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ABSTRACT 

CANNABINOID ACTION IN THE MOUSE OLFACTORY EPITHELIUM 

By 

Chelsea Reed Hutch 

 Mammalian adult neurogenesis, i.e., the lifelong generation of new neurons 

through progenitor stem cells, contributes to the plasticity and repair potential of the 

nervous system. The peripheral olfactory epithelium exhibits natural replacement of 

olfactory sensory neurons through the proliferation and differentiation of a local basal 

progenitor cell population, rendering it an ideal system with which to investigate 

mechanisms of neurogenesis. The cannabinoid system can influence adult 

neurogenesis in the central nervous system. The goal of this thesis was to investigate 

the role of cannabinoid signaling in promoting neurogenesis in the mouse olfactory 

epithelium. Both exogenous and endogenous cannabinoid signaling leads to an 

increase in basal cell proliferation in the mouse olfactory epithelium. Furthermore, 

genetically deleting both cannabinoid receptor 1 and cannabinoid receptor 2 leads to an 

altered olfactory epithelium composition and dysfunctional proliferation. This body of 

work identifies a functional cannabinoid system in the mouse olfactory epithelium for the 

first time, and that cannabinoids can serve as trophic factors that contribute to the 

regulation of tissue homeostasis. It is essential to understand the complex mechanism 

of olfactory epithelium progenitor cell proliferation, which could lead to future 

regenerative strategies using human olfactory derived progenitor cell.
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Chapter 1: Literature Review 

 

A. Cannabinoid system and the central nervous system 

 Although cannabis has been a widely used illicit drug for centuries, cannabinoid 

chemistry and biological actions were not well defined until the recent discovery of 

cannabinoid receptors and isolation of endogenous ligands less than 25 years ago  

(Devane et al., 1988; Mechoulam, 1995; Munro et al., 1993). Since then recreational 

use of Cannabis sativa has been legalized in two states and medicinal use permitted in 

20 states. Additionally, two synthetic cannabinoid pharmaceuticals are currently 

approved in the US drug discovery program focusing on therapeutic targets of nausea, 

analgesia, obesity, spasticity, neurodegenerative diseases, anti-tumor effects, mood 

elevation, insomnia, and substance abuse disorders (Pertwee, 2009). The cannabinoid 

system consists of cannabinoid receptors, all substrates that activate cannabinoid 

receptors including endogenous, phytocannabinoids (plant-derived), and synthetic 

ligands, and the metabolic enzymes involved in synthesis and/or degradation of those 

ligands. In the central nervous system, the endogenous cannabinoid system modulates 

several neural functions and behaviors, such as axonal growth and guidance during 

development, adult neurogenesis, learning and memory, food intake and metabolism, 

pain sensation, and inflammation. Additionally, deregulation of the endocannabinoid 

system is associated with several neurological dysfunctions such as Alzheimer’s 

disease (Koppel et al., 2009), Huntington’s disease (Pazos et al., 2008), schizophrenia 

(Ashton et al., 2005), epilepsy (Ludanyi et al., 2008), and mood disorders (Witkin et al., 

2005). 
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Cannabinoid receptors 

 Two main cannabinoid (CB) receptor subtypes, cannabinoid receptor 1 (CB1) 

and cannabinoid receptor 2 (CB2) have been characterized pharmacologically and 

molecularly. Consistent with their widespread distribution, CB receptors are involved in 

a variety of central and peripheral physiological functions, including neuronal 

development, modulation of neurotransmitter release, and energy metabolism as well 

as immune, cardiovascular, respiratory, and reproductive functions. CB receptors also 

modulate cellular functions during mammalian development and in adulthood, such as 

homeostasis, proliferation, motility, adhesion, and cell apoptosis. 

 CB receptors belong to the rhodopsin-like subgroup of the seven transmembrane 

domain G protein-coupled receptors (GPCRs) family. The hallmark of GPCRs is the 

ability to couple to an effector molecule by a guanine nucleotide-binding protein (G 

protein) (Figure 1.1). The effector is an enzyme that produces a diffusible second 

messenger, which in turn activates a biochemical cascade through phosphorylation by a 

protein kinase, mobilization of intracellular calcium, or ion channel regulation. G-proteins 

have three subunits, α, β, and γ. In the resting state, a guanosine diphosphate (GDP) 

molecule is bound to the Gα subunit forming a complex that resides in the inner surface 

of the membrane. When the G-protein complex associates with an appropriate activated 

metabotropic receptor, a conformation change in the Gα subunit causes the release of 

GDP in exchange for cytosolic guanosine triphosphate (GTP). The activated GTP-

bound G-protein complex disassociates from the receptor into the GTP-bound Gα 

subunit, and the Gβγ complex, each able to influence its own effector proteins. The Gα 

subunit hydrolyses GTP into GDP through GTPase, thereby terminating its own activity. 
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Figure 1.1  GPCR activation cycle. In the receptor inactive state (top),the α subunit 

and the βγ complex of the G protein are associated. Upon agonist binding (right), the 

receptor undergoes a conformational change and it catalyzes the exchange of GDP for 

GTP on the Gα subunit. GTP-bound Gα and the βγ complex dissociate and activate 

downstream effectors (bottom). Agonist dissociation and hydrolysis of GTP to GDP 

leads to reassociation of Gα and βγ subunits and termination of G protein signaling 

(left).



 

G-proteins can interact with the C-terminus (Nie and Lewis, 2001) and the third 

intracellular loop (Mukhopadhyay et al., 2000) of CB receptors. 

 GPCR superfamily classification is based on evolutionary sequence homology 

and functional similarity. Rhodopsin-like proteins are the largest GPCR family 

encompassing hormones and neurotransmitters including purine, neuropeptide, 

dopamine, eicosanoid, chemokine, and olfactory receptors. CB receptors reside on the 

cell membrane and contain an alkyl-binding domain responsible for the recognition of 

lipid ligands (Zhang and Xiong, 2009). CB1 receptors are expressed in neurons and are 

the most abundant GPCR in the mammalian brain (Herkenham et al., 1991; Howlett, 

1998), therefore this thesis will focus on CB1 receptors. The importance of CB1 

receptors in neuronal processing is supported by the observation that most behavioral 

effects seen after cannabinoid administration disappear after deletion of the gene 

encoding the CB1 receptor (Fang et al., 2009; Gandelman et al., 2010). Four behavioral 

hallmarks used to define cannabinoid intoxication in the rodent, hypothermia, rigid 

immobility, analgesia and decreased motor activity, are absent in CB1 receptor-deficient 

animals (Ledent et al., 1999; Zimmer et al., 1999). Additional functional consequences 

of CB1 activation are inhibition of excitatory and inhibitory neurotransmission and 

modulation of cognitive, memory, and motor functions  (Maccarrone, 2008b). 

 CB1 receptor expression pattern is consistent with the psychoactive effects of 

cannabis. High levels of neuronal CB1 receptor density are found in brain regions 

implicated in the behavioral and cellular actions of cannabinoids, including the cortex, 

hippocampus, amygdala, basal ganglia, cerebellum, and brainstem (Herkenham et al., 

1991). The majority of CB1 receptors detected through immunocytochemical and 
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electron microscopy studies are found on the plasma membrane of axon terminals, a 

site of neurotransmitter release (Katona et al., 1999; Nyiri et al., 2005). Specifically, the 

highest concentration of CB1 receptors is observed in presynaptic axons of both γ-

aminobutyric acid (GABA) and glutamatergic neurons (Katona et al., 2000; Katona et 

al., 1999; Katona et al., 2006). Further studies have shown a reduction in GABA release 

after CB1 receptor stimulation (Katona et al., 1999). These data suggest that CB1 

receptors participate in neuromodulation in a form of feedback inhibition of 

neurotransmitter release. CB1 receptors are also expressed on oligodendrocytes, 

astrocytes and microglia, although to a lesser extent than in neurons (Molina-Holgado et 

al., 2002; Ramirez et al., 2005). 

 CB2 receptors are primarily located on immune cells and are expressed in the 

central nervous system (CNS) by microglial cells. Given the presence of both CB1 and 

CB2 receptors on microglia, cannabinoids may be involved in neuroinflammatory 

responses (Holcomb et al., 1995a), and regulating cell survival (Guzman et al., 2001; 

Sanchez et al., 1998). However, recent studies suggest an increasing role of CB2 

receptors in the CNS, given their presence in the brainstem, olfactory tubercle, 

cerebellum, hippocampus, and cortex, in addition to other CB1 receptor-positive brain 

regions. This implies a role for CB2 receptors in neural-cannabinoid interactions 

(Amstrup and Novak, 2003). 

 While CB1 receptors can couple with several different G-proteins, most often 

both CB receptors recruit the Gi/o subtype of GPCRs, which is supported by studies 

examining radiolabled GTPγS binding and pertussis toxin sensitivity of cannabinoid 

effects (Howlett, 1995; Pertwee, 1997). Recruitment of Gi/o proteins can lead to an 
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inhibition of adenylyl cyclase and reductions in cyclic AMP (cAMP) accumulation. In 

addition, both CB1 and CB2 receptors regulate the phosphorylation of various members 

of the family of mitogen-activated protein kinases (MAPKs), including extracellular 

signal-regulated kinase-1 and -2 (ERK1/2), p38 MAPK, and c-Jun N-terminal kinase 

(Rueda et al., 2000; Valjent et al., 2005). Signaling through Gi/o proteins can also cause 

a reduction in gene expression through a decrease in protein kinase A (PKA) activity 

and cAMP response element activity. A reduction in PKA activity can lead to a decrease 

in the constitutive inhibitory phosphorylation of the protein c-Raf, thereby activating 

ERK1/2 (Davis et al., 2003; Derkinderen et al., 2003). Therefore, cannabinoid-mediated 

reduction in PKA activity may be directly correlated to an altered pattern of gene 

expression. CB receptor-mediated recruitment of both Gs and Gq/11 subunits has also 

been seen in animal models in which CB receptors are endogenously expressed (Bash 

et al., 2003; Glass and Felder, 1997). This alternative coupling appears to be 

physiologically relevant. This is supported by data showing that cannabinoid tolerance 

was associated with a molecular switch from Gi/o to Gs coupling in the striatum 

(Paquette et al., 2007), leading to a rise in intracellular calcium through phospholipase 

C (PLC) activity (Lander et al., 2009). Similarly, if Gi/o association is compromised by 

pertussis toxin treatment, interactions between CB1 receptors and Gq/11 or Gs α 

proteins are possible (Bonhaus et al., 1998; Felder et al., 1998). CB1 receptors can also 

induce elevation of intracellular free calcium through Gβγ-dependent activation of PLC 

in a neuroblastoma cell line (Sugiura et al., 1997). CB1 receptors also couple to ion 

channels, inhibiting voltage-gated calcium channels (Mackie and Hille, 1992; Twitchell 

et al., 1997) and activating inwardly rectifying potassium channels (Mackie et al., 1995). 
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Direct interaction of the Gi/o βγ subunit with voltage gated calcium channels (Wilson 

and Nicoll, 2002) may contribute to CB1 receptor-mediated depression of 

neurotransmitter release at GABA synapses in the hippocampus and glutamate 

synapses in the striatum (Hoffman and Lupica, 2000). 

 The amino acid sequence of the CB1 receptor is preserved across several 

species with high similarity to the human CB1 receptor (McPartland and Glass, 2003). 

