nonetheless, the results of the current study, although consistent with the effects of 2-AG 

in ferrets, are in contrast to those in the least shrew and serve to highlight potential 

species differences in emesis research.  
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Fig. 1.  
Mean (+sem) frequency of vomiting (upper graph) and retching (lower graph) episodes 
among the shrews treated with various doses of 2-AG or vehicle in Experiment 1. The 
numbers in parentheses indicate n/group that displayed emetic/retching behavior. There 
was no significant difference in vomiting among any of the treatment groups as compared 
to vehicle-treated shrews. 
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Fig. 2.   
Mean (+sem) frequency of vomiting (upper graph) and retching (lower graph) episodes 
among the various treatment groups in Experiment 2. All shrews were treated with 0.15 
M lithium chloride (LiCl; 390 mg/kg). The numbers in parentheses indicate n/ group that 
displayed emetic/retching behavior following LiCl administration. The asterisks (* p < 
.05, **p < .01, ***p < .001) denote a significant difference compared to vehicle treated 
shrews. Both 2 m/kg and 5 mg/kg 2-AG interfered with LiCl-induced vomiting and 
retching, which was not reversed by the CB1 antagonist, SR141716. 
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Abstract 

Conditioned gaping occurs through a classically conditioned association between a flavor 

or a context (CS) and an unconditioned stimulus (US) that produces nausea, such as 

lithium chloride (LiCl; US). Rats display conditioned gaping to a flavor or context 

previously associated with nausea; thus, our aim was to investigate whether rats acquire 

second-order conditioning to a flavor experienced in a nausea-paired context. In 

Experiment 1, rats were assigned to one of three groups, based upon the contingency of 

the first order pairing (CS1 context and LiCl) and the contingency of the second-order 

pairing (CS2 saccharin CS1 context) including: Group Paired/Paired (P/P), Group 

Paired/Unpaired (P/U) and Group Unpaired/Paired (U/P). In the initial context 

conditioning, rats were injected with LiCl (Paired) or Saline (Unpaired) prior to a 30 min 

confinement in a distinctive context (CS1). Drug-free second-order conditioning training 

among Groups P/P and U/P then consisted of a 5 min intraoral infusion of 0.1 % 

saccharin (CS2) in the context (CS1), while Group P/U received saccharin in the home 

cage 24 hr prior to the CS1 exposure. Twenty four hr later, the rats were tested for 

second-order conditioning during a 2 min taste reactivity (TR) test. Saccharin (CS2) 

elicited gaping in Group P/P, but not Groups P/U or U/P. Experiment 2 revealed that 

second-order conditioning was produced in rats given 4 or 8 first-order conditioning 

trials, but not 2 trials. These results demonstrate that an excitatory contextual CS+ has the 

potential to confer second-order conditioning to a novel flavor in the absence of any 

direct pairing with LiCl.  

 

Keywords: Classical conditioning, Gaping, Lithium chloride, Nausea, Rat, Taste aversion  
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Introduction 

 It is well documented that flavors paired with an emetic drug are not only avoided 

by rats but are also conditionally rejected in the taste reactivity (TR) test (Grill and 

Norgren, 1978), reflected by the distinct conditioned response (CR) of gaping (wide open 

mouth with lower incisors displayed). Although most drugs, even those with rewarding 

properties (see Parker, 2014 for review), produce conditioned flavor avoidance, as 

measured using a fluid consumption test, only drugs which produce vomiting in emetic 

species produce a CR of gaping when paired with a distinct flavor conditioned stimulus 

(CS). As well, conventional anti-emetic drugs, such as 5- hydroxytryptamine (5-HT3) 

antagonists and cannabinoid compounds, selectively prevent the establishment the CR of 

gaping, but not conditioned flavor avoidance (Parker, 2014). Therefore, the gape CR is a 

more selective reflection of nausea in rats than is conditioned flavor avoidance.  

 Recently, it has been demonstrated that not only nausea-paired flavors, but also 

nausea-paired contexts, can elicit conditioned gaping reactions in rats (Limebeer et al., 

2008, 2014; Limebeer, Hall, & Parker, 2006; Rock et al., 2008). Initially, Rodriguez, 

Lopez, Symonds and Hall (2000) found that when rats were re-exposed to a context 

previously paired with LiCl, they displayed suppressed consumption of a sucrose 

solution, suggesting that this reduced consumption is the result of conditioned nausea 

elicited by the illness-paired context. Indeed, it was subsequently found that while in a 

LiCl-paired context, rats displayed gaping reactions both during an infusion of a novel 

sucrose solution (1 min infusion every 5 min during a 30 min test) and during inter-

infusion intervals (Limebeer et al., 2006). Similarly, Limebeer et al. (2008) demonstrated 

that rats display conditioned gaping to the context alone, even in the absence of a 
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flavored solution or a distinctive odor. Moreover, escalating doses of LiCl have been 

shown to dose-dependently increase the overall number of gapes, presumably because 

higher doses are associated with greater (more severe) nausea (Ossenkopp et al., 2011). 

 In the present study we evaluated the potential of a flavor to acquire secondary 

conditioning when paired with a context that has previously been associated with LiCl-

induced nausea. Second-order conditioning can be produced if a novel CS2 is paired with 

an excitatory CS1 that has previously been paired with the Unconditioned Stimulus (US); 

thus, second-order conditioning is evident if CS2 elicits the same CR elicited by CS1 

(Pavlov, 1927). Although second-order conditioning is a well-documented phenomenon, 

it is unclear whether excitatory conditioning can be produced between a nausea-paired 

context and a novel flavor cue. Such a demonstration is important, because it would 

confirm that the gaping produced by the LiCl-paired context reflects conditioned nausea 

that is capable of becoming associated with a novel flavor. As measured by conditioned 

gaping reactions, the present study sought to determine whether a novel flavor (CS2) 

would gain excitatory properties when it is delivered in a context (CS1) previously paired 

with LiCl.  

 

Methods 

Experiment 1  

 Following four contextual conditioning trials (separated 72 hr apart), the rats 

received a single flavor (CS2)-context (CS1) pairing in the absence of LiCl. Second-order 

conditioning to saccharin (CS2) was subsequently assessed in the TR test, which 

occurred in a different context. Since rats do not gape to unpaired saccharin solution (e.g. 
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Berridge, Grill, & Norgren, 1981; Grill & Norgren, 1978), if the flavor (CS2) elicits 

conditioned gaping following CS2-CS1 pairings it can be assumed to have acquired 

secondary conditioning properties. To assess this, we employed the following three 

experimental groups (n = 8/group): Group Paired/Paired (P/P) initially acquired an 

association between the CS1 contextual cue and LiCl during four first order conditioning 

trials, then received a 5 min drug-free second order pairing of the CS2 saccharin in the 

CS1 context; Group Paired/Unpaired (P/U) initially acquired the CS1-LiCl association, 

then the rats received unpaired exposure to the CS2 saccharin solution in their home cage 

24 hr prior to a drug-free exposure to the CS1 context; Group Unpaired/Paired (U/P) was 

injected with saline prior to placement in the CS1 context on each of four trials (and 

injected 24 hr later with LiCl in the home cage), then received a 5 min exposure to CS2 

saccharin in the CS1 context. Methods All experiments were approved by the Animal 

Care Committee of the University of Guelph and were carried out in accordance with the 

recommendations of the Canadian Council on Animal Care.  

 

Subjects 

 The subjects were 24 experimentally naïve male Sprague-Dawley rats weighing 

between 200–250 g at the start of experiments (Charles River Lab, St Constant, Quebec). 

The rats were single-housed in Plastic cages (10.25”W × 18.75”D × 8”H) at 22 °C and 

maintained on a reverse light–dark cycle (7:00 lights off; 19:00 lights on) and were 

conditioned and tested 2–6 hr into their active cycle. They had free access to food (Iams 

rodent chow, 18 % protein) and tap water except during testing. After all behavioral 

testing, the animals were euthanized by CO2.  
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Intraoral cannulation surgery  

 In order to present the flavor (CS2) paired with the excitatory context (CS1) 

during a second order conditioning trial, 48 hr prior to the final contextual conditioning 

trial (to prevent loss of cannulae), the rats were anaesthetized with isoflurane gas, 

administered the antibiotic Depocillin (0.33 mg/kg, sc; Pen Aqueous) and the 

nonsteroidal anti-inflammatory/analgesic drug, Carprofen (0.1 mg/kg, ip; Pfizer). A 15-

gauge stainless steel needle was inserted at the mid-area on the back of the neck, and 

guided subcutaneously below the ear and across the cheek, where it exited into the oral 

cavity behind the first molar. A 10-cm section of polyethylene tubing (PE 90, I.D. 0.86 

mm, O.D. 1.27 mm) was inserted into the needle, which was then removed from the 

animal, allowing only the tubing to remain in place. Three elastomer squares (8x8 mm) 

were threaded onto the tubing and drawn all the way to the neck, securing the cannula 

firmly in place. The intraoral section of the cannula was held in place by a flanged-end of 

the tubing over a section of surgical mesh that rested flush against the skin. Twenty-four 

hours after surgery, rats were administered a second dose of Carprofen (0.1 mg/kg) and 

their health was monitored for three days following surgery. Intraoral cannulae were also 

flushed once a day, for three days, with Chlorhexidine.  

 

Procedures  

 The rats were randomly assigned to one of three groups based upon the 

contingency during the initial CS1 first-order conditioning trials and the contingency 

during the CS2-CS1 second- order conditioning trials (n = 8/group): Group P/P, Group 

P/U and Group U/P. During the initial CS1 context conditioning trials, the rats in Group 
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P/P and Group P/U were intraperitoneally (ip) injected with LiCl (0.15 M, 20 ml/kg) 

while the rats in Group U/P were injected with physiological saline (20 ml/kg) 

immediately prior to confinement in the distinctive context (CS1) for 30 min on each of 

the conditioning sessions spaced 72–96 hr apart. The distinctive context consisted of a 

black Plexiglas chamber (29 × 29 × 10 cm) resting atop a stainless steel grid floor that 

was placed on a clear glass surface, and illuminated from below by two 60 W bulbs. 

Twenty four hr following the context conditioning trial, rats in Group U/P were injected 

with LiCl in their home cage and those in Group P/P and Group P/U were injected with 

an equal volume of saline solution.  

 Four days after the final CS1 context conditioning trial, the rats in Group P/P and 

Group U/P received a 5-min drug-free CS2-CS1 second-order conditioning trial, in which 

the rats’ cannulae were attached to an infusion pump (KD Scientific; model # KDS220) 

with tubing directed through the top of the chamber. The animals were placed in the CS1 

context for 5- min while receiving an intraoral infusion (1 ml/min) of 0.1 % saccharin 

solution (CS2). Rats in Group P/U were placed in the CS1 context but were not infused 

with saccharin; instead, they received a 5 min (CS2) saccharin infusion (1 ml/min) in 

their home cage 24 hr prior to the CS1 context exposure.  

 Twenty four hr following the second order conditioning trial, responding to the 

CS2 saccharin solution was assessed in a two min TR test. The TR test was conducted in 

a different testing room and in a different apparatus than that used for contextual 

conditioning. The rats were placed in a clear Plexiglas chamber (without stainless steel 

grid floor) that rested atop a clear glass surface. Two 60 W lights suspended from the 

apparatus illuminated the chamber. To allow optimal viewing of orofacial responses, a 
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mirror was placed at a 45- degree angle below the glass surface. The rats’ intraoral 

cannulae were attached to an infusion pump for delivery of saccharin (1 ml/min) for two 

min while in the chamber. During the course of the session, orofacial and somatic 

responses were recorded using a Sony video camera (Handy Cam) that was placed 

directly in front of the mirror. The videotapes were scored for the behavior of gaping 

(wide open mouth with lower incisors exposed).  

 

Results and Discussion 

 Rats in Group P/P, but not P/U or U/P, displayed second-order conditioned gaping 

during the TR test, as is evident in Fig. 1. A single factor ANOVA revealed a significant 

effect of group, F(2, 21) = 13.8; p < 0.001. Subsequent Bonferroni post hoc comparison 

tests showed that rats in Group P/P displayed more gaping (ps < 0.001) than either group 

P/U or U/P, which did not gape during the test.  

 Although the novel saccharin solution (CS2) was never explicitly paired with 

LiCl, its association with an excitatory LiCl-paired context (CS1) resulted in subsequent 

conditioned rejection of the taste in the TR test as measured by the frequency of 

conditioned gaping. That is, a single five min exposure to an intraoral infusion of novel 

saccharin (CS2) in a nausea-associated context (CS1) produced second-order 

conditioning to the saccharin (CS2). The fact that group PU did not display conditioned 

gaping during the TR test provides evidence that the gaping displayed by group PP was 

the result of second order conditioning and not simply generalization between the two 

contexts.  
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Experiment 2  

 Since the strength of first-order conditioning would be expected to influence the 

strength of second-order conditioning, Experiment 2 evaluated the potential of various 

numbers of first-order trials (2, 4 or 8 pairings) to support second-order conditioning of 

the CS2 saccharin solution. Since Group P/U showed no second order conditioned gaping 

in Experiment 1, and because rats do not unconditionally gape to saccharin, this group 

was not included in Experiment 2.  

 

Method  

 A total of 48 experimentally naïve male Sprague-Dawley rats weighing between 

200–250 g at the start of experiments (Charles River Lab, St Constant, Quebec) were 

maintained as in Experiment 1. They were assigned to one of six groups (n = 8/group) on 

the basis of the first order conditioning contingency (Paired or Unpaired) and number of 

first order conditioning trials (2, 4 or 8); Otherwise, all experimental procedures were 

identical to those of Experiment 1.  

 

Results and Discussion  

Contextual conditioning  

 The frequency of gapes during the first two min (to equate test duration with the 

test of second order conditioning) of contextual conditioning for Group Paired and Group 

Unpaired among the rats given two, four, or eight pairings is presented in Table 1. 

Separate analyses were used for rats given two, four, or eight contextual conditioning 

trials. To assess the progression of initial contextual conditioning, the mean number of 
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gapes during the first two min of each trial was analyzed using contingency by trials 

mixed-factors ANOVAs. Group Paired displayed significantly more conditioned gaping 

than Group Unpaired among rats that received four pairings, F(1,14) = 10.43, p < 0.01, 

and eight pairings F(1,14) = 37.87, p < 0.001, but not among rats that received only two 

pairings. Among the four and eight pairing groups, there was a significant contingency by 

trial interaction (four trial group, F(3,42) = 8.60, p < 0.001, and eight trial group, F(7,98) 

= 6.68, p < 0.001). Among the rats given four pairings, Group Paired displayed 

significantly more gapes on trials three and four compared to trials one and two (ps < 

0.05). Among the rats given eight pairings, Group Paired displayed significantly more 

gapes on trials three (ps <0.05) and four (ps < 0.01) through eight than on trials one and 

two; they did not significantly differ on trials four through eight, suggesting an 

asymptotic effect on gaping after four trials. Altogether, these findings are consistent with 

the contextually elicited gaping literature indicating that gaping is not evident on the 

second conditioning trial (Chan, Cross-Mellor, Kavaliers, & Ossenkopp, 2013).  

 

TR test of second-order conditioning  

 Following four or eight contextual conditioning trials, but not two pairings, the 

rats in Group P/P demonstrated second-order conditioning to the flavor CS2 that had 

never been explicitly paired with LiCl. Figure 2 presents the mean (+SEM) number of 

gapes displayed by rats in Group P/P and by rats in Group U/P during the TR test of 

second-order conditioning. To determine if the CS2-CS1 pairing resulted in second-order 

conditioning, the mean number of gapes during the TR test of secondary conditioning 

was analyzed as a contingency (Group P/P, Group U/P) by number of initial conditioning 
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trials (two, four, or eight contextual conditioning trials) between groups ANOVA. The 

ANOVA revealed a significant effect of contingency, F(1,42) = 21.20, p < 0.001, number 

of conditioning trials, F(1,42) = 5.33, p < 0.01, and a significant contingency by number 

of trials interaction, F(2,42) = 5.33; p < 0.01. Subsequent planned comparison tests of our 

predicted effects revealed that Group P/P displayed significantly more gaping during the 

TR test than Group U/P only among the groups that received four (p < 0.001) or eight 

contextual conditioning trials (p =0.012), but not among rats that received two 

conditioning trials.  

 

General Discussion 

 After 4 first-order context conditioning pairings with LiCl, the CS1 context 

produced asymptotic second-order conditioning to a novel saccharin (CS2) solution with 

which it was paired. The finding that a context (CS1) with sufficiently strong excitatory 

strength (following 4 or 8 prior pairings with LiCl) can produce second-order 

conditioning to saccharin (CS2) is particularly interesting as it suggests that a context 

previously associated with illness elicits nausea even in the absence of any 

pharmacologically induced illness. Thus, following four or eight context-illness pairings, 

a context itself acquires properties similar to the US, which can subsequently support new 

conditioning. The results of the current study provide additional evidence that 

conditioned gaping elicited by a LiCl-paired context is mediated by conditioned nausea 

that, in turn, can produce secondary conditioning to a distinct flavor with which it is 

paired. Rodriguez et al. (2000) similarly argued that a LiCl-paired context elicits 

conditioned nausea based on their finding that rats consumed less of a palatable solution 



 53 

when in the presence of LiCl-paired contextual cues as opposed to a neutral environment. 

Interestingly, this effect, like contextually elicited conditioned gaping (Limebeer et al., 

2008; Rock et al., 2014), is not ameliorated by pre-treatment with the classic anti-emetic, 

ondansetron (Symonds & Hall, 2000), as is also evident in human chemotherapy patients 

that experience anticipatory nausea when returning to the treatment context (Morrow, 

Roscoe, Kirshner, Hynes, & Rosenbluth, 1998).  

 The finding that second-order conditioning occurs to a LiCl-paired context is 

particularly important with respect to illness conditioning and treatments that induce 

nausea, as it suggests that after repeated pairing with nausea-inducing stimuli, the 

conditioned stimulus, in effect, functions as a US to elicit some sensation of nausea or 

illness. This CR, the magnitude of which may be comparable in some respect to the UR, 

becomes so prevalent following several conditioning trials that it supports conditioning to 

a novel flavored solution (CS2). However, this effect was only apparent in the rats that 

received four or eight contextual conditioning trials, as rats that received only two 

pairings did not display second-order conditioning to the CS2. Presumably, the excitatory 

strength of CS1 was not strong enough to support second-order conditioning among rats 

receiving only two prior pairings of the context with LiCl, which is consistent with 

reports that two CS1 conditioning trials only produces minimal contextually elicited 

conditioned gaping (Chan et al., 2013; Limebeer et al., 2008). It is also interesting that 

the four and eight trial groups did not significantly differ from one another in the number 

of conditioned gapes displayed during the test of second order conditioning, Indeed, this 

finding is consistent with the pattern of contextually elicited gaping among animals that 
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received eight CS1 pairings, which was asymptotic after four trials; thus, four LiCl-CS1 

pairings resulted in maximal contextual conditioning and second order conditioning.  

 The contextually-elicited conditioned gaping model has considerable face validity 

as a model of anticipatory nausea in human chemotherapy patients (Limebeer et al., 

2006; Rock et al., 2014). Furthermore, shrews (which vomit in response to toxins) also 

display contextually-elicited conditioned gaping when returned to a LiCl-paired context 

in which they previously vomited (Parker & Kemp, 2001; Parker, Kwiatkowska, & 

Mechoulam, 2006). Interestingly, as is apparent with human chemotherapy patients (eg. 

Morrow et al., 1998), the expression of contextually-elicited conditioned gaping in both 

rats and shrews is not modified by pre-treatment with classical anti-emetics such as 

ondansetron (Limebeer et al., 2006; Parker et al., 2006; Parker & Kemp, 2001; Rock et 

al., 2014). On the other hand, cannabinoid compounds, including the psychoactive Δ9-

tetrahydrocannabinol (THC), but also non-psychoactive cannabidiol and cannabidiolic 

acid, are highly effective in reducing these behaviors reflective of anticipatory nausea 

(Parker et al., 2006; Rock et al., 2008, 2014). Although such manipulations were not 

assessed in the current study, these compounds would be likely to reduce the 

establishment and/or expression of second order conditioning, as well.  

 Future experiments will explore the potential for anti-nausea treatments to 

interfere with second order conditioning of nausea-paired stimuli, as well as the particular 

conditions that lead to second-order conditioning using the paradigm described here. For 

instance, it is conceivable that using a more ‘prepared’ or ‘biologically relevant’ (Garcia 

et al., 1974; Seligman, 1971) first-order association such as a flavor and LiCl-induced 

nausea would produce more robust second-order conditioning when a contextual cue 
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serves as a CS2 during the CS2- CS1 pairing(s). Classical conditioning readily occurs 

following presentation of a neutral stimulus and an unconditioned stimulus in close 

temporal sequence, and by nature of this contingency (and contiguity) the CS comes to 

serve as an important predictor of some rewarding or aversive US (Pavlov, 1927). 

Although countless studies have been conducted on various aspects of classically 

conditioned associations, the present study is the first such investigation to date of 

second-order nausea-induced conditioned gaping in rats. Here we report that contextual 

cues associated with nausea acquire the capacity to confer second-order conditioning 

properties to novel stimuli experienced in their presence. This finding suggests that 

certain stimuli experienced in the chemotherapy context have the potential of acquiring 

aversive properties even in the absence of experience with chemotherapy treatment.  
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Fig 1.  Mean (+sem) number of gapes elicited by 0.1% saccharin CS2 solution during the 

TR test of second-order conditioning for Groups P/P, P/U and U/P in Experiment 1. The 

asterisk (*** p< 0.001) denotes a significant difference between Groups P/P, P/U and 

U/P. 

  



 58 

 

Number of first-order conditioning sessions
2 trials 4 trials 8 trials

M
ea

n 
nu

m
be

r o
f g

ap
es

0

1

2

3

4

5

6
P/P
U/P 

*** **

 

 

Fig. 2 Mean (+sem) number of gapes during the TR test of second-order conditioning for 

Groups P/P and U/P among rats that received two, four, or eight contextual conditioning 

trials. The asterisks ( ** p<.01, *** p<.001) denote a significant difference between 

Groups P/P and U/P. 
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Abstract 

The visceral insular cortex (VIC) has previously been shown to play a critical role during 

acute nausea-induced conditioned gaping in rats. Specifically, localized administration of 

the conventional anti-emetic, ondansetron or the synthetic cannabinoid, HU210, 

interferes with the establishment of conditioned gaping, likely by reducing the effects of 

an illness-inducing treatment. However the precise role of the VIC in endocannabinoid-

suppression of nausea remains unknown; thus we investigated the potential of localized 

intra-VIC endocannabinoid administration to interfere with acute nausea-induced 

conditioned gaping behavior in male Sprague–Dawley rats. Animals received an intraoral 

infusion of saccharin (0.1%) followed by intra- VIC exogenous N-

arachidonoylethanolamide (anandamide; 0.4, 4 µg) or 2-arachidonoyµglycerol (2-AG; 

0.5, 1 µg), and were subsequently injected with nausea-inducing LiCl (0.15 M) 15 min 

later. Bilateral intra-VIC infusions of 2-AG (1 µg, but not 0.5 µg) dose-dependently 

suppressed conditioned gaping, whereas exogenous anandamide was without effect. 

Interestingly, 2-AG reduced conditioned gaping despite additional pretreatment with the 

selective cannabinoid receptor type 1 (CB1) antagonist, AM-251; however, concomitant 

pretreatment with the cyclooxygenase inhibitor, indomethacin (0.5 µg), blocked the 

suppressive effects of intra-VIC 2-AG. These findings suggest that the modulatory role of 

the endocannabinoid system during nausea is driven largely by the endocannabinoid, 2-

AG, and that its anti-nausea effects may be partly independent of CB1-receptor signaling 

through metabolic products of the endocannabinoid system. 

 
Key words: visceral insular cortex, 2-arachidonoyµglycerol, anandamide, 
endocannabinoid, rat, gape 
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INTRODUCTION 

 Unlike emetic animal models, rodent models of nausea have remained rather 

elusive. Traditional consumption tests following flavor-illness associations, previously 

thought to reflect nausea, have revealed that rats avoid a distinct taste that has been paired 

not only with emetic agents, but also rewarding drugs (Parker, 1995). On the other hand, 

conditioned gaping, as assessed using the taste reactivity (TR; Grill and Norgren, 1978a) 

test, is a more reliable model of nausea as it is selectively produced by emetic drugs 

(Parker, 2003; also see Parker, 2014). Moreover, classic anti-emetic treatments such as 

the 5-hydroxytryptamine (5-HT) 3 receptor antagonist, ondansetron (Limebeer and 

Parker, 2000), have been shown to prevent the establishment of conditioned gaping 

(without interfering with taste avoidance), as do synthetic and plant-based cannabinoid 

agonists (Parker and Mechoulam, 2003). More recently, enhancement of the endogenous 

cannabinoids (eCBs), N-arachidonoylethanolamide (anandamide; Devane et al., 1992) 

and 2- arachidonoyµglycerol (2-AG; Mechoulam et al., 1995; Sugiura et al., 1995) by 

blockade of their respective catabolic enzymes, fatty acid amide hydrolase (FAAH; 

Cravatt et al., 1996), and monoacylglycerol lipase (MAGL; Dinh et al., 2002) have been 

shown to protect against nausea (Parker et al., 2011; Sharkey et al., 2014). Specifically, 

the FAAH inhibitor, URB597, was found to suppress acute nausea-induced conditioned 

gaping (Cross-Mellor et al., 2007), as did systemic administration of the novel MAGL 

inhibitor, MJN110 (Parker et al., 2014), or pretreatment with exogenous 2-AG alone 

(Sticht et al., 2012).  

 Although the emetic circuitry mediating the vomiting reflex is well documented 

(Hornby, 2001; Andrews and Horn, 2006; Horn, 2008), the precise brain mechanisms 



 62 

underlying nausea remain less clear. Nausea-induced conditioned gaping in rats has been 

shown to require an intact forebrain (Grill and Norgren, 1978b), and ablation of the 

insular cortex specifically prevents conditioned gaping (Kiefer and Orr, 1992), but not 

conditioned taste avoidance (Kiefer and Orr, 1992). These studies, therefore, suggest a 

critical role for the insular cortex in the sensation of nausea. Gustatory and visceral input 

(Cechetto and Saper, 1987; Allen et al., 1991) converge in the insular cortex with 

gustatory neurons occupying the anterior agranular and dysgranular layers (gustatory 

insular cortex [GIC]; Kosar et al., 1986), whereas visceral input converges on the 

posterior granular layer (visceral insular cortex [VIC]; Cechetto and Saper, 1987). 

Contreras et al. (2007) reported that LiCl-induced nausea resulted in VIC Fos-

immunoreactivity, while inactivation of this region with lidocaine infusions reduced 

LiCl-induced lying on belly (LOB), a measure of unconditioned nausea in rats (Parker et 

al., 1984). Recently, work by our group (2012) demonstrated that the conventional anti-

emetic, ondansetron, selectively blocked the establishment of conditioned gaping upon 

intra-VIC – but not GIC – administration, with the latter interfering with conditioned 

taste avoidance (Tuerke et al., 2012a). Conversely, intra-VIC administration of the 5-HT3 

agonist, mCPBG, potentiated LiCl-induced conditioned gaping and even produced 

conditioned gaping on its own (Tuerke et al., 2012a). Limebeer et al. (2012) also showed 

a dissociation within the IC such that infusions of the cannabinoid agonist, HU210, 

directly into the VIC – but not GIC – interfered with the establishment of conditioned 

gaping, suggesting that the eCB system plays an important role within this forebrain 

region to modulate the sensation of nausea. The precise role of 2-AG and anandamide in 

VIC regulation of nausea has remained unknown, however.  
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 The current study investigated the function of the eCB system within the VIC, 

specifically, by assessing the roles of anandamide and 2-AG-mediated signaling in this 

region and their potential to modulate nausea-induced conditioned gaping in rats. 

Separate experiments assessed whether exogenous 2-AG and anandamide administration 

within the VIC were each capable of reducing conditioned gaping to investigate possible 

differences in eCB signaling during an episode of acute nausea, as well as determined 

whether the cannabinoid receptor type 1 (CB1) or downstream metabolites of 2-AG (e.g., 

Sticht et al., 2012) played a role in the suppressive effects of 2-AG.  

 

EXPERIMENTAL PROCEDURES 

Subjects  

 The subjects were male Sprague–Dawley rats weighing between 300 and 350 g at 

the start of experiments (Charles River Lab, St. Constant, Quebec). Animals were single-

housed and maintained on a reverse light/ dark cycle (7:00 am lights off; 7:00 pm lights 

on) with free access to food (Iams rodent chow, 18% protein) and tap water except during 

testing, which occurred during the dark cycle. All experiments were approved by the 

Animal Care Committee of the University of Guelph and were carried out in accordance 

with the recommendations of the Canadian Council on Animal Care.  

 

Stereotaxic surgery  

 The rats were allowed 6 days to habituate to the facility prior to surgical 

implantation of intracranial guide cannulae. Animals were anesthetized with isoflurane 

gas, and administered the antibiotic Depocillin (0.33 mg/ kg, subcutaneous [sc]) and the 
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nonsteroidal anti-inflammatory/ analgesic drug Carprofen (5 mg/kg, intraperitoneally 

[ip]), as well as a topical anesthetic (50/ 50% Marcaine/Lidocaine; Hospira, Montreal, 

QC, Canada) on either side of the skull (0.1 ml, sc). The rats were placed in the 

stereotaxic frame in the flat skull position (according to Paxinos and Watson, 2007) and 

an incision was made to expose the skull surface. Stainless steel guide cannulae (22G, 6 

mm below pedestal) were implanted bilaterally into the VIC (at 10° divergent angle) 

using the following coordinates (Contreras et al., 2007) relative to Bregma: AP -0.5; LM 

+5.0; DV -4.5 from the skull surface. Six jewelers’ screws were fastened to the skull to 

provide support for dental acrylic, which, upon solidifying, secured the guide cannulae in 

their final position. Stainless steel obdurators were inserted into the guide cannulae to 

prevent any occlusions from forming.  

 

Intraoral (IO) cannulation surgery  

 Immediately following stereotaxic surgery, a 15-G stainless steel needle was 

inserted at the mid-area on the back of the neck, and guided subcutaneously below the ear 

and across the cheek, where it exited into the oral cavity behind the first molar. A 10-cm 

section of polyethylene tubing (PE 90, I.D. 0.86 mm, O.D. 1.27 mm) was inserted into 

the needle, which was removed from the animal, allowing only the tubing to remain in 

place. Three elastomer squares (8 x 8 mm) were threaded onto the tubing and drawn all 

the way to the neck, securing the cannula firmly in place. The IO section of the cannula 

was held in place by a flanged end of the tubing over a section of surgical mesh that 

rested flush against the skin. Twenty-four hours after surgery, rats were administered a 

second dose of Carprofen (0.1 mg/kg) and monitored for 3 days following surgery. 
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During this time, the health of the animal was systematically examined; a visual check 

for urine/feces in home cage, activity, vocalization, dehydration, rigidity, and presence of 

porphyrin staining around the eye was performed, as well as adjustment of the elastomer 

squares. IO cannulae were flushed once a day, for 3 days, with chlorhexidine antiseptic. 

In the rare event that an infection developed, a topical antibiotic ointment was applied.  

 

Drugs and injections 

 All pretreatment drugs were prepared in a vehicle solution containing a 1:9 ratio 

of Tween and physiological saline, respectively, and delivered bilaterally into the VIC at 

a final volume of 1 µl (except AM-251 and indomethacin). Exogenous 2-

arachidonyµglycerol (Cayman Chemicals, Ann Arbor, MI, USA) was prepared at 

concentrations of 0.5 and 1.0 µg / µl, while anandamide (Cayman Chemicals) was 

prepared at 0.4, and 4.0 µg/µl (Mahler et al., 2007). The selective CB1 antagonist/inverse 

agonist, AM-251 (Cayman Chemicals), was prepared at a concentration of 1 µg/0.5 µl 

(see Limebeer et al., 2012). The non-selective cyclooxygenase (COX) inhibitor, 

indomethacin (Sigma Aldrich, St. Louis, MO, USA), was prepared at a concentration of 

0.5 µg/0.5 µl. The above compounds were first dissolved in ethanol, after which Tween 

80 (Sigma) was added to the solution and the ethanol was evaporated off with a nitrogen 

stream. Saline was then added, with the final vehicle consisting of a 1:9 ratio of Tween 

80:saline. Microinfusions were delivered at a rate of 0.5 µl /min and lasted for two min 

with the exception of AM-251 and indomethacin, which were delivered at 0.5 µl /min for 

one min. In all cases, the injectors remained in place for an additional minute to allow for 

drug infusion. The treatment drug was 0.15 M lithium chloride (LiCl; Sigma Aldrich), 
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which was prepared in sterile water and administered (ip) at a volume of 20 ml/kg (127 

mg/kg). This dose was selected on the basis of its effectiveness to produce conditioned 

gaping in rats (Parker et al., 2003).  