There is a 44% overall homology between human CB1 and CB2 receptors (Munro et al., 

1993). Some cannabinoid-like behaviors are seen following endocannabinoid 

administration in the CB1 receptor deficient mouse, suggesting additional cannabinoid 

targets in the CNS can contribute to cannabinoid actions (Di Marzo et al., 2000). Other 

possible cannabinoid targets include a group of GPCRs activated by endogenous lipid 

mediators, namely GPR55 (Sawzdargo et al., 1999), GPR119 (Overton et al., 2006) and 

GPR18 (Kohno et al., 2006). Cannabinoids can also activate members of the 

peroxisome proliferator-activated receptors (PPARs) family of nuclear receptors causing 

alterations in gene expression primarily involved in the regulation of metabolism and 

energy homeostasis, cell differentiation, and inflammation. However, most attention has 

been given to the transient receptor potential vanilloid type 1 receptor (TRPV1) as an 

alternative target of cannabinoids. TRP channels are non-selective cation channels that 

mediate nociception in both the central and peripheral nervous systems. TRPV1 

receptors colocalize with CB1 and CB2 receptors in peripheral sensory neurons in the 

dorsal root ganglia and spinal cord (Ahluwalia et al., 2003; Anand et al., 2008; Price et 

al., 2004) and in central neurons (Cristino et al., 2006). The proximity of TRPV1 and CB 

receptors suggests possible intracellular cross-talk (Di Marzo and Cristino, 2008) and 
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dual activation by both synthetic or endogenous cannabinoid ligands has important 

functional consequences (Fioravanti et al., 2008; Hermann et al., 2003). For 

example,TRPV1 activation can lead to the production of the endocannabinoid 

anandamide (Ahluwalia et al., 2003; van der Stelt et al., 2005) which can further activate 

TRPV1 through its intracellular binding site (Jordt and Julius, 2002). 

 

Cannabinoid ligands  

 Cannabinoid ligands are derived from both endogenous and exogenous sources. 

Exogenous cannabinoids include phytocannabinoids and synthetic molecules. The best 

known exogenous cannabinoid, Δ9 tetrahydrocannabinol (THC), is the psychoactive 

component of marijuana and is isolated from the plant Cannabis sativa, which has been 

used for over 8,000 years for both medical and recreational purposes. There are 

numerous plant-derived cannabinoid ligands including the Δ9THC precursor 

cannabidiol, and metabolite cannabinol, as well as cannabinoid acids. Synthetic 

cannabinoids are structurally diverse and can be classified as (1) classical, which are 

structurally similar to plant-derived cannabinoids, (2) nonclassical, which are not 

structurally similar to cannabinoids and encompass a wide range of synthetics (e.g., 

WIN55212-2), and (3) eicosanoids, which are structurally similar to endocannabinoids. 

Endocannabinoids are amides, esters, and ethers of long chain polyunsaturated fatty 

acids and are lipid messengers produced within the body that bind to CB receptors. 

Endocannabinoids are labile, released in small quantities, and are rapidly taken up or 

degraded. Although several endocannabinoids have been identified, the two most 

studied are N-arachidonoylethanolamide, later termed anandamide (AEA), and 2-
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arachidonylglycerol (2-AG). Both are produced in the plasma membrane lipid bilayer 

from lipid precursors. Additional endogenous lipid signaling molecules proposed as 

members of the endocannabinoid family include (1) fatty acid AEA conjugates N-

palmitoyl ethanolamide (PEA) and N-oleoyl ethanolamide (OEA), both activate the 

nuclear PPARs and cannabinoid-like GPCRs (O'Sullivan, 2007) and (2) 2-AG structural 

analog 2-oleoylglycerol (2-OG) which activates cannabinoid-like GPCRs (Syed et al., 

2012). 

Endogenous cannabinoid ligands, endocannabinoids 

 AEA is an eicosanoid derivative and was the first endogenous cannabinoid 

identified. AEA is a partial agonist at both CB1 and CB2 receptors (Sugiura and Waku, 

2002). Although AEA binds and activates the CB1 receptor in vitro, this compound 

induces only weak and transient cannabinoid behavioral effects in vivo, possibly as a 

result of its rapid catabolism (Crawley et al., 1993; Piomelli et al., 2000). AEA is capable 

of interacting with other receptors, such as TRPV1 (Zygmunt et al., 1999), members of 

the PPAR family of receptors (Bouaboula et al., 2005), and cannabinoid-like receptors 

such as GPR55, GPR119, and GPR18 (McHugh et al., 2010) However, activation of 

TRPV1 by AEA is 5-20 fold less than its average efficacy at CB1 receptors (Zygmunt et 

al., 1999). AEA is synthesized from lipid precursors present in the plasma membrane 

through enzyme activation by multiple pathways (Figure 1.2). The major route of 

biosynthesis is the formation from N- arachidonoyl phosphatidylethanolamine through 

the action of a phosphodiesterase. Postsynaptic depolarization and intracellular calcium 

influx support AEA production, but how this occurs is not fully understood (Di Marzo, 

2011). 
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 Figure 1.2  Pathways of endocannabinoid synthesis and degradation. The major 

route of AEA biosynthesis (left) is from the formation from N- arachidonoyl 

phosphatidylethanolamine through the action of phosphodiesterase, phospholipase D. 

AEA is metabolized within the cell through fatty acid amide hydrolase (FAAH) into 

ethanolamine and arachidonic acid. 2-AG synthesis (right) is through phospholipase C 

(PLC) action to generate diacylglycerol (DAG) before hydrolysis by diacylglycerol lipase 

(DAG) to 2-AG. 2-AG metabolism is through the action of monoacylglycerol lipase 

(MAG) which leaves arachidonic acid and glycerol.



 

Stimulus-dependent cleavage of phospholipid precursor N-arachidonoyl-PE, mediated 

by phospholipase D, produces AEA and phosphatidic acid. Neurons contain small 

quantities of N-arachidonoyl-PE, which are replenished by the enzyme N-

acyltransferase (NAT). Intracellular calcium and cyclic AMP, which may be generated 

from cell depolarization or mobilization of calcium stores, control NAT activity (Cadas et 

al., 1996b). Calcium is required to engage NAT, which is inactive in its absence, 

whereas cAMP works through PKA-initiated phosphorylation to enhance NAT activity 

(Cadas et al., 1996a). Calcium-dependent AEA synthesis can be prevented by chelating 

extracellular calcium (Cadas et al., 1996a; Di Marzo et al., 1994). In addition, there is 

evidence that GPCRs can also trigger AEA synthesis (Ferrer et al., 2003; Giuffrida et 

al., 1999). Contrary to the classical notion of endocannabinoids produced mainly “on 

demand” by stimulus-dependent cleavage of membrane phospholipid precursors, AEA 

can be stored inside the cell (Oddi et al., 2008), and may contribute to tonic 

endocannabinoid receptor activation in the hippocampus (Kim and Alger, 2010), 

potentially through autocrine signaling (Bacci et al., 2004). 

 Endocannabinoids are inactivated by cellular uptake through a partially 

characterized endocannabinoid membrane transporter (Beltramo et al., 1997) and 

intracellular hydrolysis. Fatty acid amide hydrolase (FAAH) is an intracellular 

membrane-bound hydrolase that breaks down AEA into arachidonic acid and 

ethanolamine. FAAH is widely distributed in the rodent brain, where it is expressed at 

high concentration in cell bodies and dendrites of principal neurons (Egertova et al., 

2003; Tsou et al., 1998). In the hippocampus, cortex, and cerebellum, FAAH-positive 

cell bodies mirror axon terminals that contain CB1 receptors, indicating FAAH 
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participates in the inactivation of neural AEA post-synaptically (Cravatt et al., 2001). 

FAAH-null mice can yield a 15-fold increase in basal AEA levels that can lead to an 

increase in activation of CB1-dependent responses and reduced pain sensation 

(Cravatt et al., 2001). AEA is produced in picomolar concentrations in regions of both 

rodent and human brain that contain a high density of CB1 receptors (e.g., 

hippocampus, cerebellum, and striatum) and regions with strong CB2 presence (e.g., 

brain stem) (Gong et al., 2006). 

 2-AG is present in the brain at nanomolar concentrations (Sugiura and Waku, 

2002), which may imply that a significant portion of brain 2-AG is engaged in 

housekeeping functions in addition to acting as a signaling molecule. Similar to AEA, 

the highest neural 2-AG concentrations are located in the brainstem, medulla, striatum, 

and hippocampus and the lowest in the cortex, hypothalamus, and cerebellum 

(Buczynski and Parsons, 2010). 2-AG is a full agonist to both CB1 and CB2 receptors, 

while also activating PPARγ and GPR55 but not TRPV1 channels (Bouaboula et al., 

2005). Neuronal 2-AG production can be initiated by an increase in the concentration of 

intracellular calcium, and is therefore activity dependent. A major route of 2-AG 

synthesis (Figure 1.2) is through phospholipase-mediated formation of diacylglycerol 

lipase (DAGL) (Stella et al., 1997). The enzyme phospholipase C (PLCβ) hydrolyzes 

phosphatidylinositol to generate DAG, which is converted to 2-AG by DAGLα and 

DAGLβ. Inhibitors of PLC and DAGL block calcium-dependent 2-AG accumulation in rat 

cortical neurons, suggesting primary involvement of this pathway in 2-AG synthesis 

(Stella et al., 1997). Both DAGLα and DAGLβ contribute to the steady state levels of 2-

AG, although with unequal efficacy. DAGLα is also located post-synaptically (Katona et 
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al., 2006; Lafourcade et al., 2007; Yoshida et al., 2006). Studies involving genetic 

depletion of DAGLα have shown an 80% decrease in 2-AG production and that DAGLα 

is required for calcium dependent 2-AG biosynthesis (Gao et al., 2010b). 

Endocannabinoid-mediated retrograde signaling to presynaptic CB1 receptors is also 

absent in DAGLα-deficient mice, suggesting a primary role for 2-AG signaling in the 

synapse (Gao et al., 2010a; Tanimura et al., 2010). Additionally, glutamate release on 

group 1 metabotropic glutamate receptors (mGluRs) can generate 2-AG release by 

activating PLCβ (Maccarrone et al., 2008; Maejima et al., 2001; Varma et al., 2001). 

mGluRs are Gq/11 coupled receptors, and their activation is followed by the PLCβ-

mediated cleavage of phosphatidylinositol bisphosphate into IP3 and DAG. Both PLCβ 

activity through post-synaptic calcium and GPCR signaling through mGluR activation 

can trigger long- and short-term plasticity. 

 2-AG is primarily metabolized by presynaptic monoacylglycerol lipase (MAGL), 

which accounts for nearly 85% of 2-AG hydrolysis in the mouse brain (Blankman et al., 

2007; Gulyas et al., 2004; Saario et al., 2005). MAGL-selective inhibition increases the 

levels of brain 2-AG 8-fold (Long et al., 2009), and MAGL-deficient mice have an altered 

profile of endogenous 2-AG hydrolase activity and a dramatic increase in 2-AG levels 

eventually leading to desensitization of brain CB1 receptors (Chanda et al., 2010). 

MAGL also contributes to the duration and magnitude of 2-AG mediated synaptic 

plasticity (Hashimotodani et al., 2007; Pan et al., 2011; Schlosburg et al., 2010). 

Endocannabinoids can also be oxidized by cyclooxygenase-2, several lipoxygenase 

isozymes, and cytochrome P450s (Rouzer and Marnett, 2011). 
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 In addition to neurons, microglia can also synthesize both AEA and 2-AG through 

an ATP-mediated process (Carrier et al., 2004; Walter et al., 2003). This mechanism 

involves the activation of purinergic P2X7 ionotropic receptors, which are highly 

permeable to calcium, and the induction of sustained rises in intracellular calcium that 

directly increases DAGL activity while inhibiting MAGL activity (Witting et al., 2004). 

Microglia likely constitute a main cellular source of endocannabinoids under 

neuroinflammatory conditions (Walter et al., 2002; Walter et al., 2003; Witting et al., 

2004). Microglia also inactivate both AEA and 2-AG through FAAH and MAGL (Witting 

et al., 2004). 

 

Cannabinoid signaling in the brain 

 Unlike classical neurotransmitters, such as amino acids, amines, or 

neuropeptides, lipophilic endocannabinoids are not stored in vesicles, but synthesized 

and released phasically upon stimulation of post-synaptic neurons, leading to the 

concept that endocannabinoids are mobilized as needed or “on demand” (Marsicano et 

al., 2003; Piomelli, 2003). However, recent data also suggest tonic release of 

endocannabinoids can occur under basal conditions (Long et al., 2009; Marrs et al., 

2010). Endocannabinoids are degraded by metabolic enzymes into molecules that can 

be recycled and used to synthesize new endocannabinoids, or may be converted into 

biologically active metabolites. Activation of CB1 receptors can have different outcomes 

in vivo depending on the endocannabinoid ligand. AEA signaling contributes to pain 

sensation (Calignano et al., 1998), inflammation (Cravatt and Lichtman, 2004), 

depression (Gobbi et al., 2005), and improved decision making and cognitive 
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performance (Fagundo et al., 2013), while having less effect on hypothermia, 

movement, or food intake (Kathuria et al., 2003). In contrast, 2-AG signaling contributes 

to hypothermia, movement, analgesia, and retrograde signaling (Long et al., 2009). 