 

Apparatus  

 At each stage of the experiment, the rats were individually placed in a clear 

Plexiglas TR chamber (29 x 29 x 10 cm) that rested atop a glass plate. Two 60-W lights 

suspended from the apparatus illuminated the chamber. To allow optimal viewing of 

orofacial responses, a mirror was placed at a 45° angle below the glass plate. Prior to 

being placed in the chamber, the rats were connected to an infusion pump (KDS100, KD 

Scientific, Holliston, MA, USA) via a section of PE 90 tubing attached to their IO 

cannula. During the course of the session, orofacial responses were recorded using a 

Sony video camera (DCR-HC48) that was placed immediately in front of the mirror and 

connected to a computer.  

 

Behavioral procedures  

 The rats were handled and weighed for three consecutive days prior to the 

surgical procedures. Following surgery, they were allowed 2 weeks to recover prior to the 

start of experiments, during which post-operative monitoring was conducted, as described 

above. All experiments consisted of adaptation, two conditioning trials, and a drug-free 

TR test.  
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 Experiment 1: effect of intra-VIC 2-AG on LiCl-induced conditioned gaping. The 

rats were first adapted to the TR procedure. On the adaptation trial, they were placed in 

the TR chamber and received a 3-min IO infusion of water (reverse osmosis water 

infused at 1 ml/ml). This session served to habituate the rats to the novel environment of 

the TR chamber, as well as the infusion procedure. Following the session, the animals 

were returned to their home cage.  

 On the day following adaptation, the rats underwent two conditioning trials, 

separated 72 h apart. They were randomly assigned to groups and placed into the TR 

chamber for 1 min prior to receiving a 3-min IO infusion of saccharin (0.1%). Rats were 

immediately removed from the TR chamber and received bilateral VIC infusions (0.5 

ll/min for 2 min; infuser left in place for an additional minute to allow for diffusion) of 

vehicle (1 µl) or 2-AG (0.5, 1.0 µg/ µl) and placed back in their home cage prior to 

receiving an injection of LiCl (0.15 M) 15 min later. To assess the mechanism of action 

for 2-AG in suppressing nausea, additional groups of rats received the identical treatment 

(1.0 µg 2-AG) with bilateral intra-VIC infusions of either AM-251 (1 µg/0.5 µl; infused 

at 0.5 µl /min for 1 min; infuser left in place for additional minute) or indomethacin (0.5 

µg/ 0.5 µl; same infusion procedure as AM-251) prior to the IO saccharin infusion. The 

six experimental groups were: Vehicle (n=7), 0.5 2-AG (n=8), 1.0 2-AG (n=6), and 1.0 2-

AG-AM251 (n=9), 1.0 2-AG-INDO (n=6), and INDO (n=6) with group designation 

denoted by the pretreatment infusion(s).  

 Seventy-two hours following the second conditioning trial, the rats underwent a 

drug-free TR test. During this session, animals were re-exposed to a 3-min IO infusion of 

saccharin solution while the frequency of gaping (wide opening of the mouth with bottom 
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incisors exposed) was recorded. The videos were later scored by a rater blind to the 

experimental conditions using The Observer (Noldus Information Technology Inc., 

Leesburg, VA, USA).  

 Following the TR test, the rats were water deprived for 18 h. Beginning at 09:00 

h, a bottle of saccharin (0.1%) solution and a bottle containing reverse osmosis water 

were placed on their home cage. The amounts of each solution consumed were recorded 

after 6 h, and a saccharin preference ratio was computed according to the formula: total 

saccharin/(total saccharin+total water). Experiment 2: effect of intra-VIC anandamide on 

LiCl-induced conditioned gaping. The procedures for this experiment were identical to 

Experiment 1 with the exception that during the conditioning trials the rats received 

bilateral VIC infusions of either vehicle or anandamide (0.4, or 4.0 µg/ µl). The three 

experimental groups included Vehicle (n=7), 0.4- anandamide (n=7), and 4.0- 

anandamide (n=4), with group designation denoted by the pretreatment infusion.  

 

Histological verification  

 Following the completion of behavioral testing, rats were sacrificed to allow for 

the verification of cannulae placements. During this time, a squad of rats (n=14) was also 

used for dye-spread analysis; dye stain (Chicago Sky Blue 6B; Sigma Aldrich) was 

dissolved in vehicle and infused at 0.5 µl/min for two min. The injectors were left in 

place for an additional minute to allow for diffusion. Fifteen min later, animals were 

subsequently anesthetized with 0.5 ml Euthansol (sodium pentobarbital 340 mg/ml) and 

perfused intracardially with phosphate-buffered saline, followed by 4% formalin. The 

brains were extracted and postfixed in formalin, followed by placement in a 20% sucrose 
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solution in phosphate-buffered saline prior to sectioning. Coronal sections (60 lm) of PRh 

were taken on a cryostat freezing microtome and mounted on glass slides. Following 

thionin staining, cannula placements were examined using bright-field microscopy.  

 

Data analyses  

 Data were evaluated using analysis of variance (ANOVA). The number of gapes 

during the TR test in either Experiment was entered into a one-way ANOVA with pre-

treatment group as a between subjects factor. Similarly, saccharin preference ratios for 

the two-bottle consumption test were calculated ([total saccharin]/[total saccharin+total 

water]) and entered into a one-way ANOVA with pre-treatment group as a between 

subjects factor. Significant group differences were assessed using Fisher’s LSD post hoc 

comparisons, with statistical significance defined as P<0.05.  

 

RESULTS 

 A photomicrograph of VIC cannulation (a) and schematic representation of the 

infusion cannula tip placements (b) for all rats is presented in Fig. 1. Cannulae were 

located between 0.00 and -1.32 mm posterior to Bregma. Dye spread analysis in a 

separate squad of rats (n=14) revealed that micro-infusions of stain diffused within a 

range of 0.5–1.0 mm (mean=0.65; SE=0.04) A/P and 0.5–1.25 mm (mean=0.82; 

SE=0.06) M/L within the VIC; thus, despite the relatively large volume of infusate 

delivered in the current study, the drug infusions appeared to be mostly confined to the 

VIC.  

 



 70 

Experiment 1: effect of intra-VIC 2-AG on LiCl-induced conditioned gaping  

 TR test. Intra-VIC pretreatment with 2-AG dose dependently suppressed the 

frequency of LiCl-induced conditioned gaping reactions during the TR test, however 

these anti-nausea effects were not reversed by pretreatment with the CB1 antagonist, 

AM-251. Fig. 2A presents the mean number of gapes displayed by the various treatment 

groups during the TR test. The one-way ANOVA revealed a significant effect of 

pretreatment drug, F(5, 36)=3.52, p<0.05; rats pretreated with 1 µg 2-AG, but not those 

that received 0.5 µg 2-AG, displayed significantly fewer gaping reactions than those 

pretreated with vehicle (p<0.05). Similarly, rats pretreated with both AM-251 along with 

the highest dose of 2-AG (1.0 µg) also displayed significantly fewer gapes than those 

pretreated with vehicle (p<0.05). However, rats pretreated concomitantly with 2-AG and 

indomethacin did not differ significantly from vehicle-treated control rats, but differed 

significantly from animals that received 2-AG alone (p<0.05) and 2-AG combined with 

AM-251 (p<0.05). Importantly, intra-VIC indomethacin infusions alone had no effect on 

conditioned gaping.  

 

 Two-bottle test. All rats displayed a large conditioned taste avoidance of saccharin 

solution during the 6-h consumption test. Saccharin preference ratios for all pretreatment 

groups are presented in Fig. 2B. Statistical analyses revealed a significant effect of 

pretreatment drug, F(5, 36)=5.96, p<0.001; the vehicle pretreatment group displayed a 

slightly higher saccharin preference ratio than all other groups (ps<0.05).  
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Experiment 2: effect of intra-VIC anandamide on LiCl-induced conditioned gaping  

 TR test. Pretreatment infusions of anandamide into the VIC at either dose prior to 

LiCl administration did not modify the frequency of conditioned gaping reactions elicited 

by LiCl-paired saccharin. Fig. 3A presents the mean number of gapes displayed by the 

various treatment groups during the TR test. Statistical analyses of the number of 

conditioned gapes did not reveal a significant effect of pre-treatment.  

 

 Two-bottle test. Saccharin preference ratios for all animals that received intra-VIC 

anandamide or vehicle are presented in Fig. 2B. Statistical analyses of the saccharin 

preference ratio did not reveal a significant effect of pre-treatment indicating that 

anandamide pre-treatment did not have any effect on consumption of LiCl-paired 

saccharin during the conditioned taste avoidance test.  

 

DISCUSSION 

 Here we report that pro-eCB manipulations within VIC selectively suppressed 

acute nausea-induced conditioned gaping in rats without interfering with avoidance of the 

nausea-paired taste during a two-bottle consumption test. Moreover, these anti-nausea 

effects appear to be mediated primarily by the eCB, 2-AG. In Experiment 1, animals 

were infused bilaterally with exogenous 2-AG, which was followed 15 min later by an 

injection of illness-inducing LiCl. It was found that the highest dose of 2-AG (1 µg) 

suppressed conditioned gaping, whereas 0.5 µg 2-AG was without effect. Because the 

procedural sequence was such that the 2-AG microinfusions followed the saccharin 

exposure, but were administered prior to the LiCl injections, the suppression of 
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conditioned gaping was likely due to a specific reduction in acute nausea induced by LiCl 

rather than any interference with the sensory processing of the saccharin taste.  

 The anti-nausea properties of cannabinoids are well known (Parker et al., 2011; 

Sharkey et al., 2014), and the ability of eCB manipulations to suppress nausea, as 

assessed using the TR test in rats, has also been established (Cross-Mellor et al., 2007; 

Parker et al., 2014; Sticht et al., 2012). However, given that conditioned gaping is a 

learned response relying on a classically conditioned association (Pavlov, 1927) between 

the nausea- inducing unconditioned stimulus, LiCl, and the initially neutral conditioned 

stimulus, saccharin, there remains the possibility that 2-AG-induced suppression of 

gaping is attributable to an impairment of learning and/or memory processes rather than a 

reduction in nausea per se. Despite the highest dose of 2-AG reducing conditioned gaping 

in the current study, neither of the tested doses (0.5, 1.0 µg) interfered with the 

establishment of conditioned taste avoidance to LiCl-paired saccharin. That is, rats still 

avoided the nausea-paired taste during the two-bottle consumption test, despite gaping 

less to saccharin during the TR test. In fact, although the vehicle-treated group displayed 

a very strong avoidance of saccharin solution following two conditioning trials, the 2-AG 

treated groups displayed an even greater saccharin avoidance, suggesting that a hedonic 

change in state produced by 2-AG may have summated with the aversive state produced 

by delayed LiCl to produce a slightly stronger taste avoidance (see Parker, 2014). 

However, given that all pretreatment groups displayed robust conditioned taste 

avoidance, these differences, albeit significant, may not represent a meaningful change in 

avoidance behavior. Nonetheless, the overall finding is consistent with previous work in 

our laboratory demonstrating that cannabinoids and other anti-nausea treatments 
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selectively interfere with conditioned gaping, but not taste avoidance (see Parker, 2014 

for review). Therefore, intra-VIC 2-AG likely suppressed LiCl-induced nausea, which is 

a requirement for an associated taste to produce conditioned gaping, without modifying 

the normal taste avoidance following the taste-illness pairing.  

 Interestingly, the ability of exogenous 2-AG to suppress conditioned gaping was 

blocked following concomitant administration with the COX inhibitor, indomethacin (0.5 

µg). Because indomethacin alone did not modify conditioned gaping, however, it appears 

that COX-inhibition was specifically involved in reducing the anti-nausea effects of intra-

VIC exogenous 2-AG administration. It has previously been found that CB1 antagonism 

was ineffective in reducing the suppressive effects of systemically administered 2-AG on 

conditioned gaping (Sticht et al., 2012), as was pre-treatment with the CB2 antagonist, 

AM-630 (Sticht et al., 2012). In that case, the COX inhibitor, indomethacin, blocked the 

effects of both 2-AG and its metabolite, arachidonic acid (AA), suggesting that 

downstream metabolic products of 2-AG (and AA) play a role in the anti-nausea effects 

of exogenous 2-AG. Thus, the current findings are consistent with a role for VIC COX 

enzymes in mediating the anti-nausea effects of 2-AG.  

 It is, nonetheless, also interesting that concomitant 2-AG pre-treatment with the 

CB1 antagonist, AM-251, was ineffective in reducing conditioned gaping. This dose (1 

µg) was selected on the basis of that used by Limebeer et al. (2012), which was sufficient 

to block the suppressive effects of intra-VIC HU-210 on conditioned gaping; however, it 

is unclear whether the failure of AM-251 to reverse the effects of 2-AG reported here is 

potentially attributable to the particular dose and manipulation employed in the current 

study. Therefore, it is possible that a higher dose of AM-251 would be capable of 
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reversing the suppressive effects of intra-VIC 2-AG. It is worthwhile to note, however, 

that the dose used in the current study is quite high compared to effective doses of AM- 

251 infused into cortical regions that have been reported by others. For example, 50 ng 

into the pre-limbic cortex has been shown to block fear memory (Tan et al., 2010), while 

0.28 ng into the medial prefrontal cortex blocked anandamide effects on stress-coping 

behavior (McLaughlin et al., 2012) and CB1-dependent modulation of corticosterone 

levels in rats (Hill et al., 2011).  

 In Experiment 2, rats received intra-VIC anandamide immediately after an IO 

saccharin infusion (15 min before LiCl administration), the timing and procedure of 

which was identical to that employed in Experiment 1; it was found, however, that 

exogenous anandamide was ineffective in reducing the establishment of conditioned 

gaping to LiCl-paired saccharin during the TR test. This finding is consistent with a 

previous study assessing systemically administered anandamide, which was only 

effective in reducing conditioned gaping following concomitant pre-treatment with 

URB597 (Cross-Mellor et al., 2007), a drug that blocks anandamide metabolism by 

inhibiting FAAH-mediated hydrolysis (Fegley et al., 2005). Thus, FAAH inhibition 

interferes with the establishment of conditioned gaping by reducing anandamide 

turnover, and its resulting anti-nausea effects are enhanced when combined with 

exogenous anandamide (Cross-Mellor et al., 2007). Although the aim of the present study 

was to assess the ability of exogenous eCB administration within the VIC to suppress 

conditioned gaping, it would, nevertheless, be interesting to determine whether localized 

FAAH inhibition within the VIC would reduce conditioned gaping in rats, and whether 

this suppression would be enhanced with additional infusions of exogenous anandamide. 
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Nonetheless, the results of the current study suggest that anandamide metabolites do not 

play a role in the suppressive effects of eCBs, unlike those of 2AG, which appear to 

reduce conditioned gaping upon intra-VIC infusion or systemic administration (Sticht et 

al., 2012).  

 

CONCLUSIONS 

 The current study is the first published investigation of eCB modulation of nausea 

within the VIC, which is an important forebrain region involved in the sensation of 

nausea (Contreras et al., 2007; Limebeer et al., 2012; Tuerke et al., 2012). Although this 

study was limited to exogenous eCB administration, the results suggest that 2-AG may be 

the primary eCB modulating nausea within the VIC, and, overall, contributes to the 

emerging literature on the dissociable effects of 2-AG and anandamide (see Di Marzo 

and De Petrocellis, 2012). As the suppressive effects of 2-AG on gaping were not CB1 

mediated, however, future studies should investigate its precise mechanism of action, 

which is likely related to products downstream of 2-AG and its metabolite, AA (Sticht et 

al., 2012). As well, given that pharmacological inhibition of eCB catabolic enzymes, 

FAAH and MAGL, have been shown to exert similar effects following systemic 

manipulations (Cross-Mellor et al., 2007; Sticht et al., 2012), localized manipulations will 

provide important information into how endogenously released anandamide and 2-AG 

within the VIC modulate the experience of nausea. These timely studies will together 

provide valuable insights into the neural mechanisms underlying the sensation of nausea 

and the modulatory role of the eCB system.  
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Fig. 1. Photomicrograph of VIC cannulation (A) and schematic representation of the 
infusion cannula tip placements (B) for all rats. Cannulae were located between 0.00 and 
1.32 mm posterior to bregma. Paxinos and Watson (2007). Sections were stained with 
thionin and viewed using bright field microscopy. 
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Fig. 2. Mean (±SEM) number of gapes elicited by a 3-min intraoral infusion of LiCl-
paired saccharin (0.1%) during the TR test (A) and saccharin preference during the two-
bottle consumption test (B) among rats that received intra-VIC infusions of 0.5 µg 2-AG 
(n=8), 1 µg 2-AG (n=6), 1 µg 2-AG combined with 1 µg AM-251 (n=9), 1 µg 2-AG 
combined with 0.5 µg indomethacin (n=6), or vehicle (n=7) and indomethacin (n=6) 
alone prior to a LiCl injection. The highest dose of 2-AG (1 µg) significantly reduced 
conditioned gaping alone (p<0.05) or when combined with AM-251 (p<0.05) but not 
with indomethacin, compared to vehicle rats. All pretreatment groups displayed 
significantly greater taste avoidance than vehicle-treated rats (ps<0.05).   
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Fig. 3. Mean (±SEM) number of gapes elicited by a 3-min intraoral infusion of LiCl-
paired saccharin (0.1%) during the TR test (A) and saccharin preference during the two-
bottle consumption test (B) among rats that received intra-VIC infusions of 0.4 µg 
anandamide (n=7), 4 µg anandamide (n=4), or vehicle (n=7) prior to LiCl. Neither dose 
of anandamide modified conditioned gaping or conditioned taste avoidance 
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Abstract 

Cannabinoid (CB) agonists suppress nausea in humans and animal models; yet, their 

underlying neural substrates remain largely unknown. Evidence suggests that the visceral 

insular cortex (VIC) plays a critical role in nausea. Given the expression of CB1 receptors 

and the presence of endocannabinoids in this brain region, we hypothesized that the VIC 

endocannabinoid system regulates nausea. We assessed whether inhibiting the primary 

endocannabinoid hydrolytic enzymes in the VIC reduces acute lithium chloride (LiCl)-

induced conditioned gaping, a rat model of nausea. Local inhibition of monoacylglycerol 

lipase (MAGL), the main hydrolytic enzyme of 2-arachidonylglycerol (2-AG), reduced 

acute nausea through a CB1 receptor mechanism, whereas inhibition of fatty acid amide 

hydrolase (FAAH), the primary catabolic enzyme of anandamide (AEA), was without 

effect. Levels of 2-AG were also selectively elevated in the VIC during an episode of 

nausea. Inhibition of MAGL robustly increased 2-AG in the VIC, while FAAH inhibition 

had no effect on AEA. Finally, we demonstrated that inhibition of MAGL reduced VIC c-

Fos in response to LiCl treatment. Taken together, these findings provide compelling 

evidence that acute nausea selectively increases 2-AG in the VIC, and suggests that 2-AG 

signaling within the VIC regulates nausea by reducing neuronal activity in this forebrain 

region. 

 

 

 

Keywords: anandamide, fatty acid amide hydrolase, 2-arachidonoyl glycerol, 
monoacylglycerol lipase, nausea 
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Introduction 

Although the central neural circuitry underlying the vomiting reflex is well 

established (Andrews & Horn, 2006; Horn, 2008; Hornby, 2001), the precise brain 

mechanisms underlying nausea are less clear. Two recent functional neuroimaging 

studies in humans explored the brain circuitry involved in nausea (Napadow et al., 2013; 

Sclocco et al., 2014), and revealed an important role for the insular cortex. Specifically, 

Napadow et al. (2013) demonstrated that a strong sensation of nausea resulted in 

sustained activation of the interoceptive insula, as well as limbic and sub-cortical regions. 

Importantly, autonomic activation, which is important for nausea perception (LaCount et 

al., 2011), appears to be modulated by the insular cortex (Sclocco et al. 2014). This work 

suggests that the insula is part of a broad network of brain areas mediating the experience 

of nausea in humans (Napadow et al. 2013), and may play a particularly critical role in 

regulating autonomic control in response to nausea-inducing stimuli (Sclocco et al. 

2014).  

An intact forebrain is also necessary for the establishment of conditioned gaping 

responses in rats (Grill & Norgren, 1978a), a well-established rodent model of nausea 

(Parker et al., 2015; Parker, 2003). The insular cortex (IC) is particularly critical in this 

response, as its ablation selectively disrupts conditioned gaping behavior (Kiefer & Orr, 

1992). The IC (Allen et al., 1991; Cechetto & Saper, 1987) is comprised of gustatory 

neurons occupying the anterior agranular and dysgranular layers (gustatory insular cortex 

[GIC]; Kosar et al. 1986), and visceral neurons in the posterior granular layer (visceral 

insular cortex [VIC]; (Cechetto & Saper, 1987). We have previously shown that localized 

administration of the anti-emetic drug, ondansetron (a 5-hydroxytryptamine 3 [5-HT3] 
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antagonist), selectively blocked conditioned gaping upon intra-VIC - but not GIC – 

administration in rats (Tuerke et al. 2012a). Conversely, intra-VIC administration of a 5-

HT3 agonist, potentiated conditioned gaping caused by the emetic agent lithium chloride 

(LiCl), and even produced conditioned gaping on its own (Tuerke et al. 2012a). 

Moreover, Contreras et al. (2007) reported that administration of LiCl produced enhanced 

Fos expression in the VIC, and inactivation of this region attenuated LiCl-induced lying-

on-belly behavior (lying with flattened belly on cage [LOB]), a measure of unconditioned 

nausea in rats (Parker et al. 1984; Tuerke et al. 2012b). Collectively, these studies 

demonstrate the importance of the IC, and particularly the VIC, in mediating behaviors 

reflective of the sensation of nausea in rats.  

It is well known that exogenous cannabinoids exert robust anti-nausea and anti-

emetic effects (Sharkey et al., 2014). We have shown that systemically administered 

cannabinoid (CB) agonists (Limebeer & Parker, 1999; Parker & Mechoulam, 2003; 

Parker et al., 2003) or intra-cerebral administration of the synthetic cannabinoid agonist 

HU-210 into the VIC (Limebeer et al. 2012) reduced nausea-induced conditioned gaping 

in rats. Furthermore, exogenous administration of the endocannabinoid 2-

arachidonoylglycerol (2-AG; Mechoulam et al. 1995; Sugiura et al. 1995), but not 

anandamide (AEA; Devane et al. 1992) within the VIC reduced nausea-induced 

conditioned gaping in rats (Sticht, Limebeer, Rafla, & Parker, 2015). Surprisingly, this 

effect of 2-AG was not mediated via CB receptors, but rather dependent on 

endocannabinoid metabolic products (Sticht et al. 2015). The rapid hydrolysis of 

endocannabinoids in vivo represents a significant challenge in investigating the 

physiological functions of these lipids.; thus, the physiological role of endogenously 
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released 2-AG and AEA in the VIC during an experience of nausea remains unknown. 

Here, we hypothesize that the endocannabinoid system in the VIC regulates the sensation 

of nausea in rats.   

We investigated the role of endocannabinoids in the VIC via intra-cerebral 

administration of inhibitors of their catabolic enzymes (Blankman & Cravatt, 2013). This 

approach has been effectively used to elucidate the physiological role of the 

endocannabinoid system in several pre-clinical models, including pain (Davis, 2014), 

anxiety and depression (Gaetani et al., 2009), addiction and withdrawal (Muldoon, 

Lichtman, Parsons, & Damaj, 2013; Sidhpura & Parsons, 2011), and nausea (Parker et 

al., 2014). Specifically, drugs that block their respective catabolic enzymes, fatty acid 

amide hydrolase (FAAH; Cravatt et al. 1996) and monoacylglycerol lipase (MAGL; Dinh 

et al. 2002) produce elevated brain levels of 2-AG and AEA. Additionally, we quantified 

endocannabinoid levels in the VIC during an episode of nausea to infer whether this 

system plays a tonic role in the regulation of nausea.. Lastly, given the role for VIC 

activation during an episode of nausea (Contreras et al., 2007), we assessed whether the 

parameters of LiCl administration in the current study leads to elevated c-Fos within the 

VIC, and whether the anti-nausea effects following MAGL inhibition reduces subsequent 

neuronal activity in this region. 

 

Materials and Methods 

Animals 

Single-housed male Sprague-Dawley rats (300-350 g; Charles River Lab, St 

Constant, Quebec) were maintained on a reverse light/dark cycle (7:00 am lights off; 7:00 
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pm lights on) with free access to food (Iams rodent chow, 18% protein). Behavioral 

testing occurred during the dark cycle. All experiments were approved by the Animal 

Care Committee of the University of Guelph and carried out in accordance with the 

recommendations of the Canadian Council on Animal Care. 

 

Drugs 

The dual FAAH/MAGL inhibitor, JZL195 (Cayman Chemical, Ann Arbor, MI, 

USA), was prepared at a concentration of 10 µg/µl (Long, Nomura, et al., 2009). The 

selective FAAH inhibitor, URB597 (Cayman Chemicals), was prepared at a 

concentration of 0.01 µg/µl, while the selective FAAH inhibitor, PF3845 (provided by 

B.F. Cravatt), was prepared at a concentration of 2 µg/µl. The selective MAGL inhibitor, 

MJN110 (provided by B.F. Cravatt), was prepared at a concentration of 2 µg/µl. The 

selective CB1 antagonist/inverse agonist, AM251 (Cayman Chemicals), was prepared at a 

concentration of 2 µg/µl. The non-selective COX inhibitor, indomethacin (Sigma 

Aldrich, St. Louis, MO, USA), was prepared at a concentration of 0.5 µg/0.5 µl. The 

above compounds were first dissolved in ethanol, after which Tween 80 (Sigma Aldrich) 

was added to the solution and the ethanol was evaporated off with a nitrogen stream. 

Saline was then added to make a 9:1 ratio to Tween 80, and delivered bilaterally into the 

VIC at a final volume of 1 µl (Sticht et al., 2015). LiCl (0.15 M; Sigma Aldrich), was 

prepared in sterile water and administered (i.p.) at a volume of 20 ml/kg (127 mg/kg). 

This dose was selected on the basis of its effectiveness to produce conditioned gaping in 

rats (Limebeer & Parker, 2003) 
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Stereotaxic and intraoral (IO) cannulation surgery 

The rats were allowed six days to habituate to the facility and then underwent 

surgical implantation of intracranial guide cannulae and IO cannulae according to 

previously described methods (Limebeer et al., 2012; Sticht et al., 2015). Under 

isoflurane anesthesia, the animals were implanted bilaterally with a 22 gauge cannulae 

directed at the VIC (at 10 degrees divergent angle; relative to Bregma: AP – 0.5; LM + 

5.0; from the skull surface: DV – 4.5), and implanted with a 10-cm section of 

polyethylene tubing (PE 90) that extended subcutaneously from inside the oral cavity, 

exiting at the rear of the neck. The rats were allowed a two-week recovery period. 

 

Behavioral procedures: Taste reactivity (TR) and conditioned taste avoidance 

(CTA)  

 All experiments consisted of adaptation, two conditioning trials (separated 72 hr 

apart), and a TR test as previously described (Sticht et al., 2015) 

 

Effect of intra-VIC dual FAAH/MAGL inhibition on LiCl-induced conditioned gaping. 

 The rats were placed into the TR chamber for one min prior to receiving a three 

min IO infusion of saccharin (0.1%) via an infusion pump. They were then removed and 

received bilateral VIC infusions of vehicle (n = 7) or JZL195 (10 µg, n =7) at a rate of 0.5 

µl/min for two min. The infuser was left in place for an additional min to allow the 

solution to diffuse into the tissue. Animals were subsequently placed back in their home 

cage prior to receiving an i.p. injection of LiCl (0.15M) 15 min later. Seventy-two hr 

following the second conditioning trial, rats underwent a TR test to assess gaping (wide 
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mouth opening with bottom incisors exposed). We also sought to determine whether a 

lower dose of JZL195 reduces conditioned gaping; therefore, an additional cohort of 

animals received bilateral infusions of vehicle (n = 7) or 1 µg JZL195 (n =10) following 

saccharin (15 min before LiCl), while a separate set of animals received the same dose of 

JZL195 (n =7) but at a longer pre-treatment interval (70 min before LiCl) to allow greater 

accumulation of endocannabinoid levels.  

 To assess whether the drug manipulation selectively interfered with nausea – as 

opposed to a general interference with learning (conditioning) – we assessed the potential 

for JZL195 to modify conditioned taste avoidance (CTA) of LiCl-paired saccharin in a 2-

bottle consumption test. Previous studies have shown that conditioned taste avoidance 

and conditioned gaping are mediated by different processes, with the latter being 

selectively produced by nausea (Parker, 2003). Following the TR test, rats were water 

deprived for 18 hr. They then received a two-bottle consumption test over a six hr period 

in which they were given free access to saccharin or water. A saccharin preference ratio 

was calculated as follows: total saccharin consumed / [total saccharin + total water].  

 Cannulae placements and dye spread analyses were verified as described 

previously (Sticht et al, 2015). The TR test videos were scored by a rater blind to the 

experimental conditions using The Observer (Noldus Information Technology Inc., 

Leesburg, VA, USA). 

 

Effect of intra-VIC FAAH inhibition on LiCl-induced conditioned gaping.   

 The procedure for this experiment was identical to the previous experiment with 

the exception that during conditioning rats received bilateral VIC infusions of URB597 at 
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a dose consistent with those reported in the literature (0.01 µg; Rubino et al. 2008; 

McLaughlin et al. 2012; Morena et al. 2014). We additionally assessed whether FAAH 

inhibition with URB597 and the novel inhibitor, PF3845 (2 µg; Ahn et al. 2009), would 

be more effective following a longer pre-treatment time period (70 min before LiCl) to 

allow greater accumulation of endogenous AEA. The rats were infused bilaterally with 

vehicle (n = 13), URB597 (15min, n = 10; 70min, n=9) or PF3845 (n = 10). 

 To determine whether FAAH inhibition would result in greater anti-nausea effects 

when combined with exogenous AEA, a second experiment assessed a set of animals that 

received either vehicle (n = 13) or URB597 (0.01 µg, n = 6; 70 min prior to LiCl) 

combined with AEA (0.4 µg; 15 min prior to LiCl). As before, the rats received a two-

bottle consumption test 24 hr following the TR test. 

 

Effect of intra-VIC MAGL inhibition on LiCl-induced conditioned gaping.   

 We next assessed whether selective MAGL inhibition in the VIC would reduce 

nausea. The procedures for these experiments were identical to those above, however, 

during conditioning the rats received bilateral VIC infusions of vehicle (n = 13) or 

MJN110 (0.5 µg, n = 5; 2 µg, n = 11), which was administered 70 min prior to LiCl. To 

assess the mechanism by which MJN110 suppressed conditioned gaping, a separate 

group of animals was infused with MJN110 (2 µg, n=11), as well as with the CB1 

antagonist, AM251 (1µg, n=11), immediately before IO saccharin. We also assessed 

whether the cyclooxygenase (COX) inhibitor, indomethacin, would modify the 

suppressive effects of MJN110, as we have previously demonstrated a COX-dependent 

mechanism of action for 2-AG in suppressing nausea (Sticht et al., 2012, 2015). 
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Therefore, following intra-VIC MJN110 (2 µg, n=11), a separate set of animals received 

indomethacin (0.5 µg, n=6) in the VIC immediately before IO saccharin. 

 

Biochemical analyses 

Quantification of VIC endocannabinoids following LiCl-induced nausea  

 Drug naïve rats were sacrificed 20 min following a systemic injection of 20 ml/kg 

of 0.15 M LiCl (n= 5) or saline (n=5) to assess endocannabinoid levels during an 

experience of acute nausea. This dose of LiCl reliably produces conditioned gaping 

reactions in rats (Grill & Norgren, 1978) and the time period was selected on the basis of 

reports that LiCl produces maximal malaise within 20 min of administration (Contreras et 

al. 2007; Parker et al. 1984). Rats were euthanized by rapid decapitation (restrained in a 

decapicone – Braintree Scientific, MA, USA), and their brains were immediately 

extracted; the VIC was subsequently dissected on a stainless steel platform resting atop 

dry ice, which resulted in rapid freezing of the tissue section. Tissue samples were stored 

at -80°C until the time of processing, which was performed at Virginia Commonwealth 

University.  

 Lipid extractions were carried-out according to previously described methods 

(Kinsey et al., 2013; Ramesh et al., 2011). Pre-weighed VIC samples were homogenized 

in 1.4 ml of buffer containing a 2:1 v/v chloroform:methanol solution (containing 0.0348 

g phenylmethylsulfonyl floride/ ml) after the addition of internal standards (4 pmol AEA-

d8, 1 nmol 2-AG-d8, 330 pmol PEA-d4, 300 pmol OEA-d4, and 1 nmol AA-d8) to each 

sample. The homogenates were then mixed with 0.3 ml saline ( 0.73 % w/v) and 

subsequently vortexed for one min. Following centrifugation (10 min at 3,220xg; 4°C), 
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the aqueous phase and debris were separated and extracted another two times, each with 

0.8 ml of chloroform; the organic phase from each of the separations was pooled together 

and the organic solvents were evaporated under a nitrogen stream (15 psi). After the 

samples were completely dried, they were reconstituted with 0.1 ml chloroform and, after 

vortexing, were mixed with 1ml of cold acetone. After final centrifugation (5 min at 

1,811xg;), the upper layer from each sample was collected and evaporated under 

nitrogen. The final dried constituents were reconstituted in 0.1 ml methanol and 

transferred to autosample vials for analysis. 