Behavioral variations between 2-AG and AEA activation may be explained by 

differences in biosynthetic pathways and metabolic products or relative concentrations 

in specific brain regions. However, separating functional contributions of AEA from 2-AG 

is difficult because both biosynthetic pathways involve arachidonic acid metabolism. 

Furthermore, neurons have developed mechanisms by which AEA and 2-AG can 

reciprocally influence their production possibly as a way of refining endocannabinoid 

tone (Di Marzo, 2011; Maccarrone, 2008b; Starowicz et al., 2007). 

Retrograde synaptic signaling 

 Retrograde signaling is the predominate mode by which endocannabinoids 

mediate synaptic functions at both inhibitory and excitatory synapses (Wilson and Nicoll, 

2002). Retrograde signaling occurs when stimulus-dependent synthesis of 

endocannabinoids in the postsynaptic neuron is followed by released and backward 

movement across the synapse to bind to presynaptic CB receptors causing alterations 

in neurotransmitter release. Stimulus-dependent endocannabinoid release can be 

induced by (1) postsynaptic depolarization, (2) activation of postsynaptic Gq-coupled 

receptors, (3) combined Gq activation and postsynaptic depolarization, or (4) repetitive 

synaptic activation. Postsynaptic neuronal depolarization or Gq protein coupling 

elevates intracellular calcium through voltage-gated calcium channels and elicits 

endocannabinoid production. Hydrophobic endocannabinoid molecules are not packed 

into conventional synaptic vesicles but rather, are synthesized within cell membranes 
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and released upon physiological stimuli (Piomelli et al., 2007). The precise mechanism 

by which endocannabinoids cross the synaptic cleft to reach their targets is unknown, 

but extracellular lipid-binding proteins may be involved (Hillard et al., 1999; Hurst et al., 

2010). Facilitated diffusion driven by a carrier-protein for reuptake of endocannabinoids 

has been partially characterized, and termed the endocannabinoid membrane 

transporter (Beltramo et al., 1997). The neuronal presynaptic molecular target of 

endocannabinoids is most often the CB1, and the signal is terminated through 

hydrolysis or oxidation. 

 One of the most studied functions of retrograde endocannabinoid-mediated 

activity is synaptic plasticity (Gerdeman and Lovinger, 2003). Endocannabinoid-

mediated synaptic plasticity serves either to attenuate or enhance excitability, 

depending on the release of an excitatory or inhibitory neurotransmitter in the 

presynaptic neuron. The general outcome of retrograde endocannabinoid signaling is a 

decrease in synaptic transmission, but the time course of activation separates this 

process into short- and long-term plasticity (Chevaleyre et al., 2006). Short-term 

plasticity has a rapid but transient onset whereby CB1 receptors inhibit presynaptic 

calcium influx through voltage-gated calcium channels, likely via direct interaction with 

the βγ subunit (Wilson et al., 2001). Long-term plasticity requires a longer induction, but 

is sustained for up to several hours and requires inhibition of adenylyl cyclase and 

downregulation of cAMP/PKA pathway via Gi/o α subunit (Chevaleyre et al., 2006; 

Heifets and Castillo, 2009). Reductions in protein kinase A activity and increased 

calcium-dependent activity of the protein phosphatase calcineurin that can control 

neurotransmitter release by regulating synaptic vesicle dynamics via Rab3-interacting 
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molecule-1α (Wilson et al., 2001). The effects of endocannabinoid-mediated synaptic 

plasticity are seen in the striatum (Levenes et al., 1998), pyramidal neurons in the 

hippocampus,(Sullivan, 2000) and nucleus accumbens (Robbe et al., 2002). 

Other signaling mechanisms 

 Alternatively, endocannabinoids can also signal in a non-retrograde manner, in 

which they modulate neuronal function and synaptic transmission by activating non CB 

receptors located on or within neuronal, epithelial, or glial cells. The TRPV1 receptor 

has an intracellular binding site making it possible for AEA to activate this receptor 

before being released, thereby regulating calcium homeostasis as an intracellular 

messenger (van der Stelt et al., 2005). Endocannabinoids, their metabolites, and similar 

lipid messengers (AEA, 2-AG, OEP, and PEA) can also stimulate the PPAR family of 

nuclear receptors directly, indirectly through metabolic products, or through cell surface 

receptor activation and consequent intracellular signaling activation (O'Sullivan, 2007). 

Endocannabinoid-mediated actions at PPARs can lead to altered gene expression, 

regulation of feeding and body weight (Fu et al., 2003), and reductions in pain and 

inflammation without directly acting on CB receptors (LoVerme et al., 2005). 

 Endocannabinoids are involved in functions for which on demand signaling may 

not be possible or appropriate, including intercellular signaling, growth-related or 

metabolic actions, and housekeeping or homeostatic roles (Piomelli, 2003). These 

actions typically occur over longer time periods and imply tonic or weakly stimulated 

release mechanisms. Indeed, there is evidence for tonic release of AEA onto peripheral 

trigeminal fibers (Akerman et al., 2004) and onto a subset of interneurons in the 

hippocampus that express CB1 receptors (Alger and Tang, 2010; Ali and Todorova, 
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2010; Kim and Alger, 2010). Not all 2-AG is produced and therefore released on 

demand, suggesting involvement of endocannabinoids in homeostatic or growth-related 

roles during adulthood and development. Basal 2-AG is found in high levels in many 

rodent brain regions, including the hippocampus, amygdala, and cortex (Buczynski and 

Parsons, 2010; Stella et al., 1997), therefore 2-AG may be present in unstimulated 

resting neurons possibly acting as an intracellular signaling messenger (Blankman et 

al., 2007; Piomelli, 2003). The reported high levels of basal 2-AG are not completely 

released into the extracellular space (Hentges et al., 2005; Oliet et al., 2007), 

suggesting 2-AG may be stored within the cell (Alger and Kim, 2011). 2-AG-mediated 

retrograde signaling is absent in DAGLα null mice, yet basal 2-AG levels are decreased 

by 80%, suggesting that the remaining 20% of 2-AG is derived from another precursor 

and plays no role in retrograde signaling. An endocannabinoid system is also present in 

neurogenic niches of the embryonic and adult brain. The regulatory role and signaling 

mechanisms of endocannabinoids in proliferation in the embryonic brain is preserved in 

areas of ongoing adult neurogenesis, and will be discussed in a later section. 

 

B. Adult neurogenesis  

Stem cells 

 Stem cell biology has rapidly expanded since the identification of hematopoietic 

stem cells and adult neurogenesis in the 1960’s (Altman, 1969; Becker et al., 1963). 

Stem cells are undifferentiated cells that have the potential to develop into many 

differentiated cell types. In mammals, there are two main types of stem cells: embryonic 

stem cells, which are isolated from the blastocytes, and adult stem cells, which are 
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found in various tissue including in the central and peripheral nervous systems (Hipp 

and Atala, 2008). Stem cells are able to go through numerous cycles of cell division 

while maintaining the undifferentiated state. During embryogenesis the zygote is 

totipotent since it has the ability to divide and produce an entire organism. Embryonic 

stem cells are pluripotent, and have the ability to differentiate into any of the three germ 

layers. These layers then produce multipotent progenitor cells that have the potential to 

give rise to cells from multiple, albeit limited, lineages (Figure 1.3) (Hipp and Atala, 

2008). Until recently, it was thought only certain tissue areas had the ability to renew, 

but it is becoming more evident that many adult tissues have a small percentage of 

progenitor or stem cells generally acting to replace damaged cells (Sartipy, 2013). 

Therefore, understanding the molecular mechanisms responsible for progenitor cell 

generation and differentiation is required knowledge to further therapeutic applications. 

 Adult neurogenesis plays an active and important role in maintaining normal 

homeostatic processes and contributes to the plasticity of the central nervous system 

(Lledo and Gheusi, 2006; Ming and Song, 2011). Adult neurogenesis involves the 

proliferation, migration, differentiation, integration and survival of newly generated cells 

(Zhao et al., 2008). It was previously thought that generation of neuronal cells in 

mammals was limited to pre-natal development, and the adult brain lacked stem cells. 

Early reports of neurogenesis in the adult brain of rodents (Altman, 1969; Bayer, 1982; 

Kaplan and Hinds, 1977) were finally confirmed due to improved neurogenic markers. 

Later it was discovered that both humans and non-human primates are also capable of 

postnatal neurogenesis (Eriksson et al., 1998; Gould et al., 1999; Reynolds and Weiss, 

1992). Both adult and embryonic mammalian nervous systems contain neural stem
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 Figure 1.3  Olfactory epithelium cell types and neurogenesis. 

Proliferation of horizontal or globose basal stem cells (grey) give rise to transit 

amplifying progenitor cells (yellow) and neuronal precursors that differentiate into 

immature neurons (orange) and migrate into the neuronal layer where they integrate, 

mature (red) and send processes to the OB after 2 weeks. Various cell markers used for 

immunohistochemistry are shown in red. Basal cells also give rise to glial-like 

sustentacular cells (blue).



 

cells, and progenitor cells. Adult neural stem cells are defined by their ability to self-

replicate and differentiate into multiple cell types found in the CNS, including neurons, 

astrocytes, and oligodendrocytes (Gage, 2000), while neural progenitor cells do not fully 

meet the attributes of a neural stem cells (Potten and Loeffler, 1990). Embryonic stem 

cells are isolated from the blastocyst stage of an embryo and have the potential to 

generate germ layers; adult neural stem cells have restricted neurogenic potential which 

could be due to a change in the microenvironment of the stem cell. Neurogenic regions 

consist of a resident population of neural stem cells and a microenvironment that not 

only physically supports stem cells, but also functionally controls their development (Li 

and Xie, 2005). Adult neurogenesis in humans and rodents have been most studied in 

two specialized neurogenic regions: (1) the subventricular zone of the lateral ventricles 

(SVZ) where new cells are generated and migrate into the olfactory bulb (OB), and (2) 

the subgranular zone of the dentate gyrus where new hippocampal cells are generated 

(Gage et al., 1995; Reynolds and Weiss, 1992). Neural progenitor cells are not limited 

to these neurogenic regions of the brain, and proliferation can be observed in many 

brain regions, especially after injury. However, in non-neurogenic regions it appears that 

neurogenesis is actively repressed by the local environment. Adult neurogenesis is 

considered important for regulation of cognition and mood (Zhao et al., 2008), and may 

contribute to hippocampal and olfactory learning and memory (Deng et al., 2010; 

Kitamura et al., 2009). Newborn neurons integrate in the hippocampus and OB of most 

mammals throughout adulthood. Recently, a human cell dating strategy utilizing 

atmospheric 14C absorbed in plants, eaten by humans, and incorporated in duplicated 

genomic DNA has been used to confirm adult hippocampal neurogenesis. Using this 
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technique, 700 new neurons are added in the adult hippocampus each day, indicating 

that neurons are generated throughout adulthood and that the rates are comparable in 

middle aged humans and mice (Spalding et al., 2005). 