 AEA, 2-AG, OEA, PEA, and AA were quantified using LC/MS/MS. The mobile 

phase consisted of methanol: water (90:10) with ammonium acetate and 0.1 % formic 

acid. The column used was a Discovery® HS C18, 2.1x150 mm, 3 µm (Supelco, USA). 

Ions were analyzed in multiple reaction monitoring mode and the following transitions 

were monitored in positive mode: (348>62) and (348>91) for AEA; (356>62) for 

AEAd8; (379>287) and(379>269) for 2-AG; (387>96) for 2-AGd8; (300>62) and 

(300>283) for PEA; (304>62) for PEA-d4; (326>62) and (326>309) for OEA; and 

(330>66) for OEAd4; in negative mode: (303>259) and (303>59) for AA and (311>267) 

for AA-d8. A calibration curve was constructed for each assay based on linear regression 

using the peak area ratios of the calibrators. The extracted standard curves ranged from 

0.156 to 2.5 pmol for AEA, from 0.25 to 4 nmol for 2-AG, from 7.8 to 125 pmol for PEA 

and OEA, and from 1 to 16 nmol for AA. 
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Quantification of VIC endocannabinoids following intra-VIC catabolic enzyme inhibitor 

administration 

 Drug naïve rats were sacrificed 60 min following an intra-VIC infusion of vehicle 

(n=5), MJN110 (2 µg/µl; n=7), URB597 (0.01 µg/µl; n=6), or PF3845 (2 µg/µl; n=7). 

These doses and pre-treatment times were based on those used in the behavioral 

experiments in the present study. The VIC was subsequently extracted identical to that in 

the previous experiment and endocannabinoid levels were analyzed as described above. 

 

Quantification of VIC endocannabinoids following systemically administered catabolic 

enzyme inhibitors 

 Drug naïve rats were sacrificed 120 min following an i.p. injection of vehicle 

(n=9), MJN110 (20 mg/kg; n=6), URB597 (0.3 mg/kg; n=5), or PF3845 (20 mg/kg; n=6). 

These doses and pre-treatment times were based on those used in prior behavioral studies 

demonstrating interference with LiCl-induced nausea (Cross-Mellor et al. 2007; Parker et 

al. 2014). The VIC was subsequently extracted and endocannabinoid levels were 

analyzed as described above. 

 

Immunohistochemistry 

Effect of MJN110 on LiCl-induced c-Fos immunoreactivity in VIC 

 Drug naïve rats were used to assess LiCl-induced c-Fos expression in the VIC. 

Rats first received daily handling and saline injections (20 ml/kg) for six days to 

habituate animals to the procedure. On the day of the experiment animals received a 

systemic (i.p.) injection of MJN110 (10 mg/kg) or vehicle 2 hr prior to a 20 ml/kg 
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injection of LiCl (0.15 M) or saline (ns = 8/group). Sixty minutes later, the animals were 

deeply anaesthetized with 1.5 ml sodium pentobarbital (340 mg/ml) and perfused 

intracardially with 300 ml of 4% paraformaldehyde in phosphate buffered saline (PBS; 

pH 7.3); this time period was selected on the basis of a previous study (Contreras et al., 

2007) and preliminary work, demonstrating robust increases in c-Fos expression 60 min 

after LiCl administration. The brains were subsequently extracted and post-fixed in 4% 

paraformaldehyde at 4°C overnight, and then cryoprotected with 20% sucrose in PBS at 

4°C overnight. With reference to a rat brain atlas (Paxinos & Watson, 2007), specimens 

were were embedded in OCT compound (Tissue-Tek, Sakura Finetek Japan, Tokyo, 

Japan) and sectioned in the coronal plane (40 µm) on a cryostat. Floating sections at the 

coordinates described above containing the VIC were collected. 

 Coronal sections were washed three times (10 min intervals) in a solution 

composed of PBS and 0.1% Triton X-100, and then incubated in PBS blocking buffer 

containing 10% normal donkey serum for one hr at room temperature. Sections were 

incubated in primary antibody rabbit anti-c-Fos (1:2000; Oncogene, Cambridge, MA, 

USA) at 4°C for 48 hr. Tissue specimens were then washed in PBS containing 0.1% 

Triton X-100 three times for 10 min and incubated in donkey anti-rabbit CY3 (1:100; no. 

711-166-152, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at room 

temperature for 2 hr. Sections were subsequently mounted in phosphate-buffered glycerol 

and examined using a Zeiss Axioplan fluorescence microscope (Carl Zeiss, Jena, 

Germany). The gray-scale images were captured by digital camera (Qimaging, Surrey, 

BC, Canada). The number of c-Fos-immunoreactive neuronal nuclei in a 600 x 450µm 

area of the VIC the VIC were counted manually on both sides of the brain under a 20x 
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objective by an observer unaware of treatment conditions. The mean number of c-Fos-

immunoreactive nuclei from at least two sections per animal was compared among 

different animal groups, and images for the same region were obtained under the same 

exposure in all cases. 

 

Data analysis 

The number of gapes during the TR test in each experiment was entered into a 

one-way analysis of variance (ANOVA) or independent t-tests, as appropriate using 

SPSS Statistics version 22 (Armonk, NY, USA). The VIC endocannabinoid levels and c-

Fos counts were assessed by single factor ANOVAs or t-tests. Bonferonni post hoc tests 

were conducted as appropriate. Significance for all analyses was set at p < 0.05. 

 

Results 

Intra-VIC administration of the dual FAAH/MAGL JZL195 reduces nausea-

induced conditioned gaping  

 The dual FAAH/MAGL inhibitor JZL195 suppressed LiCl-induced conditioned 

gaping reactions. Figure 1A shows that rats receiving intra-VIC infusions of JZL195 

prior to LiCl treatment displayed fewer gapes to nausea-paired saccharin (t(12)=2.48, p < 

0.05) during the TR test. To assess whether JZL195 selectively interfered with nausea – 

as opposed to a general interference with learning (conditioning) – we assessed whether 

this compound modified CTA of LiCl-paired saccharin in a two-bottle consumption test. 

The rats received a six hr preference test 24 hr following the TR test, in which they were 

given free access to saccharin or water. As seen in Figure 1A, JZL195 treatment did not 
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reduce CTA to LiCl-paired saccharin (t(12)=2.21, p < 0.05); in fact, rats pre-treated with 

JZL195 consumed significantly less LiCl-paired saccharin. This pattern is consistent with 

previous findings in which intra-VIC 2-AG reduced conditioned gaping while increasing 

subsequent avoidance during a consumption test (Sticht et al., 2015). Lastly, a low dose 

of JZL195 (1 µg) given 15 min or 70 min before LiCl did not reduce conditioned gaping 

reactions (F(2,21)=0.40, ns), as seen in Figure 1B. A representative photomicrograph of a 

VIC cannulae placement is presented in Figure 1C. All cannulae placements were located 

between a range from 0.00 and -1.32 mm posterior to Bregma (Figure 1D). Furthermore 

the dye spread analysis revealed a diffusion area within a range of 0.5-1.0 mm (mean = 

0.65; SE= 0.04) A/P and 0.5-1.25 mm (mean =0.82; SE=0.6) M/L within the VIC.   

 

Selective MAGL inhibition, but not FAAH inhibition, in the VIC reduces nausea-

induced conditioned gaping 

 Given the effectiveness of dual FAAH/MAGL inhibition in the VIC to reduce 

nausea, we next assessed whether selective inhibitors of FAAH and MAGL within the 

VIC were sufficient to reduce conditioned gaping. As seen in Figure 2A, VIC infusion of 

either FAAH inhibitor did not affect conditioned gaping reactions. Specifically, neither 

PF3845 (2 µg) nor URB597 (0.01 µg; 15 min or 70 min prior to LiCl ) infusion into the 

VIC had any effect on the establishment of conditioned gaping (F(3,38)=1.85, ns). These 

findings suggest that FAAH inhibition alone within the VIC was not sufficient to reduce 

the illness-inducing effects of LiCl. Therefore, we assessed whether URB597 would 

suppress nausea when combined with exogenous AEA administered immediately 

following IO saccharin. As seen in Figure 2B, concomitant pre-treatment with URB597 
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(0.01 µg) and AEA (0.4 µg) significantly reduced conditioned gaping during the TR test 

(t(10)=2.22, p = 0.05), without modifying avoidance of LiCl-paired saccharin during the 

two-bottle consumption test (t(10)=0.29, ns). Cannulae placements for all FAAH 

inhibition experiments are presented in Figure 2C. 

We next examined whether selective MAGL inhibition in the VIC would reduce 

nausea. As seen in Figure 3A, bilateral intra-VIC infusions of MJN110 (0.5 µg, 2 µg) 70 

min before the LiCl acquisition sessions suppressed the establishment of conditioned 

gaping, (F(2,26)=5.23, p<0.05), without affecting avoidance of LiCl-paired saccharin in 

the consumption test (F(2,26)=0.63, ns). To assess the mechanism by which MJN110 

suppressed conditioned gaping, separate groups of animals were infused with the CB1 

antagonist AM251 (1µg) prior to MJN110. We also assessed whether the COX inhibitor, 

indomethacin, would modify the suppressive effects of MJN110, as we have previously 

demonstrated a COX-dependent mechanism of action for 2-AG in suppressing nausea 

(Sticht et al. 2012; Sticht et al. 2015). The suppressive effects of high dose MJN110 (2 

µg) were reversed following concomitant intra-VIC infusions of AM251 (t(20)=-2.06, p 

= 0.05; Figure 3B), but not indomethacin (t(15)=0.77, p =0.46; Figure 3C). Cannulae 

placements for all MAGL inhibition experiments are presented in Figure 3D. 

 

Acute LiCl-induced nausea selectively increases 2-AG within the VIC 

 We next investigated the impact of an acute nausea episode produced by acute 

LiCl treatment on AEA and 2-AG levels within the VIC. LiCl administration led to 

significant elevations in VIC 2-AG levels at 20 min compared with saline-treated controls 

(t(8)=2.80, p<0.05), while AEA levels were unchanged (t(8)=1.22, ns; Figure 4A). There 
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was also a significant reduction in OEA levels (Table 1) compared to animals injected 

with saline (t(8)=2.99, p<0.05), whereas levels of PEA remained unchanged. To evaluate 

whether the LiCl-induced increase in 2-AG was selective to the VIC, endocannabinoid 

levels in the cerebellum were assessed in a separate group of animals, a region not shown 

to be involved in pharmacologically-induced nausea or emesis. As seen in Figure 4B, 

AEA and 2-AG levels did not significantly differ between LiCl-treated rats and saline-

treated control rats. 

 

Inhibition of endocannabinoid catabolic enzymes increases 2-AG levels, but not 

AEA levels, in the VIC 

 In order to assess the effectiveness of endocannabinoid catabolic enzyme 

inhibitors in elevating AEA and 2-AG, we quantified endocannabinoid levels following 

localized MAGL/FAAH inhibition in the VIC. Intra-VIC administration of MJN110 (2 

µg) increased 2-AG levels, (F(3,21)=5.64, p<0.01; Figure 4C) but the FAAH inhibitors 

were without effect; specifically, in contrast to intra-VIC MJN110, URB597 (0.01 µg) or 

PF3845 (2 µg) failed to affect AEA levels (F(3,21)=1.69, ns; Figures 4D). However, 

analysis of PEA (F(3,21)=7.65, p=0.001) and OEA (F(3,21)=4.03, p<0.05) levels in the 

VIC revealed significant effects of intra-VIC drug treatment (Table 1); PF3845 treated 

rats displayed significantly higher PEA levels compared to vehicle and MJN110 treated 

rats (p<0.01), as well as URB597 treated (p<0.05) animals. On the other hand, PF3845 

treated rats only displayed significantly higher OEA levels relative to MJN110 treated 

rats (p<0.05). 
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 We next assessed the potential for systemically administered enzyme inhibitors to 

increase 2-AG and AEA levels in the VIC. Analysis of VIC endocannabinoid levels 

following systemic enzyme inhibitor administration revealed selective increases in 2-AG 

(F(3,22)=30.64, p<0.001) following an injection of MJN110 (20 mg/kg, i.p.; Figure 4E); 

however, AEA levels were not elevated in response to systemically administered 

URB597 (0.3 mg/kg, i.p.) or PF3845 (20 mg/kg, i.p., F(3,22)=1.07, ns; Figure 4F). As 

seen in Table 1, single-factor ANOVAs also revealed significant main effects of drug 

treatment on PEA (F(3,22)=133, p<0.001) and OEA (F(3,22)=132, p<0.001) levels in 

the VIC; subsequent post hoc tests revealed that URB597-treated rats displayed 

significantly greater OEA levels (p<0.05), while rats that received PF3845 displayed 

greater PEA and OEA levels relative to all other treatment groups (p<0.001). 

 

MAGL inhibition reduces nausea-induced VIC neuronal activation  

 Given our findings above, we investigated whether the MAGL inhibitor, 

MJN110, reduces neuronal activation in response to acute LiCl-induced nausea. We first 

assessed whether the LiCl dose used in the current study (20 ml/kg of 0.15 M) resulted in 

a significant degree of neuronal activation. Systemic injection of LiCl resulted in 

substantial c-Fos expression relative to saline-treated control animals (data not shown). 

We subsequently assessed whether systemically administered MJN110 (10 mg/kg, i.p.; 

Parker et al. 2014) decreases neuronal c-Fos expression induced by LiCl. As seen in 

Figures 5A and 5B, LiCl increased c-Fos immunoreactivity, and this effect was prevented 

by pretreatment with MJN110 (10 mg/kg, ip). Vehicle and saline (pre-

treatment/treatment) injections resulted in a higher basal c-Fos immunoreactivity in the 
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VIC compared to the single vehicle injection (data not shown), however, c-Fos 

immunoreactivity was still significantly increased in animals treated with LiCl 

(F(3,60)=4.79, p < 0.01). Subsequent Bonferroni post hoc comparisons revealed that rats 

administered the vehicle-LiCl treatment had elevated c-Fos expression compared to those 

receiving vehicle-saline or MJN110-LiCl (p < 0.05). The MJN110-saline group did not 

significantly differ from any other group.  

 

Discussion 

 The insular cortex is increasingly recognized as a critical forebrain region 

involved in the sensation of nausea (e.g., Contreras et al. 2007; Napadow et al. 2013; 

Sclocco et al. 2014). Here, we demonstrate that the endocannabinoid 2-AG, but not AEA, 

serves as an endogenous regulator of nausea in the rat VIC, an effect mediated through 

CB1 receptors. Indeed, 2-AG is selectively elevated in the VIC during an episode of LiCl-

induced nausea. Furthermore, LiCl-induced neuronal activation in this region is 

prevented by pre-treatment with the MAGL inhibitor, MJN110, which we have shown 

selectively elevates 2-AG in the VIC. These results, therefore, provide compelling 

evidence for nausea regulation by the VIC endocannabinoid system – an effect 

attributable to the endocannabinoid, 2-AG. 

  In the first set of experiments, the dual FAAH/MAGL inhibitor, JZL195, was 

found to suppress the establishment of conditioned gaping upon intra-VIC administration, 

suggesting an anti-nausea role for manipulations that elevate levels of AEA and 2-AG 

within this forebrain area. However, administration of the selective FAAH inhibitors, 

URB597 (Fegley et al., 2005) or PF3845 (Ahn et al., 2009), were ineffective in reducing 
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conditioned gaping, suggesting that FAAH inhibition alone in the VIC is not sufficient to 

suppress nausea or elevate AEA levels. Indeed, the endocannabinoid analyses in the 

current study revealed that neither systemic nor intra-VIC administration of the FAAH 

inhibitors URB597 or PF3845, elevated AEA in the VIC, although PEA and OEA (other 

FAAH substrates) were elevated, indicating that the doses were sufficient to suppress 

FAAH and increase other fatty acid ethanolamides. In this case, PF3845 had a greater 

effect on PEA/OEA, which is consistent with Ahn et al. (2009). 