Subventricular zone 

 Adult neurogenesis requires both a local population of neural stem cells and a 

supportive microenvironment to initiate and sustain proliferation. Astrocytes, in addition 

to providing structural support, express secreted and membrane-bound molecules, 

including cytokines, growth factors, and neurotransmitters in response to physiological 

and pathological stimuli (Lafon-Cazal et al., 2003). Growth factors such as epidermal 

growth factor and basic fibroblast growth factor act as key regulators of neural 

progenitor cell proliferation and differentiation (Temple, 2001), however the precise 

mechanisms involved in cell fate determination remain unknown. neural stem cells 

located in the SVZ are represented by a subset of slowly dividing radial-like astrocytic 

cells, or B cells, that are glial fibrillary acidic protein (GFAP) positive and that can 

differentiate into the major brain cellular lineages (Doetsch et al., 1999; Laywell et al., 

2000; Seri et al., 2001). Type B cells can proliferate to generate rapidly dividing cells 

called transient amplifying progenitors, which are positive for the homeobox 

transcription factor, Dlx2. Transient amplifying progenitors then generate migrating 

neuroblasts, distinguished by neural cell adhesion molecule immunoreactivity (Bonfanti 

and Theodosis, 1994). These cells form chain-like cell aggregates and migrate along 

the rostral migratory stream to the OB and then travel radially to reach their final 

position. These cells differentiate into the two main classes of OB inhibitory 

interneurons, granule and periglomerular cells, around 30 days after birth (Alvarez-

22 

 



 

Buylla, 1997; Lledo et al., 2008). The OB receives newly generated interneurons, at a 

high rate, throughout the lifespan of the rodent (Altman, 1969). After one month, almost 

half of the new neurons have been eliminated while the other half is integrated into the 

OB (Petreanu and Alvarez-Buylla, 2002; Winner et al., 2002). The SVZ neurogenic 

niche occurs in rodents and some primates and is altered in humans because of the 

pronounced enlargement of the frontal cortex in the human forebrain. (Rakic, 2004; 

Sanai et al., 2004). Therefore, most of the rostral caudate nucleus, SVZ, and frontal 

cortex are located at levels rostral to the olfactory tubercle, and the rostral migratory 

stream in the human brain must take a caudal path before entering the olfactory tract. A 

human ventriculo-olfactory neurogenic system containing the SVZ, the rostral migratory 

stream, the olfactory tract, and the OB has been identified and is organized around a 

lateral ventricular extension reaching the OB (Curtis et al., 2007). 

 Continuous cell influx from the SVZ affects both the morphology and function of 

the OB. Neural cell adhesion molecule -deficient mice, presumably without migrating 

neuroblasts, have significantly smaller OBs (Cremer et al., 1994; Tomasiewicz et al., 

1993). Olfactory sensory deprivation decreases the survival of newly integrated cells 

(Petreanu and Alvarez-Buylla, 2002; Winner et al., 2002), while increasing OB activity 

with long-term exposure to high concentrations of various odorants increases cell 

survival (Bovetti et al., 2009; Rochefort et al., 2002). The functional implication of new 

neurons has been studied in models whereby inhibiting neurogenesis leads to 

impairments in multiple aspects of olfactory function. Such impairments include 

increased threshold of olfactory detection (Lazarini et al., 2009), decreased perceptual 

learning (Moreno et al., 2009), and deficits in long-term associative olfactory memory 
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(Lazarini et al., 2009; Sultan et al., 2010). The survival rate of newborn OB neurons may 

depend on the experience of the animal, as adult circuits can influence their morphology 

and functional properties through activity-dependent processes. Deprivation of olfactory 

sensory inputs delays maturation and impairs the survival of new OB interneurons 

(Petreanu and Alvarez-Buylla, 2002; Winner et al., 2002), while long-term odor 

exposure increases the survival of interneurons (Rochefort et al., 2002) and transiently 

improves odor memory (Rochefort and Lledo, 2005). New functional interneurons take 

several weeks to mature and integrate into OB circuitry, and once established play an 

essential role in shaping the information that reaches the olfactory cortex (Gheusi and 

Lledo, 2007). This suggests a role for adult neurogenesis in long-term olfactory learning 

and memory. 

Subgranular zone 

 The hippocampus, more specifically the subgranular zone, is another center of 

adult neurogenesis in the brain. Quiescent neural stem cells in the subgranular zone are 

a population of radial astrocytic cells with processes that project through and along the 

granular cell layer. Neural stem cells in the subgranular zone express neural 

transcription factors Sox2 and nestin (Suh et al., 2007). Sox2 is a transcription factor 

that maintains the undifferentiated state of neural stem cells. Nestin is an intermediate 

filament protein expressed in neural stem cells considered in the early stages of 

development. Similar to SVZ cells, subgranular zone neural stem cells generate actively 

dividing nonradial transient amplifying progenitors that lose the GFAP marker before 

reaching a neuroblast stage. Subgranular zone cells are also doublecortin 

immunoreactive and migrate a short distance into the glutamatergic granule cell layer as 
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immature neurons (Mu et al., 2010). Immature neurons in the granule cell layer extend 

axonal projections along the mossy fiber pathway to the hippocampal pyramidal cell 

layer, while their dendrites project in the opposite direction (Cameron et al., 1993), 

continuing to mature and increase in complexity over several weeks (van Praag et al., 

2002). At around two months, the basic structural and physiological properties of the 

adult-born cells are indistinguishable from those of mature dentate gyrus cells. Granule 

cells in the dentate gyrus are generated continuously in both rodents and humans (Ming 

and Song, 2005a). However, the molecular mechanisms underlying nerve growth and 

axon/dendrite guidance of adult-generated granular neurons are largely unknown. 

 Newborn adult hippocampal neurons not only replace lost neurons, but contribute 

to the plasticity of the existing circuitry as plasticity can alter in responds to experiences 

encountered throughout adulthood (Ge et al., 2008). Neurogenesis in the adult 

hippocampus is important for higher-order cognitive function and learning and memory 

(Deng et al., 2010). Learning, exposure to enriched environment, and exercise, are 

major regulators of hippocampal neurogenesis (Gould et al., 1999). The hippocampus is 

especially important for episodic and spatial memory. Learning of hippocampus-

dependent tasks but not hippocampus-independent tasks increases the number of 

adult-born dentate gyrus cells at around one week of age (Gould et al., 1999; Leuner et 

al., 2004). For example, special navigation tasks can promote the survival of dentate 

gyrus cells that were born within a critical period before training (Dupret et al., 2007). 

Mechanisms for memory formation and retention, (i.e, long term potentiation) have been 

shown to increase subgranular zone progenitor proliferation and promote survival of 

new neurons (Bruel-Jungerman et al., 2006). In rodents, voluntary wheel running 
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significantly increases the proliferation of neural progenitor cells in the subgranular zone 

and SVZ of both young and aged animals (van Praag et al., 1999; van Praag et al., 

2005). Hippocampal neurogenesis is also affected by aging, seizures, and 

antidepressant treatments. For example, seizure activity induces proliferation of neural 

progenitors, and results in abnormal morphological development of granule cells and 

contributes to seizure-associated cognitive deficits (Overstreet-Wadiche and 

Westbrook, 2006; Parent, 2007). Antidepressants can also regulate adult hippocampal 

neurogenesis by increasing neural progenitor proliferation, accelerating synaptic 

integration, and enhancing survival of newborn neurons (Sahay and Hen, 2007; 

Warner-Schmidt and Duman, 2006). Furthermore, neurogenesis is compromised during 

the aging process. A drastic reduction of adult hippocampal neurogenesis is seen in 

aged animals, which is caused by a depletion of neural stem cells and changes in the 

hippocampal microenvironment (Fabel and Kempermann, 2008). 

 

Cannabinoids and adult cell proliferation 

 It is well established that the cannabinoid system modulates progenitor cells 

throughout development (Diaz-Alonso et al., 2012). The endocannabinoid system has a 

cell specific and spatio-temporal distribution from very early stages of embryonic 

development, even before the appearance of the neural tube (Sun and Dey, 2009). 

Mammalian CB1 receptor expression during neural development is predominately 

present in white matter during neurogenesis and axonal migration prior to synaptic 

maturation and signaling. Not until postnatal stages and into adulthood are CB1 

receptors expressed in grey matter (Berrendero et al., 1998), suggesting 
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neurodevelopmental CB1 receptor actions are likely to be independent of their 

neuromodulatory role at the mature neuronal synapse. The presence and function of the 

cannabinoid system in progenitor cells in the embryonic brain is preserved in the adult 

brain in neurogenic regions. 

 The cannabinoid system modulates many functions involved in adult 

neurogenesis including proliferation, differentiation, migration, and integration in 

functional synapses. CB1 and CB2 receptor activation can modulate neural stem cell 

proliferation in vitro models (i.e., neurosphere cultures). Neurospheres are non-adherent 

in vitro culture of neuronal stem cells that grow as free-floating clusters. Neurospheres 

from embryonic and postnatal development stages express CB receptors and metabolic 

endocannabinoid enzymes. Increases in their intracellular calcium concentration 

increase endocannabinoid production (Aguado et al., 2005; Molina-Holgado et al., 2007; 

Palazuelos et al., 2006). Neurosphere proliferation is regulated by both CB1 and CB2 

receptor stimulation through the PI3K/Akt signaling pathway (Molina-Holgado et al., 

2007). CB2 receptor activation in vitro promotes neural progenitor cell proliferation and 

neurosphere generation which can be decreased with CB2 receptor specific antagonists 

(Molina-Holgado et al., 2007). 

 In the central nervous system, CB1 and CB2 receptor activation can modulate 

neural stem cell proliferation in vivo (Molina-Holgado et al., 2007). Neural progenitor 

cells reside in the SVZ and DG of the hippocampus and in the OB. Embryonic as well 

as adult neural progenitor cells express a functional endocannabinoid system (Aguado 

et al., 2006), including CB1 and CB2 receptors, biosynthetic and degradative enzymes, 

and produce endocannabinoid ligands in response to increased intracellular calcium 
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concentrations (Jiang et al., 2005; Palazuelos et al., 2006). Pharmacological and 

genetic mouse models have shown that endocannabinoids stimulate hippocampal and 

SVZ neural progenitor cell proliferation via CB1 and CB2 receptors and modulate the 

self-renewal ability of neural progenitor cells (Aguado et al., 2007; Rubio-Araiz et al., 

2008). Furthermore, CB1 receptors are present in dividing cells identified by 5-bromo-2′-

deoxyuridine (BrdU) labeling and the expression of endogenous cell cycle marker Ki-67 

(Aguado et al., 2005; Mulder et al., 2008). CB1 receptor knockout mice show nearly a 

50% reduction in dividing BrdU-positive cells in the SVZ and DG (Jin et al., 2004). 

Indirectly increasing the endocannabinoid AEA, by inhibiting its degradation enzyme 

FAAH, induces progenitor cell proliferation in the DG (Aguado et al., 2005; Aguado et 

al., 2006). DAGLα and β contribute to 2-AG regulation of adult neurogenesis in the SVZ 

and DG (Gao et al., 2010b; Goncalves et al., 2008). Young adult mice show an almost 

50% reduction in SVZ proliferation in mice lacking the biosynthesis enzyme DAGLα 

gene using Ki-67 and DCX immunoreactivity (Gao et al., 2010b). Progenitor proliferation 

was observed in CB2 receptor deficient mice in both physiological conditions as well as 

after excitotoxicity (Palazuelos et al., 2006). In young mice, CB2 receptor and DAGL 

antagonists inhibit cell proliferation in the SVZ, which is associated with a reduction in 

the appearance of new neurons in the OB (Goncalves et al., 2008). In contrast, CB2 

receptor agonists can stimulate cell proliferation in the SVZ of older animals and 

increase the appearance of new neurons in the OB (Goncalves et al., 2008), suggesting 

that CB2 receptor signaling may counteract the natural decline in adult neurogenesis 

that is associated with aging (Goncalves et al., 2008; Marchalant et al., 2009b; 

Marchalant et al., 2008). Similarly, CB1 receptor-deficient mice show an early onset of 
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age-related memory deficits (Albayram et al., 2012). Additionally, the synthetic 

cannabinoid agonist WIN can partially restore proliferation and neurogenesis in the 

hippocampus of aged rats (Marchalant et al., 2008). 

 Endocannabinoids also regulate neural progenitor differentiation (Aguado et al., 

2006; Guzman, 2003; Guzman et al., 2002). The cannabinoid system contributes to the 

regulation of neural precursors committed to a neuronal or glial lineage (Aguado et al., 

2006). However, cannabinoid influence on cell lineage is not consistent and is 

dependent on location, age, pharmacology, pathophysiology, and signal bioavailability 

(e.g., locally generated endocannabinoids versus acute repeated injections of synthetic 

agonists). Endocannabinoid signaling promotes differentiation of cortical neuronal 

progenitor cells and of adult hippocampal progenitors in AEA degradation enzyme 

FAAH knockout mice (Aguado et al., 2006). Methandamide, a nonhydrolyzable AEA 

analog, significantly decreases neurogenesis measured by BrdU in the adult DG 

(Rueda et al., 2002b). Additionally, the synthetic agonist HU10 inhibited neuronal 

progenitor cell differentiation through reduction of the ERK pathway activation in 

embryonic cortical cells and human neural progenitor cells (Rueda et al., 2002b). CB1 

and CB2 receptor activation increases oligodendrocyte numbers (Arevalo-Martin et al., 

2007) through survival mechanisms involving (phosphoinositide-3 kinase) PI3K/Akt 

signaling (Molina-Holgado et al., 2002) (discussed further in Chapter 5). However, 

pharmacological stimulation of CB1 receptors may result in neurogenesis (Jiang et al., 

2005). In SVZ cell cultures, both AEA and CB1 activation enhance neural stem cell 

differentiation into neurons, without affecting astrocyte or oligodendrocyte differentiation, 

while also upregulating the expression of pro-neural genes (Compagnucci et al., 2013; 
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Xapelli et al., 2013). Interestingly, a four-day treatment of AEA promotes glial 

differentiation, whereas a seven-day treatment promotes neuronal differentiation in vivo 

(Soltys et al., 2010), suggesting that signaling duration may also influence neural 

progenitor cell lineage. Cannabinoids can also oppose the anti-neurogenic effect of 

neuronal nitric oxide (Kim et al., 2006). Collectively, these data suggest the existence of 

an endogenous cannabinoid tone actively modulating neuronal/glial balance through the 

CB1 receptor. 

 The cannabinoid system can also influence post-differentiation processes such 

as migration, maturation, and cell survival. Mouse migratory neuroblasts express CB 

receptors and 2-AG synthesis and degradation enzymes. Inhibition of DAGL activity or 

CB receptors substantially decreases migration along the rostral migratory stream 

(Oudin et al., 2011). Similarly, direct activation of CB receptors or prevention of 2-AG 

breakdown increases neuroblast migration in vivo and in vitro (Oudin et al., 2011). CB1 

activation also enhances the maturation of neural stem cells through long term inhibition 

of ERK1/2 pathway (Compagnucci et al., 2013). Cannabinoids can also take part in the 

control of neural cell fate, thereby modulating the balance between cell death and 

survival (Guzman, 2003; Mechoulam et al., 2002). 

Cannabinoid receptor signaling mechanisms of cell proliferation 

 In contrast to the well-studied and understood signaling mechanism at neuronal 

synapses, endocannabinoid signaling mechanisms in progenitor cells remain to be fully 

understood. CB receptors present on progenitor cells are activated by endocannabinoid 

ligands potentially by surrounding neurons (Piomelli, 2003) in a paracrine or autocrine 
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manner or by progenitor cells themselves (Aguado et al., 2005) and ependymal cells 

(Oudin et al., 2011). 

 CB receptors are coupled to the activation of phosphatidylinositol 3-kinase 

(PI3K)/Akt and extracellular signal-regulated protein kinase (ERK) pathways, which are 

classical routes mediating proliferation and cell survival (Galve-Roperh et al., 2007; 

Pertwee et al., 2010). The proliferative role of the PI3K/Akt cascade has been 

demonstrated in CB2 receptor-mediated progenitor cell proliferation (Palazuelos et al., 

2012) and via CB1 receptors in cortical and cerebellar progenitors (Galve-Roperh et al., 

2013; Trazzi et al., 2010). The mechanisms of CB1 receptor-mediated ERK activation 

are multiple and interconnected, thus providing a complex scenario. CB1 coupling to 

Gi/o proteins and the resultant reduction in cAMP levels partly mediate the activation of 

the ERK pathway by de-inhibiting ERK pathway by protein kinase A (Davis et al., 2003; 

Derkinderen et al., 2003). In addition, GPCR βγ subunit activation can stimulate ERK 

signaling in a PI3K manner (Dalton and Howlett, 2012; Hart et al., 2004). It is likely that 

ERK activation may occur by different mechanisms depending upon CB1 receptor 

activation at different time points. CB receptor signaling in neural cells may also involve 

activation of mammalian target of rapamycin complex 1 (mTORC1), a protein kinase 

that regulates cell growth, proliferation, and survival (Puighermanal et al., 2009). CB2 

receptor activation can couple to mTORC1 activation in neural progenitor cells in the 

subgranular zone of the adult hippocampus leading to proliferation (Palazuelos et al., 

2012). CB1 receptor stimulation in adult hippocampus can also activate mTORC1 

signaling, possibly effecting protein synthesis and neuronal plasticity (Puighermanal et 
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al., 2012). The endocannabinoid system also modulates oligodendrocyte differentiation 

and cell survival partially through mTORC1 regulation (Gomez et al., 2011). 

 Aside from the canonical signaling pathway, CB1 receptors may also have 

indirect actions that promote neurogenesis via crosstalk with growth factor signaling 

pathways essential for progenitor cell proliferation (Williams et al., 2003). CB1 receptor 

activation is involved in the regulation of neurotrophin brain-derived neurotrophic factor 

(BDNF) levels. CB1 receptor-deficient mice have reduced hippocampal BDNF levels 

under basal circumstances, which may explain some of the neuronal plasticity and 

emotional alteration (i.e., anxiety, despair, memory deficits) in those animals (Aso et al., 

2008; Marsicano et al., 2002a). Additionally, growth factors critical for the maintenance 

of adult neural stem cells, such as epidermal growth factor and fibroblast growth factor 

2, are also regulated by CB signaling during neurodegenerative paradigms, such as 

hippocampal and striatal excitotoxicity (Aguado et al., 2007; De March et al., 2008; 

Marsicano et al., 2003). Reciprocally, extracellular signaling cues mobilize 

endocannabinoids. Fibroblast growth factor along with neural cell adhesion molecule 

increase 2-AG levels through DAGL and PLCγ activation (Williams et al., 2003). 

 CB1 receptor activation can also regulate many transcription factors involved in 

neural progenitor cell homeostasis, neuronal differentiation, and maturation (Bromberg 

et al., 2008). In neuroblastoma cells and SVZ progenitor cells, CB1 receptor activation 

modulates the transcription factor Pax6 (Bromberg et al., 2008), a paired box family 

member essential for the generation of glutamatergic neurons and cortical neurogenesis 

(Diaz-Alonso et al., 2012; Osumi et al., 2008). Pax6 is involved in neural progenitor cell 

proliferation and influences neuronal differentiation. CB1 receptor signaling via PI3K/Akt 
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activation can control Pax6 in neural progenitor cells (Galve-Roperh et al., 2013). CB1 

activation regulates Pax6 pos-translationally by phosphorylation mediated by the 

PI3K/Akt pathway in differentiating neuroblastoma cells (Bromberg et al., 2008). CB 

receptor activation also promotes the expression of differentiation transcription factor 

Olig-2 through PI3K/Akt/mTORC1 signaling in oligodendrocyte progenitor cells (Diaz-

Alonso et al., 2012). CB1 receptors may regulate cell fate decision by modulating 

growth factor, neurotrophin, and cytokine expression. CB receptors regulate PI3K/Akt 

signaling in neural progenitor cells through transcripts in cooperation with epidermal 

growth factor receptors (Sutterlin et al., 2013). 

Measuring proliferation 

 Common markers for neural stem cells and neural progenitor cells such as 

nestin, BrdU, and DCX can also detect reactive astrocytes or cancer cells (Kaneko et 

al., 2000; Komitova and Eriksson, 2004; Lendahl et al., 1990). BrdU labeling in 

conjunction with cell specific markers is a common method of studying adult 

neurogenesis. BrdU is a thymidine analog that gets incorporated into DNA during the 

dividing phase, S phase, of the cell cycle. One drawback is that BrdU can also be 

incorporated during DNA synthesis associated with repair, gene duplication without cell 

division, and apoptosis (Taupin, 2007). It is also slightly toxic at doses above 50 mg/kg 

which can lead to negative effects on proliferation of neural progenitor cells in vitro 

(Cooper-Kuhn and Kuhn, 2002; Ross et al., 2008). In this dissertation, I did not use 

other proliferative markers such as Ki-67 or PCNA because they are not specific to the 

phase of the cell cycle, exhibit nonspecific immunoreactivity outside of proliferation, are 

subject to variability depending on fixation, and cannot be used for cell lineage analysis 
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(Ohta and Ichimura, 2000; Taupin, 2007). The loss of BrdU immunoreactivity following 

high doses of irradiation (Taupin, 2007) suggests that BrdU incorporation does not 

typically reflect DNA repair. BrdU incorporation occurs primarily in cells undergoing DNA 

synthesis. For example, in the OE following OB ablation in young adult rodents, 

apoptotic cells were positive for Terminal dUTP Nick End Labeling (TUNEL), a cell 

death marker, but rarely incorporated BrdU (Bauer and Patterson, 2005). This suggests 

that dying neurons do not re-enter the cell cycle following bulbectomy lesion and that 

BrdU incorporation is an appropriate experimental approach to monitor proliferation in 

the olfactory system (Brann and Firestein, 2010). 

 

C. Proliferation in the mouse olfactory epithelium 

 The peripheral olfactory epithelium (OE) is an ideal system with which to 

investigate neuroproliferative factors, as neurogenesis continues to occur throughout life 

under both physiological and injury conditions. The OE lines the posterior dorsal part of 

the nasal cavity, and the axonal projection from the sensory neurons synapses onto the 

OB, the area of the brain that serves as the first CNS relay for olfactory information. 

Several features of the OE make it an ideal system with which to study proliferation: (1) 

the olfactory epithelium is the only system in which sensory neurons are in direct 

contact with the environment and therefore can be easily damaged by environmental 

pollutants (2) sense of smell is essential for survival through foraging, predator 

detection, and reproduction in many mammals and is fundamental to health and 

nutrition in humans, (3) olfactory sensory neurons provide a route for viruses, bacteria, 

and some environmental toxicants to enter the brain (4) life-long capacity to regenerate 

34 

 



 

neuronal and non-neuronal cell types (5) restoration of sensory function is possible 

through OE neurogenesis (6) its peripheral location makes the OE easy to access and 

isolate. 

 The OE is a pseudostratified neuroepithelium that contains several cell types 

(Figure 1.3). Bipolar olfactory sensory neurons (OSNs) have dendritic knobs that lie 

above the surface of the epithelium with cilia that extend from the knobs to the external 

environment where volatile chemical molecules come into contact with olfactory 

receptors on the cilia. Mature OSNs have a cell soma located in the middle third of the 

epithelium and an unmyelinated axon that projects to the OB. Non-neuronal microvillous 

and sustentacular cells have their cell bodies close to the apical surface of the 

epithelium. Microvillous cells are the primary source of NYP in the OE, and have been 

described variously as primary olfactory neurons, secondary chemosensory cells, or 

non-sensory cells. A second type of non-neuronal cell found in the OE is the glial-like 

sustentacular cell, which spans the height of the OE. Sustentacular cells have a large 

cell soma located in the upper third of the epithelium and a thin cytoplasmic extension 

that terminates in an endfoot process, occasionally around basal cells. Basal cells are 

multipotent progenitor cells that lie near the basal lamina, and can proliferate and 

differentiate into both neurons and sustentacular cells. Non-neuronal sustentacular cells 

can be self-derived or renewed from basal cells (Huard et al., 1998), while neurons are 

generated solely from basal cells. 

 Basal cells function as stem cells and multipotent progenitor cells under a variety 

of conditions including normal maintenance and regeneration of the OE after injury 

(Carter et al., 2004; Chen et al., 2004a; Leung et al., 2007a). Basal cells give the OE its 
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regenerative ability, making the neuroepithelium an ideal system with which to study 

proliferation (Caggiano et al., 1994). Chronic imaging of pre- and post-olfactory 

epithelial injury has shown that OSNs retain their ability to reestablish functional inputs 

to the OB, suggesting that the mechanism underlying developmental innervation 

persists in adulthood and allows neuronal restoration after massive sensory neuron loss 

(Cheung et al., 2014). Despite a high rate of proliferation of neural precursors, the 

olfactory epithelial thickness remains constant in the adult rat from two to twelve months 

(Weiler and Farbman, 1997b), suggesting a balance between cell proliferation and cell 

death and that many new cells don’t fully mature and integrate into olfactory epithelial 

circuitry. 