 The failure of FAAH inhibition to elevate AEA in the VIC is particularly 

interesting given that centrally administered URB597, with nearly identical dose/pre-

treatment procedures, has been reported by others to elicit AEA-induced anxiolytic 

effects (Rubino et al., 2008), as well as stress-coping behavior through an AEA (and 

CB1-dependent) mechanism (McLaughlin et al., 2012). Nonetheless, when intra-VIC 

URB597 was concomitantly administered with exogenous AEA – a treatment that alone 

is ineffective (Cross-Mellor et al., 2007; Sticht et al., 2015) – the combined manipulation 

suppressed LiCl-induced conditioned gaping. Therefore, these findings suggest that 

endogenously released AEA in the VIC does not play a physiological role in 

endocannabinoid-suppression of nausea. This observation is particularly surprising 

because AEA levels are clearly increased in the brainstem and contributes to the anti-

emetic effects of the endocannabinoid system in response to emetic stimuli (Van Sickle et 

al., 2005).   

On the other hand, MAGL inhibition alone reduced nausea, as intra-VIC infusions 

of MJN110 prevented the establishment of LiCl-induced conditioned gaping. This anti-

nausea effect of MJN110 was subsequently blocked by the CB1 antagonist, AM-251. 
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Indeed, both systemic and intra-VIC administration of MJN110 significantly elevated 2-

AG levels, but did not affect AEA or other fatty acid amides, in the VIC. Presumably, 

MAGL inhibition enables 2-AG to directly activate CB1 receptors for a sufficient period 

of time to reduce the nauseating effects of LiCl. Given that 2-AG is a rate limiting 

substrate of free arachidonic acid in the brain (Nomura et al., 2008, 2011), it is likely that 

metabolites of this eicosanoid represent an additional anti-nausea system. In support of 

this view, we have previously shown that exogenous 2-AG delivered into the VIC 

reduces acute nausea through a CB1 receptor independent mechanism of action (Sticht et 

al., 2015), and systemic administration of 2-AG also reduces nausea independent of CB1 

receptors (Sticht et al., 2012).  

The regulatory role of the endocannabinoid system in nausea was further 

investigated in the present study through the quantification of endocannabinoid levels in 

the VIC during an episode of LiCl-induced nausea. Twenty min following an i.p. 

injection of LiCl, the time of maximal malaise (Parker et al. 1984; Contreras et al. 2007), 

2-AG – but not AEA – was elevated in the VIC. Moreover, we assessed the effectiveness 

of the MAGL inhibitor, MJN110, to reduce VIC neuronal activation in response to acute 

LiCl-induced nausea. Indeed, LiCl enhanced the expression of c-Fos in the VIC 

(replicating Contreras et al. 2007, albeit at a four-fold higher dose), and this effect was 

blocked by pretreatment with systemic MJN110 at a dose that suppressed the 

establishment of LiCl-induced conditioned gaping in rats (Parker et al. 2015). This 

finding provides strong evidence that the nauseating effects of LiCl were prevented by 

the suppression of VIC neural activation, achieved via increased 2-AG signaling at CB1 

receptors.   
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Evidence from our group suggests that the nauseating/activating effects of LiCl 

may be produced by 5-HT (Tuerke et al. 2012a; Limebeer et al. 2004). We previously 

demonstrated that a 76% reduction of 5-HT (by 5,7-DHT lesions) in the entire insular 

cortex dramatically suppressed the acquisition of conditioned gaping reactions elicited by 

a LiCl-paired flavor. Furthermore, in a double dissociation, we found that intra-VIC 

administration of the 5-HT3 receptor antagonist, ondansetron, attenuated LiCl-induced 

conditioned gaping reactions, but not taste avoidance. Conversely, ondansetron delivered 

into the GIC attenuated LiCl-induced taste avoidance, but not conditioned gaping. The 

direct delivery of a 5-HT3 receptor agonist into these regions produced the opposite 

effect. Therefore, 5-HT3 activity in the VIC, a site with gastrointestinal input, is critical 

for the establishment of nausea-induced conditioned gaping in rats (Tuerke et al. 2012a). 

The emetic drug, LiCl, has also been shown to elevate 5-HT in several brain areas (for up 

to one hr) following acute administration (Otero Losada & Rubio, 1986; Petr, Jiri, & 

Karel, 2006; West, Mark, & Hoebel, 1991). Although it remains to be determined 

whether LiCl enhances 5-HT release within the VIC, the present study is, nonetheless, the 

first to quantify endocannabinoid levels in response to LiCl-induced nausea in rats, and 

represents an important step in understanding precisely how the endocannabinoid system 

modulates the sensation of nausea.  

Given that VIC 5-HT signaling is critical for the establishment of LiCl-induced 

conditioned gaping (Tuerke et al. 2012a), it appears that 5-HT release in the VIC may 

underlie an experience of nausea, which is subsequently reduced by 2-AG-CB1 signaling 

in this forebrain region. Considerable evidence supports the co-localization of CB1 

receptors on 5-HT presynaptic terminals in several brain regions  (Barann et al., 2002; 
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Darmani & Johnson, 2004; Häring, Grieb, Monory, Lutz, & Moreira, 2013; Häring, 

Marsicano, Lutz, & Monory, 2007; Hermann, Marsicano, & Lutz, 2002). Although it has 

not been determined if such co-localization occurs in the VIC, this scenario is likely 

given the CB1-dependent effects of 2-AG in the current study, as well as our recent 

finding that the potent synthetic cannabinoid receptor agonist, HU-210, reduced LiCl-

induced conditioned gaping when localized to the VIC (but not GIC). Furthermore, the 

suppression of nausea-induced behavior was reversed by pre-treatment with the CB1 

antagonist, AM251, indicating that the anti-nausea effects were CB1-mediated. Future 

studies will directly assess the potential of MAGL inhibition to reverse LiCl-induced 

release of 5-HT in the VIC by employing an in-vivo microdialysis approach. 

In conclusion, we have demonstrated that the endocannabinoid 2-AG is an 

endogenous regulator of nausea in the rat VIC. These findings extend previous 

observations from our group and others, demonstrating that cannabinoids suppress nausea 

(Parker et al., 2015; Sharkey et al., 2014). Most importantly, we report that nausea is 

regulated in the VIC by the endocannabinoid 2-AG, but not AEA. Altogether, it is clear 

that the eCB system within the VIC serves an important modulatory function during an 

experience of nausea, and that this role is sub-served by the multiple actions of 2-AG: 

During periods of reduced MAGL activity, the anti-nausea effects of 2-AG appear to be 

mediated primarily by CB1 receptors, while metabolic (COX) products downstream of 2-

AG also play an important role in mediating some of its anti-nausea effects (Sticht et al., 

2012; Sticht et al, 2015) 
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Table 1. Levels of the fatty acid ethanolamides, PEA and OEA, in the VIC following 

administration of nausea-inducing LiCl (20 min pre-treatment; n=5/group), as well as 

intra-VIC (70 min pre-treatment; n=5-7/group) or systemic (120 min pre-treatment; n=5-

9/group) endocannabinoid catabolic enzyme inhibitors, respectively. Values represent 

mean +/- SEM. 

 

Treatment    PEA (pmol/g)   OEA (pmol/g)   

Lithium chloride (LiCl) 

Saline    206.3 ± 33.7   151.0 ± 11.8   

LiCl    151.2 ± 12.9   93.4 ± 15.3*   

Systemic enzyme inhibitors 

Vehicle   285.0 ± 38.2   113.2 ± 18.6   

MJN110   224.9 ± 31.2   120.9 ± 24.0   

URB597   682.0 ± 186.1   281.2 ± 6.8*   

PF3845   2808.1 ± 156.3***  1049.5 ± 53.4***  

Intra-VIC enzyme inhibitors 

Vehicle   589.3 ± 101.4   302.0 ± 53.7  

MJN110   537.2 ± 71.1   276.2 ± 54.8   

URB597   722.4 ± 122.4   355.4 ± 60.7   

PF3845   1776.9 ± 361.3**  626.0 ± 121.3   

PEA, palmitoylethanolamide; OEA, oleoylethanolamide;  

***p<0.001; **p<0.01; *p<0.05. 
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Figure Legends 

Figure 1. Effect of localized dual FAAH/MAGL inhibition in the VIC on the 

establishment of LiCl-induced conditioned gaping and conditioned taste avoidance. A. 

Mean (± SEM) number of gapes during the TR test and saccharin preference during the 

two-bottle test among rats that received intra-VIC infusions of the dual FAAH/MAGL 

inhibitor, JZL195 (10 µg; n=7) or vehicle (n=7) 15 min prior to LiCl. The 10 µg dose of 

JZL195 reduced LiCl-induced conditioned gaping (p < 0.05) and enhanced saccharin 

avoidance (p < 0.05). B. Mean (± SEM) number of gapes during the TR test among rats 

that received intra-VIC infusions of vehicle (n=13) or 1 µg JZL195 15 min (n=10) or 70 

min (n=7) prior to LiCl. The 1 µg dose of JZL195 did not affect conditioned gaping. C. 

Representative photomicrograph of VIC cannulation. D. Schematic representation of VIC 

cannula tip placements for all JZL195 and vehicle treated rats (Paxinos and Watson 

2007). 

 

Figure 2. Effect of localized FAAH inhibition in the VIC on the establishment of LiCl-

induced conditioned gaping and conditioned taste avoidance. A. Mean (± SEM) number 

of gapes during the TR test among rats that received intra-VIC infusions of vehicle 

(n=13), or the FAAH inhibitors, URB597 (15 min, n=10; 70 min, n=9) and PF3845 (70 

min, n=10) prior to LiCl. Pre-treatment with either FAAH inhibitor did not reduce 

conditioned gaping. B. Mean (± SEM) number of gapes during the TR test and saccharin 

preference during the two-bottle test among rats that received intra-VIC infusions of 0.01 

µg URB597 combined with 0.4 µg AEA (n=6) or vehicle alone (n=13) prior to LiCl. The 

combined URB597/AEA pre-treatment significantly reduced conditioned gaping 
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(p=0.05) compared to vehicle treated rats, without modifying saccharin taste avoidance. 

C. Schematic representation of VIC cannula tip placements for all FAAH inhibition 

experiments (Paxinos and Watson, 2007). 

 

Figure 3. Effect of localized MAGL inhibition in the VIC on the establishment of LiCl-

induced conditioned gaping and conditioned taste avoidance. A., Mean (± SEM) number 

of gapes during the TR test and saccharin preference during the two-bottle test among 

rats that received intra-VIC infusions of vehicle (n=13) or the selective MAGL inhibitor, 

MJN110 (0.5 µg, n=5; 2 µg, n=11). The highest dose of MJN110 (2 µg) significantly 

reduced conditioned gaping (p<0.05) but did not modify conditioned taste avoidance. The 

anti-nausea effects of 2 µg MJN110 were reversed following pre-treatment with the CB1 

antagonist, AM-251 (1 µg, n=11; p = 0.05, B.), but not the cyclooxygenase inhibitor, 

indomethacin (0.5 µg, n=6; C.). D. Schematic representation of VIC cannula tip 

placements for all MAGL inhibition experiments (Paxinos and Watson, 2007). 

 

Figure 4. Effect of LiCl-induced nausea and intra-VIC or systemically administered 

catabolic enzyme inhibitors on VIC endocannabinoid levels A. Mean (± SEM) 

endocannabinoid levels within the VIC and cerebellum 20 min following an i.p. injection 

of nausea-inducing LiCl (0.15 M; 20 ml/kg; n=5) or saline (n=5). Intra-VIC content of 2-

arachidonoylglycerol (2-AG), but not N-arachidonoylethanolamide (AEA), was 

significantly greater (p<0.05) among rats that received LiCl compared to saline injected 

control animals, whereas no change in endocannabinoid levels was detected in the 

cerebellum. B. Mean (±SEM) endocannabinoid levels within the VIC 70 min following 
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an intra-VIC infusion of the MAGL inhibitor, MJN110 (2 µg; n=7), or either of the 

FAAH inhibitors, URB597 (0.01 µg; n=6) and PF3845 (2 µg; n=7), or vehicle (n=5). 

Intra-VIC administration of MJN110 selectively increased 2-AG content (p<0.05) in the 

VIC, whereas AEA levels remained unchanged following an injection of either URB597 

or PF3845 relative to vehicle treated control rats. C. Mean (± SEM) endocannabinoid 

levels within the VIC 120 min following an i.p. injection of the MAGL inhibitor, 

MJN110 (20 mg/kg; n=6), or either of the FAAH inhibitors, URB597 (0.3 mg/kg; n=5) 

and PF3845 (20 mg/kg; n=6), or vehicle (n=9). MJN110 selectively increased 2-AG 

content (p<0.001) in the VIC, whereas AEA levels remained unchanged following an 

injection of either URB597 or PF3845 relative to vehicle control rats.  

 

Figure 5. Effect of systemic MAGL inhibition on LiCl-induced c-Fos activation in the 

VIC A.  Mean (± SEM) number of c-Fos immunoreactive cells within an area (450 x 

600µm2) of the VIC 3 hr following an i.p. injection of the MAGL inhibitor, MJN110 (10 

mg/kg; n=7), or vehicle (n=8) and 1 hr following an injection of LiCl (0.15 M; 20 ml/kg; 

n=7) or saline (0.9 % NaCl; n=8). VIC c-Fos immunoreactivity was observed in all 

treatment groups; however, rats that received systemically administered vehicle with LiCl 

had significantly higher number of c-Fos immunoreactive cells compared to vehicle and 

saline treated control animals (p< 0.05), as well as those that received an i.p. injection of 

MJN110 and LiCl (p < 0.05). B. Representative immunofluorescence micrographs 

showing c-Fos immunoreactivity in the VIC. Scale bar = 50µm. 
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CHAPTER VI 

General Discussion 

A growing body of literature demonstrates a clear role for endocannabinoids in 

the modulation of nausea and vomiting in several animal models (Parker, Rock, Sticht, 

Wills, & Limebeer, 2015; Sharkey, Darmani, & Parker, 2014), as well as a similar role in 

humans (Abrams & Guzman, 2015). The studies contained in this dissertation extend our 

understanding of these behaviors by demonstrating a clear anti-emetic and anti-nausea 

role for the endocannabinoid, 2-AG, in LiCl-induced vomiting in shrews and the 

establishment of nausea-induced conditioned gaping in rats, respectively. 

 

Role of 2-AG in vomiting: Potential for exogenous 2-AG to produce vomiting and 

potentiate toxin-induced emesis 

Previous studies have demonstrated that pro-anandamide manipulations reduce 

toxin-induced vomiting in emetic species such as ferrets (Sharkey et al., 2007; Van Sickle 

et al., 2001, 2005), cryptotis parva (Darmani, 2002), and, indeed Suncus murinus (Parker 

et al., 2009). However, the earliest reports concerning 2-AG in vomiting, reported by 

Darmani (2002), revealed a potentially emetogenic role for this endocannabinoid in least 

shrews in which administration of 2-AG alone was found to dose-dependently (1–10 

mg/kg) cause vomiting. Interestingly, Darmani (2002) also found that exogenous 

anandamide, which did not induce vomiting on its own, interfered with 2-AG-induced 

emesis. Thus, in the least shrew, exogenous 2-AG administration was highly emetogenic. 

On the other hand, Van Sickle and colleagues demonstrated that low doses of 2-AG (0.5 

mg/kg) suppressed toxin-induced vomiting in ferrets when combined with the 
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endocannabinoid transport inhibitor, VDM11, and higher doses of 2-AG (1–2 mg/kg) 

were effective alone (Sharkey et al., 2007; Van Sickle et al., 2005).  

Recently, we demonstrated that administration of the selective MAGL inhibitor, 

JZL184, which selectively increases levels of 2-AG, dose-dependently suppressed 

lithium chloride (LiCl)-induced emesis in the house musk shrew; however, until now it 

remained to be determined whether exogenous 2-AG administration would lead to emesis 

in this particular species. In contrast to the emetogenic role for exogenous 2-AG in least 

shrews, the results reported in Chapter II suggest an opposite role for 2-AG in house 

musk shrews. Specifically, not only did 2-AG administration in this shrew species fail to 

elicit a significant number of vomiting episodes at any of the tested doses (1, 2, 5, or 10 

mg/kg), exogenous 2-AG pre-treatment (2, 5 mg/kg) reduced LiCl-induced emesis. 

Therefore, this finding is consistent with our previous research demonstrating that pro-2-

AG manipulations reduce LiCl-induced vomiting in Suncus murinus.  