Basal cells 

 There are two populations of multipotent stem-like cells in the adult OE: globose 

basal cells (GBCs) which proliferate at a high rate and differentiate into both OSNs and 

sustentacular cells, and horizontal basal cells (HBCs) which are flat horizontal basal 

cells that lie adjacent to the basal lamina and have a lower mitotic index (Holbrook et 

al., 1995) GBCs are a heterogeneous population of stem and progenitor cells that 

emerges early in embryonic development. HBCs resemble a type of reserve population 

of quiescent cells that requires injury to be activated. In contrast, GBCs are always 

multipotent even in the absence of injury, and are responsible for the physiological level 

of ongoing proliferation in the OE. Multipotent horizontal and globose basal cells give 

successive rise to transit amplifying progenitors, immediate neuronal precursor cells, 

immature neurons, and mature neurons that extend axons that must find the proper 

synaptic targets in the OB (Figure 1.3) (Beites et al., 2005; Caggiano et al., 1994; Leung 
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et al., 2007a; Schwob et al., 1994). A heterogeneous GBC subpopulation can be 

identified by the expression of certain transcription factors. For example, Notch 

signaling directs multipotent GBCs to derive sustentacular cells, while transcription 

factor Sox2 regulates the proliferation of progenitors and neural differentiation (Guo et 

al., 2010). The GBC population that contributes to neuronal lineage sequentially 

expresses the proneural genes Ascl1 (also known as Mash1) and Neurog1 (Cau et al., 

2002). Mash1 positive GBCs are the earliest neuronal precursors identified (Gordon et 

al., 1995). GBCs are mitotically active in normal mucosa, and a population of GBCs 

proliferates to an enhanced degree after various forms of damage that elicit either 

selective regeneration of the neuronal population or reconstitution of the OE (Graziadei 

and Graziadei, 1979; Huard et al., 1998). GBCs have a subpopulation that shows 

features of central stem cells such as the incorporation of BrdU, reentry into the mitotic 

cycle following lesion, and activation after injury (Chen et al., 2004a; Jang et al., 2014). 

 HBCs function as a reserve population of multipotent progenitor cells in the adult 

OE that are activated to participate in reconstruction of the OE following injury (Leung et 

al., 2007a). HBCs are defined by their presence as a single-cell layer below the GBCs, 

but with specific expression of keratin 5 and keratin 14 and by their direct contact with 

the basal lamina (Holbrook et al., 1995). They rarely divide to self-renew in vivo 

(Mackay-Sim and Kittel, 1991) but can clonally expand in vitro to generate both 

neuronal and glial cell types (Carter et al., 2004). This was shown by ablating 

sustentacular cells, OSNs, and a substantial GBC population by methyl bromide gas, 

then tracking the lineage of HBCs using a genetic mouse model (Leung et al., 2007a). 

These cellular properties are similar to neural stem cells found in the SVZ and 
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hippocampus (Carter et al., 2004; Doetsch et al., 1999; Palmer et al., 1997). HBCs also 

give rise to Mash1 positive cells as intermediates in the terminal differentiation pathway 

(Leung et al., 2007a). HBC proliferation is stimulated by epidermal growth factor and 

tumor necrosis factor, while GBC proliferation is stimulated by fibroblast growth factor 

(Newman et al., 2000). Fibroblast growth factor and epidermal growth factor are 

important indicators of neural stem cell proliferation and are required to generate 

multipotent neurospheres from olfactory mucosa (Murrell et al., 2005; Murrell et al., 

2008) and from adult rodent brain (Reynolds and Weiss, 1992). HBCs proliferate slowly, 

and self-renew (Mackay-Sim and Kittel, 1991) and are able to generate all OE cell types 

in vivo and in vitro (Carter et al., 2004; Leung et al., 2007a). 

 Transcription factors Sox2 and Pax6 both function at multiple levels in the 

developing and adult brains as well as the OE. Sox2 is one of the key factors in 

regulation of embryonic stem cell self-renewal and induction of somatic cells to become 

pluripotent stem cells (Pevny and Lovell-Badge, 1997; Takahashi and Yamanaka, 

2006). Sox2 is expressed by neural progenitor cells and neural stem cells in the SVZ 

into adulthood (Pevny and Placzek, 2005), and regulates ongoing neurogenesis in the 

postnatal DG (Favaro et al., 2009). Pax6 regulates multipotent progenitor cells (Walther 

et al., 1991). Down-regulation of Pax6 is associated with the differentiation of radial glia 

in the SVZ (Gotz et al., 1998). In Pax6 null mice, the nose fails to form properly, 

indicating that Pax6 is involved in olfactory development (Collinson et al., 2003). Sox2 

and Pax6 are expressed in adult OE HBCs, sustentacular cells, and a subset of GBCs 

that are multipotent and Mash1 positive (usually committed to neuronal lineage), but 

only a small subset of immediate neuronal progenitor cells (Chen et al., 2004a; Davis 
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and Reed, 1996; Guo et al., 2010). Therefore, Sox2 and Pax6 are expressed by GBCs 

with the characteristics of stem cells, but do not apparently commit to neuronal fate. 

Additionally, BDNF is also expressed in the OE.  After extensive damage, mRNA 

expression of BDNF dramatically increases in the OE during the first seven days post 

lesion. This expression pattern suggests that BDNF plays a role in the regeneration of 

new OSNs in the OE, until axons project to the OB. BDNF immunoreactivity is also 

found in HBCs after bulbectomy (Buckland and Cunningham, 1999). 

 

D. Cannabinoids and the olfactory system 

 Volatile chemical odorants are inhaled through the nose and are detected by 

odorant receptors on cilia that protrude from OSN knobs that extend into the OE 

mucosa. Olfactory receptors are GPCRs containing the Gαolf subunit, which induces an 

increase in adenylyl cyclase and cAMP leading to the opening of nucleotide-gated 

cation channels and depolarization generating an action potential. The signal then 

travels to the OB where OSNs first synapse within discrete anatomical areas called 

glomeruli. The axon of each OSN synapses in only one glomerulus. Each glomerulus 

contains mitral and tufted relay neurons, which project axons to the olfactory cortex, and 

periglomerular interneurons, which encircle the glomerulus. Additionally, granule cell 

interneurons provide negative feedback circuits and are located deeper within the bulb. 

Such interneurons in the OB process odors, yet their exact roles are not fully 

understood. Two types of inhibitory interneurons, periglomerular and granule cells, act 

at two distinct levels within the OB and coordinate the spiking of mitral cells, which are 

the principal output neurons of the OB. Periglomerular cells are GABAAergic (Hayar et 
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al., 2004; Kiyokage et al., 2010), and presynaptically inhibit OSNs signaling within the 

OB through GABAergic transmission (Aroniadou-Anderjaska et al., 2000; Murphy et al., 

2005). Periglomerular cells receive input from the olfactory nerve or dendritic 

glutamatergic input from external tufted glutamatergic cells or mitral cells (Hayar and 

Ennis, 2007; Hayar et al., 2004). 

 The cannabinoid system is present in central and peripheral olfactory regions. 

CB receptors have been identified in rodent OB glomerular layer (Gong et al., 2006). 

Neurons in the glomerular layer are immunoreactive for enzymes that synthesize 

endocannabinoids (Okamoto et al., 2007; Piomelli, 2003). Periglomerular cells are likely 

candidates for direct effects of endocannabinoids since CB1 receptors are robustly 

expressed in the glomerular layer (Moldrich and Wenger, 2000). AEA displays inhibitory 

effect on firing rates periglomerular cells when hyperpolarized (Wang et al., 2012). The 

CB1 receptor antagonist AM251 reversibly increased periglomerular cell firing and 

depolarized the cells, while CB agonist WIN hyperpolarized the cells (Wang et al., 

2012). In the presence of AM251 bath application of WIN failed to induce a decrease in 

firing rate or change in membrane potential (Wang et al., 2012). Electrophysiological 

studies in the OB have shown through trains of depolarizing voltage steps evoked 

suppression of inhibitions, suggesting that spontaneous rhythmic bursting of tufted cells 

triggers the release of endocannabinoids from tufted cells, that can reduce GABA 

release from periglomerular cells which in turn regulates the activity of periglomerular 

cell synaptic targets such as tufted cells (Wang et al., 2012). Burst firing of tufted cells 

triggers endocannabinoid release and retrograde inhibition of PG cells leading to a 
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decrease in GABA release, and subsequent transient decrease of PG cell inhibition of 

tufted cells (Wang et al., 2012). 

 A cannabinoid system has been identified in the peripheral OE of Xenopus laevis 

(Czesnik et al., 2007). CB1 receptors are expressed on sensory neurons and 2-AG is 

synthesized in both OSNs, and glial-like sustentacular cells (Breunig et al., 2010b). This 

cannabinoid system modulates odor-evoked responses in OSNs in Xenopus (Czesnik 

et al., 2007). Although a cannabinoid system exists in the mammalian OB, no reports 

have described a functional cannabinoid system in the peripheral olfactory system of 

mammals. 

 

E. Summary of dissertation experiments 

 The presence of an endocannabinoid system in neurogenic regions of the CNS 

and its involvement in proliferation, differentiation, and migration indicate a similar 

phenomenon may occur in peripheral neurogenic regions such as the OE. The overall 

hypothesis of this dissertation is that cannabinoid receptor activation promotes 

neurogenesis in the mouse olfactory epithelium. Behavioral, pharmacological, 

immunohistochemical, and whole animal studies were used to test the predictions of 

this hypothesis. 

 Chapter 2 is a description of experiments testing the hypothesis that the 

mouse OE contains an endocannabinoid system. The presence of CB1 and CB2 

receptor protein and mRNA was examined, along with the subcellular distribution of 

CB1 receptors using immunohistochemistry. Additionally, functional activation of CB 

receptors was examined using calcium imaging. 
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 Chapter 3 includes a description of experiments testing the hypothesis that 

CB1/CB2 receptor knockout mice will have impaired olfactory-mediated 

behaviors. First, OE morphology was compared between wildtype and CB1/CB2 

receptor knockout (KO) mice. OE thickness was measured and basal cell and OSN 

numbers were counted. Olfactory-mediated behavioral tests including the buried food 

test and habituation/dishabituation test were performed on both wildtype and CB1/CB2 

receptor KO mice. 

 Chapter 4 is a description of experiments testing the hypothesis that CB 

receptor activation increases neurogenesis in the mouse olfactory epithelium. 

Proliferation levels after exogenous and endogenous cannabinoid administration were 

measured in neonatal mouse OE. Adult proliferation levels were also measured in both 

wildtype and CB1/CB2 receptor KO mice after intranasal aspiration of an exogenous 

cannabinoid ligand, CB1 receptor specific antagonist, and endocannabinoid degradation 

enzyme inhibitors. Neurogenesis was measured through colocalization of neuronal and 

proliferation markers two weeks after cannabinoid manipulation in the wildtype mouse 

OE. Finally, cell death numbers were examined in both wildtype and CB1/CB2 receptor 

KO mice at several time points throughout the progression of neurogenesis. 

 Using this dissertation as a background, future experiments could examine the 

effects of chronic administration of cannabinoid agonists on basal cell proliferation and 

neurogenesis in the mouse OE. Additionally, it would be interesting to investigate the 

contribution of the cannabinoid system to the repopulation of OE cells after 

environmental toxic damage. Overall, this work has identified a functional cannabinoid 

system in the mouse OE for the first time and furthers our understanding of peripheral 
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progenitor cell proliferation and neurogenesis. It is essential to understand the complex 

mechanism of OE progenitor cell proliferation, which could lead to future regenerative 

strategies using human olfactory derived progenitor cells.



 

Chapter 2: Identification of a cannabinoid system in the mouse olfactory 

epithelium 

 

Introduction 

Cannabinoid system 

 Although cannabis has been a widely used illicit drug in many parts of the world, 

cannabinoid chemistry and biological actions were not well defined until the recent 

discovery of CB receptors and endogenous ligand less than 25 years ago (Devane et 

al., 1988; Mechoulam, 1995; Munro et al., 1993). The endocannabinoid system consists 

predominately of two main ligands, N-arachidonoylethanolamide (AEA or anandamide) 

and 2-arachidonylglycerol (2-AG), two G-protein coupled receptors (GPCR), 

cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2), and the endogenous 

compounds involved in the synthesis and degradation of cannabinoid ligands. CB1 

receptors are one of the most abundant G protein-coupled receptors in the brain, 

whereas CB2 receptors are localized on immune cells, yet recent attention has been 

given to the importance of CB2 receptors in central nervous system functions (Van 

Sickle et al., 2005). Classically, CB receptors preferentially recruits Gi/oα proteins 

(Mackie and Stella, 2006) resulting in inhibition of adenylyl cyclase and a decrease in 

cAMP levels. However, CB1 receptors have been reported to recruit to Gs or Gq/11α 

proteins in a ligand-and-tissue dependent manner (Childers et al., 1993; Lauckner et al., 

2005). Cannabinoids are also known to activate other extracellular targets such as the 

transient receptor potential cation channel (TRPV1) channel (Begg et al., 2005) and 

44 

 



 

other G protein-coupled receptors such as GPCR55 (Sawzdargo et al., 1999), 

GPCR119 (Overton et al., 2006), and GPCR18 (Kohno et al., 2006). 

 Endocannabinoids are short-range lipid-based signaling molecules synthesized 

from arachidonic acid. AEA is biosynthesized from membrane lips by N-acyltransferase 

and phospholipase D (Kuwae et al., 1999). 2-AG can be synthesized from arachidonic 

acid-containing diacylglycerol derived from increased inositol phospholipid metabolism 

by the action of diacylglycerol lipase (DAGL) (Prescott and Majerus, 1983). Fatty acid 

amide hydrolase and monoacylglycerol lipase (MAGL) are intracellular enzymes 

responsible for the degradation of endocannabinoids (Figure 1.2) (Cravatt et al., 2001; 

Deutsch and Chin, 1993). 

 In the central nervous system, endocannabinoids are involved in 

neuromodulatory signaling, which is predominately regulated by (1) the CB1 receptor, 

(2) a putative membrane cannabinoid transporter, and (3) hydrolytic enzymes involved 

in both synthesis, and degradation of cannabinoids. Endocannabinoids can act as 

retrograde signaling molecules, whereby postsynaptic depolarization leads to “on 

demand” endocannabinoid synthesis, release, and subsequent diffusion in a retrograde 

fashion across the synapse to activate CB receptors on the presynaptic terminal of both 

excitatory and inhibitory neurons. Termination of endocannabinoid signaling may 

require cellular reuptake via a transport process and are enzymatically degraded within 

the cell membrane (Fegley et al., 2004; Piomelli et al., 1999). 

Cannabinoids and olfaction 

 Several peripheral sensory systems are modulated by the endocannabinoid 

system. In the retina, cannabinoids accelerate phototransduction deactivation cascade 
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in the outer segment of the cones (Straiker et al., 1999; Struik et al., 2006). Additionally, 

CB1 receptors are expressed on type II taste cells, and endocannabinoid signaling 

enhances the sweet taste (Yoshida et al., 2010). Finally, CB1 receptors are expressed 

on dorsal root ganglion cells (Bridges et al., 2003; Hohmann et al., 1999) and play a role 

in the spinal nociceptive system (Agarwal et al., 2007; Morisset et al., 2001). 

 In the central olfactory system, CB receptors have been identified in the rodent 

OB glomeruli, a spherical structure where afferents from OSNs make their primary 

synapses (Wang et al., 2012). Neurons in the glomerular layer are immunoreactive to 

endocannabinoids synthesis enzymes (Okamoto et al., 2007; Piomelli, 2003; Wang et 

al., 2012). Electrophysiological studies have shown the endocannabinoid system plays 

a functional role in regulating neuronal activity and signaling in the glomeruli through 

retrograde signaling and depolarization-induced suppression of inhibition (Wang et al., 

2012). CB1 receptor protein is also found in high density in the granule cell layer of the 

OB. The granule cell layer is the deepest layer in the OB and is comprised of γ-

aminobutyric acid (GABAergic) interneurons that provide lateral inhibition through 

dendro-dendritic synapses onto mitral glomeruli cells (Soria-Gomez et al., 2014). 

Endocannabinoids, 2-AG and AEA are also present in the main OB (Soria-Gomez et al., 

2014). 

 Although CB1 receptors were localized in the OB several decades ago, (Cesa et 

al., 2001; Egertova et al., 2003; Egertova and Elphick, 2000; Herkenham et al., 1991) 

the first identification of cannabinoids in the peripheral olfactory system was only 

recently, when CB1 receptor mRNA was detected in the OE of Xenopus laevis tadpoles 

(Migliarini et al., 2006). Tadpole CB1 receptors are expressed on dendrites of OSNs 
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and 2-AG is synthesized in both OSNs and glial-like sustentacular cells (Breunig et al., 

2010a; Czesnik et al., 2007). Thus, 2-AG acts through CB1 receptors located on OSN 

dendrites in a paracrine and autocrine manner. Odor-evoked increases in calcium in the 

tadpole OE are modulated by endocannabinoid signaling (Breunig et al., 2010a; 

Czesnik et al., 2007). 

Olfactory epithelium 

 The OE is a pseudostratified neuroepithelium that contains several cell types 

(Figure 1.3) that will be identified through immunoreactivity in this chapter. Bipolar 

OSNs have dendritic knobs that lie above the surface of the epithelium with cilia that 

extend from the knobs to the external environment where volatile chemical molecules 

come into contact with olfactory receptors on the cilia. Mature OSNs have a cell soma 

located in the middle third of the epithelium and an unmyelinated axon that projects to 

the OB. Non-neuronal cells, such as glial-like sustentacular cells and microvillous cells, 

span the height of the OE. Sustentacular cells have a large cell soma located in the 

upper third of the epithelium and a thin cytoplasmic extension that terminates in an 

endfoot process, occasionally around basal cells. Basal cells are proliferative 

multipotent progenitor cells that lie near the basal lamina, and are the stem cells of the 

OE. There are two types of basal cells: globose basal cells that proliferate at a high rate 

and give rise to both OSNs and sustentacular cells (Chen et al., 2004a; Huard et al., 

1998), and flat horizontal basal cells that lie adjacent to the basal lamina and have a 

lower mitotic index (Holbrook et al., 1995). 

 The present chapter seeks to determine if a functional cannabinoid system is 

present in the mouse OE. To identify a mouse OE cannabinoid system, the presence of 
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CB receptors, endocannabinoid ligands, and metabolic enzymes will be investigated 

through RT-PCR, western blot, immunohistochemistry, liquid chromatography-mass 

spectrometry, and confocal calcium imaging. 

 

Methods 

Animals 

 Adult male (6-8 weeks old) Swiss Webster (CFW) and C57BL/6 control (wildtype; 

WT) mice were obtained from Charles River, Portage, MI. Cannabinoid receptor 1 and 

cannabinoid receptor 2 deficient (CB1/CB2 knockout) mice were kindly provided by Dr. 

Norbert Kaminski (Michigan State University, MI) who obtained them from Dr. Andreas 

Zimmer (University of Bonn, Germany). The CB1/CB2 receptor KO mice were 

developed through replacement of the CB receptor coding region with non-CB receptor 

DNA using homologous recombination. Subsequently, heterozygote mice were mated 

to obtain the CB1–/–/CB2–/– mice (Jarai et al., 1999). Inositol Triphosphate Receptor 3 

(IP3R3)-tauGFP mice (kindly provided by Dr. Diego Restrepo, University of Colorado 

Denver, Aurora, CO), have the first exon of the Itpr3 gene replaced by the coding region 

for a fusion protein of tau and green fluorescent protein (Hegg et al., 2010). Only 

homozygous IP3R3−/−tauGFP+/+mice (denoted as IP3R3−/−) in which the biallelic 

expression of the IP3R3-tauGFP transgene eliminates IP3R3 expression were used. 

Mice were given food and water ad libitum. Animal rooms were kept at 21–24°C and 

40–60% relative humidity with a 12-h light/dark cycle. All procedures were conducted in 

accordance with the National Institutes of Health Guide for the Care and Use of 
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Laboratory Animals as approved by Michigan State University Institutional Animal Care 

and Use Committee. 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

 All reagents used for RT-PCR were of molecular biology grade and were 

purchased from Promega (Madison, WI), unless otherwise noted. Anesthetized 

(65mg/kg ketamine with 5 mg/kg xylazine, i.p.) C57BL/6 and Swiss Webster (CFW) 

adult male animals were decapitated. The olfactory epithelia were immediately 

dissected and stored at -80 °C. Total RNA was isolated using Tri Reagent (Molecular 

Research Center, Cincinnati, OH). All isolated RNA samples were confirmed to be free 

of DNA contamination, as determined by the absence of product following PCR 

amplification in the absence of RT (Gibco-BRL/Invitrogen). Briefly, known amounts of 

total RNA and internal standard mRNA were reverse-transcribed simultaneously in the 

same reaction tube into cDNA using oligo (dT)15 as primers. A PCR master mixture 

consisting of PCR buffer, 4 mM MgCl2, 6 pmol each of the forward and reverse primers, 

and 1.25 U Taq DNA polymerase was added to the cDNA samples, which were then 

heated to 94°C for 4 minutes and cycled 25 times at 94°C for 15 s, 59°C for 30 s, and 

72°C for 30 s, after which, an additional extension step at 72°C for 5 minutes was 

included. PCR products were electrophoresed in 3% NuSieve 3:1 gels (FMC 

Bioproducts, Rockland, ME) and visualized using ethidium bromide staining. The 

number of transcripts was calculated from a standard curve, generated by using the 

density ratio between the gene of interest and the different IS concentrations used. The 

primer sequences from 5’ to 3’ for CB1 and CB2 are forward primer, 

ACCTGATGTTCTGGATCGGA; reverse primer, TGTTTATCTAGAGGCTGCGCA; and 
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forward primer, TTCTTACCTGCCGCTCATG; reverse primer, 

CGGATCTCTCCACTCCGTAG, respectively. The primers for IS were as follows: IS 

forward, 5'-T7 promoter (TAATACGACTCACTATAGG) + IFN-γ forward (as above) + 

"spacer" rat ß-globin forward (AAGCCTGATGCTGTAGAGCC); IS reverse, 5'-oligo dT18 

+ IFN-γ reverse (as above) + spacer rat ß-globin reverse 

(AACCTGGATACCAACCTGCC). 

Western blot 

 Anesthetized adult male (6-8 weeks old) C57BL/6 mice were decapitated. The 

olfactory epithelia were immediately dissected and stored at -80 °C. The olfactory tissue 

was processed following the protocol described previously (Jia et al., 2009). Briefly, 

tissues were homogenized by sonication in Tris buffer. Homogenates (30µg/lane) were 

resolved on 12.5% gels and transferred to nitrocellulose membranes. Membranes were 

left overnight at 4 °C after incubation with primary antibodies (Table 1); rabbit anti-CB1 

antibody ([1:250], a kind gift from Dr. Ken Mackie, Indiana University, Bloomington), 

rabbit anti-CB2 antibody ([1:200], Cayman Chemical, Ann Arbor, MI, USA), goat anti-

DAGLα ([1:1000], Abcam,Cambridge, MA, USA), or rabbit anti-MAGL ([1:500], 

Abcam,Cambridge, MA, USA) made in blocking buffer (0.2% g/LI-Block, Millipore, 

Bedford, MA, USA). After washing, the membranes were incubated with horseradish 

peroxidase-labeled secondary antibody (Jackson Laboratory, West Grove, PA, USA). 