 Regarding the known anti-emetic effects of 2-AG, one peculiar species-difference 

is found with respect to its mechanism of action. In ferrets, the anti-emetic effects of 2-

AG were reversed following pre-treatment with the CB1 antagonist, AM-251, or the CB2 

antagonist, AM-630; however, in the current study, the CB1 antagonist, SR141716, which 

is a comparable analogue of AM-251 (Lan et al., 1999), did not interfere with the ability 

of 2-AG to suppress vomiting and retching in the house musk shrew. Although we did 

not evaluate the effects of CB2 antagonism on the 2-AG-induced suppression of 

vomiting, it appears that exogenous 2-AG reduces toxin-induced vomiting independent of 

CB1 receptors.  
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 While the specificity of SR141716 for CB1 receptors in house musk shrews has 

not been assessed, binding studies by Darmani and colleagues (Darmani et al., 2003) 

demonstrated that this compound is, indeed, selective for CB1 in least shrews, as it is in 

rat brain (Lan et al., 1999). We have previously found that SR141716A alone does not 

suppress (or enhance) LiCl-induced vomiting in the house musk shrew at a dose (2.5 

mg/kg) capable of reversing the anti-emetic effect of THC (Parker, Kwiatkowska, 

Burton, & Mechoulam, 2004; Parker et al., 2009). Although a 3 mg/kg dose did not 

reverse the anti-emetic effects of exogenous 2-AG in the current study, it is possible that 

a higher dose would have been effective; however, given that Darmani (2002) found that 

a 5 mg/kg dose of SR141716 produced vomiting on its own, any interpretation of such a 

reversal would be problematic given that a change in vomiting behaviour could be due to 

a blockade of CB1 receptors or inverse agonism by SR141716. Nonetheless, exogenous 

2-AG appears to reduce toxin-induced vomiting independent of CB1 receptors and future 

studies should evaluate the potential of a CB2 antagonist such as AM630 to reverse this 

effect.  

 Given the rapid degradation of 2-AG by MAGL (Di Marzo, Bisogno, Sugiura, 

Melck, & De Petrocellis, 1998; Dinh et al., 2002) and to a lesser extent by COX enzymes 

(Kozak et al., 2002, 2000), it is also conceivable that the anti-emetic effects of 2-AG are 

mediated by downstream metabolites. Previous research in least shrews suggests that an 

alternate mechanism may underlie the effects of 2-AG (albeit emetogenic), that is 

independent of cannabinoid receptors (Darmani, 2002). Specifically, Darmani (2002) 

reported that the emetogenic effects of 2-AG and its metabolic product, arachidonic acid 

(AA), in least shrews were reversed by the COX inhibitor, indomethacin. This finding 
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suggests that downstream metabolites of the endocannabinoid system play a role in 

mediating the emetogenic effects of 2-AG in least shrews.  

Endocannabinoid- and phospholipid-derived AA have the potential for 

biotransformation into a variety of oxygenated fatty acids, known as eicosanoids (Smith, 

1989), which comprise three distinct groups of signaling molecules that are formed 

through separate metabolic pathways. These are: 1) prostanoids 2) leukotrienes, and 3) 

lipid epoxides, all of which result from the hydrolysis of AA via COX, lipoxygenase, and 

epoxygenase enzymes, respectively (Smith). Eicosanoids perform a broad-range of 

functions such as maintaining cellular homeostasis (Haeggström, Rinaldo-Matthis, 

Wheelock, & Wetterholm, 2010), regulating cardiovascular function (Imig, Simpkins, 

Renic, & Harder, 2011), initiating bone fracture repair (Wixted et al., 2009), as well as 

being implicated in certain forms of cancer (Wang & Dubois, 2010). The diversity of 

eicosanoid-mediated action is attributed to the multitude of pathways and receptor 

subtypes which mediate their biological effects (Smith). The most well documented role 

for eicosanoids, however, is in mediating the inflammatory and immune response, 

particularly through the action of prostanoids (Davies et al., 1984; Hata & Breyer, 2004; 

Larsen & Henson, 1983). 

 The COX-mediated hydrolysis of AA occurs through two distinct enzymatic 

mechanisms, COX-1 and COX-2 (Smith et al., 1994), yielding the prostanoid subfamily 

known as prostaglandins (PG;  Poyser, 1973. Prostaglandins are a key component 

involved in all stages of the inflammatory response (Tilley, Coffman, & Koller, 2001). 

Selective compounds that block prostaglandin synthesis, known as non-steroidal anti-

inflammatory drugs (NSAIDs), target COX enzymes, specifically, and are used 
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extensively to reduce inflammation-related symptoms (Frölich, 1997). The non-selective 

COX inhibitor used by Darmani (2002), indomethacin, is one such example. Although 

PGs are typically thought to contribute to the inflammatory response, studies have 

demonstrated that they also inhibit pro-inflammatory leukotrienes, as well as activate 

anti-inflammatory signaling molecules (Calder, 2009), indicating that PGs play an 

important role in both initiating and resolving inflammation. These findings suggest that 

drugs that manipulate anti-inflammatory pathways of prostaglandin synthesis may have 

therapeutic potential, as well. 

 Prostanoid synthesis also occurs independent of AA, and is linked directly to the 

endocannabinoid system; although FAAH- and MAGL-mediated hydrolysis are the 

primary routes of endocannabinoid metabolism, anandamide and 2-AG are also 

oxygenated directly by inducible COX-2 enzymes, specifically (Fowler, 2007; 

Woodward et al., 2008). Anandamide is a substrate for COX-2, but not COX-1, and is 

converted to PG ethanolamides (PGEAs) (Burstein, Rossetti, Yagen, & Zurier, 2000), 

while COX-2-mediated oxygenation of 2-AG yields prostaglandin glycerol esters (PG-

Gs; Kozak, Rowlinson, & Marnett, 2000). These metabolic products have been shown to 

play a similar role as PGs in modulating immune function and pain transmission (Hu, 

Bradshaw, Chen, Tan, & Walker, 2008). The duration of action of PGEAs and PG-Gs is 

relatively short as they are rapidly converted to a number of PGs (Kozak et al., 2002); 

thus, it is not surprising that their administration produces PG-like biological effects. 

These COX-derived prostanoids may be particularly important in mediating the effects of 

2-AG in the current study, given that blockade of COX enzymes interfered with the 

ability of 2-AG to induce vomiting in least shrews (Darmani, 2002).  
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Elevations in endogenous 2-AG following MAGL inhibition have also been 

shown to reduce LiCl-induced vomiting in the house musk shrew (Sticht et al., 2012), 

which, like FAAH inhibition (Parker et al., 2009), is attenuated following administration 

of a CB1 antagonist. This finding suggests that the potential downstream metabolic 

products that underlie the anti-emetic effects following exogenous 2-AG administration 

in the current study are the result of an abundance of 2-AG that is readily hydrolyzed and 

converted to AA (which is impaired by pharmacological blockade of MAGL enzymes) 

and, in turn provides ample substrate for COX enzymes. The particular COX mediated 

products of AA (and their precise mechanism of action) that serve to reduce LiCl-induced 

vomiting remain to be determined, however, and should be addressed in future studies. 

Nonetheless, the results of this study, although consistent with the effects of 2-AG in 

ferrets, are in contrast to those in the least shrew and serve to highlight potential species 

differences in emesis research. 

 

Second order conditioning of nausea-induced gaping with flavor and contextual cues 

Although rats are incapable of vomiting, they display a distinct conditioned 

disgust reaction, gaping, to an illness-paired saccharin solution. This behaviour is only 

produced following treatment with emetic drugs; thus, conditioned gaping is a selective 

model of conditioned nausea in this non-emetic species (Parker et al., 2015). In fact, it 

appears that conditioning between a nausea-inducing stimulus and a previously neutral 

stimulus is so prevalent that the nausea-paired flavour itself elicits a sensation of nausea, 

even in the absence of pharmacologically induced illness. Chapter III was published in 

the journal Learning & Behavior (2015, 43, 95-100) and assessed whether rats acquire 
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second-order conditioning to a novel stimulus experienced in a nausea-paired context. 

Specifically, we investigated whether an excitatory contextual CS+ has the potential to 

confer second-order conditioning to a novel flavor in the absence of any direct pairing 

with LiCl. In this way second order conditioning occurs between two initially neutral 

stimuli such that both come to elicit conditioned nausea without any pharmacologically-

induced illness.  

We found that, after four first-order context conditioning pairings with LiCl, the 

CS1 context produced asymptotic second-order conditioning to a novel saccharin (CS2) 

solution administered intraorally to rats. The results of this study provide additional 

evidence that conditioned gaping elicited by a LiCl-paired context is mediated selectively 

by nausea, which, in turn, can produce secondary conditioning to a distinct flavor with 

which it is paired. Indeed, the purpose of this study was to address questions regarding 

the validity of the conditioned gaping model itself, and whether rats experience nausea in 

response to an illness-paired stimulus. Therefore, it is particularly important to recognize 

the underlying implications of these results, as it suggests that after repeated pairing with 

nausea-inducing stimuli, the conditioned stimulus, in effect, functions as a US to elicit 

some sensation of nausea or illness. This CR, the magnitude of which may be comparable 

in some respect to the UR, becomes so prevalent following several conditioning trials that 

it supports conditioning to a novel flavored solution (CS2). However, this effect was only 

apparent in the rats that received four or eight contextual conditioning trials, as rats that 

received only two pairings did not display second-order conditioning to the CS2. On the 

other hand, the excitatory strength of the CS1 was not strong enough to support second-

order conditioning among rats receiving only two prior pairings of the context with LiCl. 
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This finding is consistent with reports that two CS1 conditioning trials only produces 

minimal contextually elicited conditioned gaping (Chan et al., 2013; Limebeer et al., 

2008). 

The idea that a nausea-paired context elicits a sensation of nausea was described 

by Rodriguez and colleagues (Rodriguez, Lopez, Symonds, & Hall, 2000). Rodriguiez et 

al argued that a LiCl-paired context elicits conditioned nausea based on their finding that 

rats consumed less of a palatable solution when in the presence of LiCl-paired contextual 

cues as opposed to a neutral environment. Interestingly, the anti-emetic drug, 

ondansetron, did not interfere with the nausea-induced reduction of sucrose consumption 

(Symonds and Hall, 2000), and it is similarly ineffective in reducing contextually elicited 

conditioned gaping (Limebeer et al., 2008; Rock et al., 2014). These findings parallel the 

ineffectiveness of ondansetron to reduce the anticipatory nausea experienced among 

human chemotherapy patients (Aapro, 2005). Anticipatory nausea is a classically 

conditioned response to the environment that typically occurs following chemotherapy 

treatment (Jacobsen & Redd, 1988; Nesse et al., 1980). This conditioning most readily 

occurs when nausea is untreated by anti-emetics during the course of treatment, thus, 

resulting in anticipatory nausea to the context within which the chemotherapy drug is 

administered. Patients report nausea as among the most distressing side effects of 

treatment (de Boer-Dennert et al, 1997), and approximately 75-80 percent of cancer 

patients experience this side-effect (Schwartzberg, 2006; 2007). As these symptoms can 

significantly impair quality of life, it has been estimated that nearly 20 percent of patients 

decided to abandon treatment altogether due to CINV (Jordan, Kasper, & Schmoll, 2005). 

Therefore, there is a need for more effective treatments of nausea, as well as delayed 
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CINV and anticipatory nausea. As such, reliable and selective animal models of nausea 

are instrumental in gaining a better understanding of the neurobiological mechanisms of 

nausea, as well as potential therapeutic manipulations that alleviate this distressing 

symptom. 

 The gaping model itself has considerable face validity for the disgust (and nausea) 

commonly experienced in response to an illness-paired stimulus. This is particularly true 

for the contextually-elicited conditioned gaping model as this appears to be analogous to 

the anticipatory nausea experienced by human chemotherapy patients (Limebeer et al., 

2006; Parker et al., 2015; Rock et al., 2014). Furthermore, shrews (which vomit in 

response to toxins) also display contextually-elicited conditioned gaping when returned to 

a LiCl-paired context in which they previously vomited (Parker & Kemp, 2001; Parker, 

Kwiatkowska, & Mechoulam, 2006), which we showed in Chapter II. Interestingly, as is 

apparent among human chemotherapy patients (e.g. Morrow et al., 1998), the expression 

of contextually-elicited conditioned gaping in both rats and shrews is not modified by 

pre-treatment with classical anti-emetics such as ondansetron (Limebeer et al., 2006; 

Parker et al., 2006; Parker & Kemp, 2001; Rock et al., 2014). On the other hand, 

cannabinoid compounds, including the psychoactive Δ9-tetrahydrocannabinol (THC), but 

also non-psychoactive cannabidiol and cannabidiolic acid, are highly effective in 

reducing these behaviors reflective of anticipatory nausea (Parker et al., 2006; Rock et 

al., 2008, 2014). Although such manipulations were not assessed in the current 

dissertation, it would be worthwhile to assess the effectiveness of various anti-emetic 

compounds to reduce the establishment and/or expression of second order conditioning, 

as well.  
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Endocannabinoid regulation of nausea is mediated by 2-AG in the visceral insular cortex 

 Although anti-emetic/ anti-nausea manipulations have yet to be assessed for their 

potential to reduce second order conditioning of nausea-induced conditioned gaping, 

classic anti-emetic treatments such as ondansetron (Limebeer and Parker, 2000), as well 

as synthetic and plant-based cannabinoid agonists have been shown to reduce first order 

LiCl-induced conditioned gaping (Parker and Mechoulam, 2003). More recently, 

blockade of endocannabinoid catabolic enzymes have also been shown to protect against 

nausea, suggesting an important role for endocannabinoid-regulation of nausea (Parker et 

al., 2011; Sharkey et al., 2014). Yet, the precise brain mechanisms underlying 

endocannabinoid regulation of nausea have remained largely unexplored; in fact, the 

circuitry underlying nausea remains an under-researched area of study. 

 It was demonstrated long ago that an intact forebrain is required for the 

development of nausea-induced conditioned gaping in rats (Grill and Norgren, 1978b), 

and ablation of the insular cortex specifically disrupted this phenomenon without 

affecting unconditioned disgust reactions (Kiefer and Orr, 1992). Thus, these studies 

were the first to demonstrate a role for central forebrain circuitry underlying nausea in 

rats, and suggested that the insular cortex is critical in mediating its sensation. More 

recently, Contreras and colleagues (Contreras et al., 2007) demonstrated that inactivation 

of the visceral insular cortex with lidocaine reduced LiCl-induced lying on belly, a 

measure of unconditioned nausea in rats (Parker et al., 1984; Tuerke et al., 2012b). 

Moreover, administration of LiCl resulted in VIC Fos-immunoreactivity in this region, 

indicative of neural activation of the VIC in response to pharmacologically-induced 

nausea. A critical role for the VIC was further demonstrated in our laboratory such that 
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localized infusions of ondansetron selectively disrupted the establishment of conditioned 

gaping upon intra-VIC – but not GIC – administration (Tuerke et al., 2012a); conversely, 

intra-VIC administration of the 5-HT3 agonist, mCPBG, potentiated LiCl-induced 

conditioned gaping and even produced conditioned gaping on its own (Tuerke et al., 

2012a) Taken together, these studies demonstrate the critical role played by the VIC in 

nausea. 

 A study by Limebeer and colleagues (Limebeer et al., 2012) remains the only 

investigation of endocannabinoid system regulation of nausea within the VIC. 

Specifically, as with the pattern of localized ondansetron administration, the CB1 agonist, 

HU-210, only reduced conditioned gaping when administered to the VIC, whereas intra-

GIC infusions were without effect (Limebeer et al., 2012). Given the importance of the 

VIC for endocannabinoid regulation of nausea, therefore, the final two chapters explored 

the roles of anandamide and 2-AG within the VIC..  

 Few studies have assessed the behavioral effects of centrally-administered 

endocannabinoids, and, moreover, these investigations have been limited mostly to the 

use of anandamide, specifically. For example, Moreira, Aguiar, and Guimarães (2007) 

reported that intra-cerebral administration of anandamide (0.5-50 pmol) into the 

dorsolateral periaqueductal gray resulted in anxiolytic-like effects in rats in an elevated 

plus task. Mahler, Smith, and Berridge (2007) demonstrated that intra-nucleus accumbens 

anandamide infusions (0.0125-0.05 µg) enhanced positive hedonic reactions in rats and 

stimulated voluntary eating behavior (0.025 µg). In this latter study, the anandamide-

induced effects were observed equally from 15 min through to 45 min post-infusion 

(Mahler, Smith, and Berridge), demonstrating a fairly long temporal period within which 
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exogenous anandamide exerts noticeable effects. Interestingly, in Chapter IV we assessed 

whether intra-VIC infusions of exogenous endocannabinoids have an effect on the 

establishment of conditioned gaping, and found that anandamide (0.04 or 0.4 µg) did not 

reduce LiCl-induced nausea. This finding is interesting in light of the long lasting effects 

reported by Mahler, Smith and Berridge, given that anandamide was administered 15 min 

prior to an injection of LiCl. Nonetheless, the ineffectiveness of exogenous anandamide 

administration is consistent with a prior study assessing its ability to reduce conditioned 

gaping, which demonstrated that anandamide only exerted anti-nausea effects - albeit just 

moderately - when combined with the FAAH inhibitor, URB597 (Cross-Mellor et al., 

2007). 

 We also assessed the anti-nausea potential of exogenous 2-AG administration into 

the VIC; in this case, unlike anandamide, intra-VIC 2-AG resulted in a robust 

suppression of conditioned gaping. Animals were infused bilaterally into the VIC, which 

was followed 15 min later by an injection of illness-inducing LiCl. It was found that the 

highest dose of 2-AG (1 µg) suppressed conditioned gaping, whereas 0.5 µg 2-AG was 

without effect. As discussed in Chapter III, conditioned gaping is a learned response 

relying on a classically conditioned association (Pavlov, 1927) between the nausea- 

inducing unconditioned stimulus, LiCl, and the initially neutral conditioned stimulus, 

saccharin; thus, there remains the possibility that 2-AG-induced suppression of gaping is 

attributable to an impairment of learning and/or memory processes rather than a reduction 

in nausea per se. However, despite the highest dose of 2-AG reducing conditioned gaping 

in the current study, neither of the tested doses (0.5, 1.0 µg) interfered with the 

establishment of conditioned taste avoidance to LiCl-paired saccharin. That is, rats still 
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avoided the nausea-paired taste during the two-bottle consumption test, despite gaping 

less to saccharin during the TR test. Moreover, because the procedural sequence was such 

that the 2-AG microinfusions followed the saccharin exposure, but were administered 

prior to the LiCl injections, the suppression of conditioned gaping was likely due to a 

specific reduction in acute nausea induced by LiCl rather than any interference with the 

sensory processing of the saccharin taste.  

 Interestingly, although all the rats displayed a robust conditioned taste avoidance 

to LiCl-paired saccharin, including the vehicle-treated control group, the 2-AG treated 

rats displayed yet an even greater saccharin avoidance. This finding suggests that a 

hedonic change in state may have been produced by 2-AG, and that this may have 

summated with the aversive state produced by delayed LiCl to produce a slightly stronger 

taste avoidance (see Parker, 2014). However, given that all pretreatment groups displayed 

robust conditioned taste avoidance, these differences, albeit significant, may not represent 

a meaningful change in avoidance behavior. Nonetheless, the overall finding is consistent 

with previous work in our laboratory demonstrating that cannabinoids and other anti-

nausea treatments selectively interfere with conditioned gaping, but not taste avoidance 

(see Parker, 2014). 

 In Chapter IV, we also assessed the mechanism of action through which 2-AG 

reduced conditioned gaping. It has previously been found that CB1 antagonism was 

ineffective in reducing the suppressive effects of systemically administered 2-AG on 

conditioned gaping (Sticht et al., 2012), as was pre-treatment with the CB2 antagonist, 

AM-630 (Sticht et al., 2012). In that case, the COX inhibitor, indomethacin, blocked the 

effects of both 2-AG and its metabolite, AA, suggesting that downstream metabolic 
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products of 2-AG (and AA) play a role in the anti-nausea effects of exogenous 2-AG. 

Consistent with this pattern, the ability of exogenous intra-VIC 2-AG to suppress 

conditioned gaping was blocked following concomitant administration with indomethacin 

(0.5 µg). However, when indomethacin was administered alone it did not modify the 

establishment of conditioned gaping. This finding suggests that the indomethacin 

treatment alone does not modify the effects an illness-inducing agent, but rather that 

COX inhibition has an effect limited to reducing 2-AG-induced suppression of nausea. 

The current findings are consistent with a role for VIC COX enzymes in mediating the 

anti-nausea effects of 2-AG, indicating that metabolic products – those specifically 

derived as a result of COX-oxygenation of 2-AG or AA – play an important role in 

nausea. It is also clear that downstream products of anandamide do not appear to play a 

role since exogenous administration did not have any effect on conditioned gaping. The 

role of AA and its metabolic products in the VIC in the regulation of nausea were not 

assessed, but would likely also reduce conditioned gaping, as identified earlier (Sticht et 

al., 2012). 

 As mentioned above, studies employing exogenous endocannabinoid 

administration into the brain are limited; instead, the majority of studies have investigated 

the role of endocannabinoid system function via inhibition of the catabolic enzymes, 

FAAH and MAGL. Therefore, in Chapter V, we investigated the role of the 

endocannabinoid system in the VIC during nausea by assessing the effects of localized 

inhibition of endocannabinoid degradation (Blankman & Cravatt, 2013), a technique that 

has been effectively used to demonstrate the physiological role of the endocannabinoid 

system in several pre-clinical models including pain (Davis, 2014), anxiety and 
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depression (Gaetani et al., 2009), addiction and withdrawal (Muldoon et al., 2013; 

Sidhpura & Parsons, 2011), as well as nausea (Parker et al., 2014). Inhibitors of FAAH 

such as URB597 have been widely used in both rats and mice, however, until recently 

there was no widely available selective (and effective) inhibitor for rat MAGL (e.g. 

JZL184 see Long et al., 2009 and Wiskerke et al., 2012). This has limited the use of 

MAGL inhibitors to studies in mice (Long et al.) and shrews (Sticht et al., 2012); thus the 

physiological role of MAGL and consequence of its inhibition in rats had yet to be 

investigated.  

 One of the first enzyme inhibitors that was reported to selectively inhibit rat 

MAGL over FAAH, URB602 (Hohmann et al., 2005), was shown to elevate endogenous 

2-AG levels (Wiskerke et al.). However, other studies have found this compound to be 

less effective and/or selective. For example, Vandevoorde et al. (2007) demonstrated that 

this drug dose-dependently blocked anandamide hydrolysis in cytosolic and membrane-

bound preparations, in vitro. Therefore, URB602 may lack selectivity in some cases 

and/or preparations. Given that this drug was the only compound available at the time, we 

assessed whether intra-VIC administration (0.005, 0.5 µg) would reduce conditioned 

gaping and found that it was, indeed, ineffective (Unpublished data). Interestingly, 

however, systemic administration (5 mg/kg) was capable of reducing the establishment of 

LiCl-induced conditioned gaping in rats (Unpublished data). These findings suggest that 

sub-optimal doses of URB602 may have been used for the central administration 

experiments. Alternatively, given the non-selective effects resulting in FAAH inhibition 

(Vandevoorde et al., 2007), it is no surprise that this manipulation was ineffective given 

the results of the current dissertation demonstrating that pro-anandamide manipulations 
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do not reduce conditioned gaping upon intra-VIC infusions. Also, it is possible that the 

non-selective effects of URB602 may act at targets outside the VIC, which we may have 

achieved via systemic administration. 

Recently, the dual FAAH/MAGL inhibitor, JZL195, has also been disclosed 

(Long et al., 2009), which is effective in mice (Long, Li, et al., 2009) and rats (Wiskerke 

et al., 2012), alike; thus, JZL195 is widely available to evaluate the effects of combined 

FAAH/MAGL inhibition on behavior. Moreover, several novel MAGL inhibitors have 

also recently been developed, such as KML29 (Chang et al., 2012) and MJN110 

(Niphakis et al., 2013), which appear to effectively (and selectively) inhibit rat MAGL. 

The selective inhibitor, MJN110, is a more potent analogue of KML29 (Niphakis et al., 

2013); because this compound was more suitable for central administration studies, it 

was, therefore, utilized for the experiments in Chapter V, along with the dual inhibitor, 

JZL195, as well as previously disclosed FAAH inhibitors (URB597 and PF3845). 

We reported that pro-eCB manipulations within the VIC suppress acute nausea-

induced conditioned gaping in rats, an effect that is mediated primarily by the eCB, 2-

AG. Given that none of the anti-nausea manipulations in this study reduced conditioned 

avoidance of LiCl-paired saccharin, the effects of 2-AG were likely due to a specific 

reduction in nausea and not on learning per se, as also reported in Chapter IV (Parker et 

al., 2015). In the first set of experiments, the dual FAAH/MAGL inhibitor, JZL195, was 

found to suppress the establishment of conditioned gaping upon intra-VIC administration, 

suggesting an anti-nausea role for manipulations that elevate levels of anandamide and 2-

AG within this forebrain area. However, administration of URB597 or the more selective 

and effective FAAH inhibitor, PF3845 (Ahn et al., 2009), did not reduce conditioned 
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gaping, suggesting that FAAH inhibition alone in the VIC is not sufficient to elevate 

anandamide – a finding supported by the current biochemical analyses. This discovery is 

particularly interesting given that centrally administered URB597 with nearly identical 

dose/pre-treatment procedures has been reported by others to elicit anandamide -induced 

anxiolytic effects (Rubino et al., 2008), as well as stress-coping behavior through an 

anandamide (and CB1-dependent) mechanism (McLaughlin et al., 2012). In fact, 

URB597 was found to be effective at an even shorter pre-treatment interval of 10 min 

(John & Currie, 2012). Nonetheless, when intra-VIC URB597 was concomitantly 

administered with exogenous anandamide – a treatment that alone is ineffective, as 

demonstrated in Chapter IV (Cross-Mellor et al., 2007; Sticht et al., 2015) – the 

combined manipulation suppressed LiCl-induced conditioned gaping. Therefore, these 

findings suggest that endogenously released anandamide in the VIC does not play a role 

in eCB-suppression of nausea. 

On the other hand, MAGL inhibition alone reduced nausea as intra-VIC infusions 

of MJN110 dose-dependently suppressed the establishment of LiCl-induced conditioned 

gaping. We have previously reported that exogenous 2-AG delivered into the VIC results 

in anti-nausea effects (Sticht et al., 2015), but is mediated independent of CB1 receptors 

(Sticht et al, 2015); yet, the suppressive effects of MJN110 in the current study were 

reversed following CB1 receptor antagonism in the VIC. The discrepancy in the 

mechanism(s) of action underlying these anti-nausea effects of 2-AG likely relates to its 

ability to activate CB1 receptors for a longer period under conditions of reduced 

metabolic turnover following MAGL inhibition (Niphakis et al., 2013); however, under 

basal conditions, 2-AG is readily metabolized by MAGL (Dinh et al., 2002), thus, 
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rendering its CB1-mediated effects relatively short-lived in comparison. Nonetheless, it is 

interesting that 2-AG suppresses nausea via CB1 receptor signaling, as well as through 

COX-mechanisms downstream of the eCB system (Sticht et al, 2012; Sticht et al, 2015), 

suggesting that several mechanisms contribute to its anti-nausea effects.  

The role of the eCB system in nausea was further investigated through the 

quantification of eCB levels in the VIC during an episode of LiCl-induced nausea, as 

well as the effectiveness of FAAH and MAGL inhibition to increase anandamide and 2-

AG levels. As such, it was found that LiCl resulted in a significant increase in 2-AG – but 

not anandamide – levels 20 min following administration. This time period was selected 

on the basis of reports that LiCl produced maximal signs of malaise after 20 min 

(Contreras et al., 2007; Parker et al., 1984). As well, this time period corresponds to 

maximal elevation in serotonin – which we have shown to play an important role in 

nausea (Tuerke et al., 2012a) – in the lateral hypothalamus (West et al., 1991), 

hippocampus (West et al., 1991) and the parabrachial nucleus (Petr et al., 2006). 

Similarly, the 5-HT precursor, 5-hydroxytryptophan, was elevated in the striatum and 

cortex within 1 hr following acute LiCl administration (Losada & Rubio, 1986). 

Although it remains to be assessed whether LiCl leads to serotonin release within the 

VIC, the present study is, nonetheless, the first to quantify eCB levels in response to 

LiCl-induced nausea in rats, and represents an important step in understanding how this 

system modulates the sensation of nausea. Given that VIC 5-HT signaling is critical for 

the establishment of LiCl-induced conditioned gaping (Tuerke et al, 2012a), it appears 

that serotonin release in the VIC may underlie an experience of nausea, which is 
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subsequently modulated by 2-AG-CB1 signaling in this forebrain region; the eCB-5-HT 

interaction remains to be empirically demonstrated, however. 

We have previously reported that systemic administration of the FAAH inhibitor, 

URB597, moderately attenuates nausea-induced conditioned gaping in rats (Cross-

Mellor, et al., 2007). Yet, intra-VIC FAAH inhibition was ineffective in reducing 

conditioned gaping in the current study, and was similarly ineffective at increasing VIC 

anandamide levels. Moreover, systemic administration of URB597 at a dose that reduces 

conditioned gaping was also ineffective at increasing VIC anandamide content. On the 

other hand, selective MAGL inhibition resulted in selective increases in VIC 2-AG 

content. Indeed, these findings are consistent with the ineffectiveness of either FAAH 

inhibitor to reduce conditioned gaping – unlike MJN110, which was effective - following 

intra-VIC injection. It is worthwhile to note that the doses and/or pre-treatment periods 

for either FAAH inhibitor were insufficient to elevate anandamide levels in the VIC or to 

reduce conditioned gaping in the current study, yet both URB597 and PF3845 resulted in 

robust increases to PEA and OEA levels. In this case, PF3845 had a greater effect on 

PEA/OEA, which is consistent with Ahn et al. (2009). Nonetheless, the overall finding, 

suggests that URB597 and PF3845 were, indeed, effective in elevating levels of fatty acid 

ethanolamides, albeit without having any effect on anandamide.  

Lastly, given the selective role for 2-AG uncovered in the final two chapters, we 

assessed the ability of the MAGL inhibitor, MJN110, to reduce VIC neuronal activation 

in response to acute LiCl-induced nausea. Contreras et al. (2007) previously reported that 

LiCl (5 ml/kg of 0.15M) results in Fos immunoreactivity within the VIC, and we found 

that the dose of LiCl used in the current study (20 ml/kg of 0.15 M) resulted in similar 
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neuronal activation in the VIC. Moreover, we also demonstrated that systemically 

administered MJN110, at a dose previously shown to reduce nausea (Parker et al., 2015), 

decreased neuronal c-Fos expression induced by LiCl; thus, this finding suggests that 

MAGL inhibition reduces nausea by limiting neuronal activation of the VIC in response 

to a nausea-inducing stimulus. Therefore, given the role for 5-HT signaling within the 

VIC in conditioned gaping (Tuerke et al., 2012a), these results suggest that the eCB 

system modulates the sensation of nausea via direct CB1 activation, which may, in turn, 

reduce neural activity likely by inhibiting serotonin release within this forebrain region. 

Altogether, it is clear that the eCB system within the VIC serves an important modulatory 

function during an experience of nausea, and that this role is sub-served by the multiple 

actions of 2-AG: During periods of reduced MAGL activity, the anti-nausea effects of 2-

AG appear to be mediated primarily by CB1 receptors, while metabolic targets 

downstream of 2-AG also play an important role in mediating some of its anti-nausea 

effects (Sticht et al., 2012; Sticht et al, 2015). 

 

Conclusions 
 

Classical conditioning occurs following presentation of a neutral stimulus and an 

unconditioned stimulus in close temporal sequence, and by nature of this contingency 

(and contiguity) the CS comes to serve as an important predictor of some rewarding or 

aversive US (Pavlov, 1927). Although countless studies have been conducted on various 

aspects of classically conditioned associations, Chapter III is the first published 

investigation of second-order nausea-induced conditioned gaping in rats. Future 

experiments would be worthwhile to explore the potential for anti-nausea treatments to 
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interfere with second order conditioning of nausea-paired stimuli, as well as the particular 

conditions that lead to second-order conditioning using the paradigm described here. 

Nonetheless, the results of this study suggest that previously neutral stimuli come to elicit 

the sensation of nausea following pharmacologically-induced illness, and further 

demonstrate that conditioned gaping is a reliable animal model of nausea.  

The current dissertation also contains the first published investigation of 

endocannabinoid modulation of nausea within the VIC, which is an important forebrain 

region involved in the sensation of nausea (Contreras et al., 2007; Limebeer et al., 2012; 

Tuerke et al., 2012). This investigation assessed the effects of exogenous 

endocannabinoid administration, as well as manipulations that increase endogenously 

released anandamide and 2-AG, and suggests that 2-AG may be the primary 

endocannabinoid modulating nausea within the VIC. Moreover, these studies contribute 

to the emerging literature on the dissociable effects of 2-AG and anandamide (see Di 

Marzo and De Petrocellis, 2012). As the suppressive effects of 2-AG on gaping are both 

CB1 mediated, and dependent on down-stream metabolic targets, these studies 

demonstrate the diversity in the mechanisms underlying endocannabinoid regulation of 

nausea. Indeed, 2-AG appears to play an important role in regulating toxin-induced 

vomiting, and these effects also appear to be dependent on mechanisms downstream of 

this endocannabinoid. Altogether, the studies contained in this dissertation provide 

important insights into the neural mechanisms underlying the sensation of nausea and the 

modulatory role played by the eCB system in regulating nausea and emesis. 
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