Immunoreactive proteins were detected with a chemiluminescence reagent (ECL, 

Amersham Biosciences, Piscataway, NJ, USA) and then exposed to Kodak X-ray film. 
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Immunohistochemistry 

 Untreated adult male (6-8 weeks old) C57BL/6 mice were deeply anesthetized 

(65–80 mg/kg ketamine with 5–10 mg/kg xylazine), transcardially perfused with saline, 

and fixed with 4% g/L paraformaldehyde. Heads were decalcified in EDTA (0.5 M, pH = 

8) for 5 days, cryoprotected with 30% g/L sucrose and embedded in Tissue Tek OCT 

(Sakura Finetek, Torrance, CA) as previously described (Jia et al., 2010). Frozen 

coronal sections of OE (20 μm) from level 3 of the mouse nasal cavity taken at the level 

of the second palatal ridge were obtained were collected using a cryostat and mounted 

onto Superfrost Plus slides (Electron Microscopy Sciences, Hatfield, PA, USA). Tissue 

sections were rehydrated with phosphate buffered saline (PBS), permeabilized with 

0.2% ml/l triton x-100 and blocked with 1% blocking reagent. Tissue sections were 

incubated with (Table 1) rabbit anti-CB1 antibody [1:500],, or rabbit anti-MAGL ([1:50], 

Abcam, Cambridge, MA, USA). Double-labeled immunohistochemistry sections were 

processed as described above for CB1 immunoreactivity followed by incubation with 

goat anti-olfactory marker protein (OMP, 1:1000, Wako Chemical, Plano, TX, USA), 

mouse anti–mammalian achaete-schute homolog 1 (MASH 1 [1:20], BD Pharmingen, 

Franklin Lakes, NJ,USA), rabbit anti-cytokeratin 18 (CK18, 1:100, Abcam, Cambridge, 

MA), rabbit anti-P75 (P75, [1:200] Abcam, Cambridge, MA), or  in IP3R3 GFP mice 

followed by TRITC-conjugated donkey anti-goat or anti-rabbit immunoglobin (1:50 or 

1:200, Jackson Immunoresearch Lab, West Grove, PA, USA). Vectashield mounting 

medium for fluorescence (Vector, Burlingame, CA) was applied and immunoreactivity 

was visualized on an Olympus FV1000 Confocal laser scanning microscope (Olympus 

America Inc., Center Valley, PA, USA). FITC and TRITC dyes were excited at 488 and 
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543 nm and low pass filtered at 505–525 and 560–620 nm, respectively. For detection 

of MAGL and MASH1, antigen retrieval was performed before permeabilization by 

heating sections in a citrate buffer (pH = 6) in a microwave oven (700 W; 2×6 minutes 

low power). After antigen retrieval, MAGL primary antibody was left overnight on a 

shaker in a 4°C cold room. Antibody specificity was examined by omitting the primary 

antibody, secondary antibody or using a blocking peptide. No specific immunoreactivity 

was observed in any of the controls. 

Measurement of endocannabinoids 

 Anesthetized adult male (6-8 weeks old) wildtype C57BL/6 and CB1/CB2 

receptor KO mice were decapitated. The olfactory epithelia were immediately dissected 

and stored at -80 °C. OE sections were subjected to a lipid extraction process as 

described previously (Patel et al., 2003). Tissue samples were weighed and placed into 

borosilicate glass culture tubes containing two ml of acetonitrile with 84 pmol of [2H8] 

anandamide and 186 pmol of [2H8]2-AG. Tissue was homogenized with a glass rod and 

sonicated for 30 minutes. Samples were incubated overnight at -20°C to precipitate 

proteins, and then centrifuged at 1,500 x g to removed particulates. The supernatants 

were removed to a new glass tube and evaporated to dryness under N2 gas. The 

samples were resuspended in 300 µl of methanol to recapture any lipids adhering to the 

glass tube, and dried again under N2 gas. Final lipid extracts were suspended in 20 µl 

of methanol, and stored at -80°C until analysis. The contents of the two primary 

endocannabinoids AEA and 2-AG, as well as three other fatty acid lipid mediators, 

palmitoylethanolamide (PEA) and oleoylethanolamide (OEA), and 2-oxogluteric acid (2-

OG) within lipid extracts in methanol from brain tissue were determined using isotope-
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dilution, liquid chromatography-mass spectrometry as described previously (Patel et al., 

2005). PEA and OEA are non-cannabinoid fatty acid ethanolamides which share 

biosynthetic and metabolic pathways with AEA, but do not activate CB receptors. 

Solutions 

 Ringer’s solution contained (mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 

HEPES, 10 glucose; pH 7.4, 290–320 mOsms. Probenecid (500 μM), an inhibitor of the 

organic anion transporter, was included to aid in the loading and retention of fluo-4 AM 

(Di et al., 1990; Manzini et al., 2008)(Di et al., 1990; Manzini et al., 2008). Odorant 

mixture included odorants n-amyl acetate, R-carvone, hetanol, cineole, and octanol (50 

µM each) added directly to Ringer’s solution. Concentrated stocks of ATP (10 µM) and 

odorant mixes were made in Ringer’s solution and stored at −20 °C and reconstituted 

on the day of the experiment. Concentrated stocks of CB receptor agonist WIN 55212-2 

(5 µM), enatomer WIN 55212-3 (5 µM), and CB1 receptor antagonist AM251 (5 µM) 

stocks were made in DMSO (1% final concentration DMSO) and stored at −20 °C and 

reconstituted and diluted in Ringer’s solution on the day of the experiment. 

Preparation of olfactory epithelium slices 

 To prepare OE slices, neonatal (P0-4) Swiss Webster (CFW) mice (Charles 

River, Portage, MI) were quickly decapitated, and the skin and lower jaw were removed. 

Tissue was embedded in a carrot, mounted on a vibratome-cutting block in cold 

Ringer’s solution and 400 μm slices were made. Slices were loaded with 18 µM fluo-4 

AM (Molecular Probes, Eugene, OR) for 90 minutes at room temperature. A stock 

solution of fluo-4 AM was prepared weekly in dimethyl sulfoxide (DMSO) containing 

20% ml/l pluronic F-127 (Invitrogen, Carlsbad, CA). Ringer’s solution was added to this 
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stock solution for a final concentration of 18 μM fluo-4 AM, 0.04% pluronic F-127 and 

0.4% DMSO. 

Confocal calcium imaging 

 Slices were placed in a laminar flow chamber (Warner Instruments, Hamden, CT) 

and perfused continuously with Ringer’s solution at a flow rate of 1.5–2.0 ml/minutes. 

Test solutions were applied using bath exchange and a small volume loop injector (200 

μl). Imaging occurred 50–100 µm below the surface of the slice to avoid damaged cells. 

An Olympus Fluoview 1000 laser scanning confocal microscope (Olympus, Center 

Valley, PA) was used for data collection and analysis. An argon ion laser was used for 

fluorescence excitation at 488 nm. Fluorescence emissions were filtered at 510 nm. 

Time series experiments were performed collecting 640× 256 pixel images at 0.2 – 1 

Hz. The fluorometric signals obtained are expressed as relative fluorescence (F) 

change, ΔF/F = (F−F0)/F0, in which F0 is the basal fluorescence level (mean F of first 5 

frames). At the end of an experiment, fluorescein, an inert fluorescent compound, was 

used to monitor perfusion rates. 

Imaging data analysis 

 Experiments were performed by sequentially obtaining (1) initial control agonist-

evoked calcium transients, (2) calcium transients evoked by co-application of agonist in 

the presence of antagonists and (3) recovery agonist-evoked calcium transients. 

Regions of interest (ROIs) were drawn around areas, presumably individual cells that 

exhibited increases in calcium using Fluoview software (FV10-ASW Version 3.0). To be 

included in the data set, the peak amplitude of the recovery calcium transient had to be 

at least 75% of the initial transient amplitude. All data were normalized to the initial 
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calcium transient. Paired Student’s t-tests were used to determine significant 

differences (p < 0.05) between the antagonist (AM251) peak amplitude and the recovery 

of agonist peak amplitude. Odorant mixture (50 μM of each heptanol, cineole, carvone, 

octanol, and amyl acetate) and ATP were superfused onto slices at the end of an 

experiment to distinguish between odorant-insensitive purinergic sustentacular cells, 

and OSNs. In addition, the locations of sustentacular cell somas in apical OE, versus 

OSN somas, in middle OE, were used to identify cell types.



 

Table 1.  Description of antibodies against cell specific markers and dyes. 

Antisera Target Source Dilution MW  

Goat α -  OMP Mature 
Olfactory 
Neurons 

Waco 
Chemicals 

1:2000  

Rabbit α - CB1 Cannabinoid 
Receptor 1 

Dr. Ken 
Mackie 

1:500(IHC) 
1:200(WB) 

60 

Rabbit α - CB2 Cannabinoid 
Receptor 2 

Cayman 
Chemical 

1:200 39-45 

Mouse α - Mash1 Transit 
Amplifying 
Progenitor 

BD 
Pharmingen 

1:20  

Goat α - DAGLα 2-AG 
synthesis 
enzyme 

Abcam 1:50 (IHC) 
1:200(WB) 

115 

Rabbit α - MAGL 2-AG 
degradation 

enzyme 

Abcam 1:200 33 

Mouse α - P75 NGF Sustentacular 
cell 

Abcam 1:100  

Rabbit α - CK18 Sustentacular  
cell 

Abcam 1:200  

Mouse α - Actin Housekeeping 
gene 

  42 
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Results 

CB receptor expression in the mouse OE 

 An endocannabinoid system has been identified peripherally in the tadpole OE 

(Czesnik et al., 2007) and centrally in the rodent OB (Soria-Gomez et al., 2014; Wang et 

al., 2012); however, it is unknown if the rodent OE contains an endocannabinoid 

system. The present study sought to confirm the presence of CB1 receptors in the 

mouse OE. CB receptor mRNA and protein was measured in OE tissue from C57BL/6 

and CFW adult mice. CB1 and CB2 receptor mRNA was present in both species of 

mice (Figure 2.1A). Data are expressed in cycle threshold levels (i.e., the cycle number 

in which the florescence generated within a reaction crosses a set threshold), which is a 

relative measure of the concentration of target mRNA. Cycle threshold levels of both CB 

receptors were at moderate levels in both mouse species. Delta cycle threshold levels 

of CB1 receptor (CFW, 15.8; C57, 15.3) represents the cycle threshold value (CFW, 

28.7; C57, 27.0) minus the internal control cycle threshold levels (18S: CFW, 12.9; C57, 

11.6). CB2 receptors showed a similar cycle threshold value profile (CFW, 33.0, C57; 

33.0) (Figure 2.1A). Using Western blot analysis, CB1 receptor protein was detected at 

60 kD and CB2 receptor protein at around 40 kD, further verifying the presence of both 

CB receptors in the mouse OE (Figure 2.1B). 

 The distribution of only CB1 receptor expression in the mouse OE was further 

examined using immunohistochemistry. CB2 receptors were not further characterized 

as data in later chapters suggest CB1 receptors are primarily responsible for 

cannabinoid actions in the mouse OE. Images for CB1 receptor immunoreactivity (IR) 

were chosen from ectoturbinate 2 in the mouse OE (Figure 2.2A). 
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Figure 2.1  mRNA and protein expression of cannabinoid receptors. (A) RT-PCR 

cycle threshold (CT; solid and striped portion of bars) and ΔCT (striped portion of bars 

only) values for both the CB1 and CB2 receptors in Swiss Webster (CFW; white bars) 

and C57BL/6 (C57; grey bars) mice. (B) Representative immunoblots for both CB1 and 

CB2 receptors and actin in C57 mouse OE.



 

Figure 2.2  CB1 receptor expression is diffuse and co-localizes with multiple OE 

cell types. (A) Representative coronal section through the mouse OE at level 3 

showing one side of the nasal cavity. The ectoturbinate 2, indicated by a white box, is 

the region shown in panels B-E. (B) CB1 receptor-IR (red) is diffuse throughout the OE. 

(C) Preabsorption of the CB1 receptor antibody with the antigen eliminates 

immunoreactivity. DAPI marks the nuclei (blue). (D-H) CB1 receptor-IR (red) co-

localizes with (D) olfactory sensory neurons (OMP, green), (E) globose basal cells 

(Mash1, green), and non-neuronal (F-G) sustentacular cells (P75 and CK18, green) and 

(H) microvillous cells (GFP, green). Arrows indicate location of CB1 receptor co-

localization. Scale bar = 10 µm. Dashed white lines indicate basement membrane. 
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Figure 2.2 (cont’d). 

Figure 2.2  (cont’d). CB1 receptor expression is diffuse and co-localizes with 

multiple OE cell types. CB1 receptor-IR (red) co-localizes with non-neuronal (F-G) 

sustentacular cells (P75 and CK18, green), and (H) microvillous cells (GFP, green). 

Arrows indicate location of CB1 receptor co-localization. Scale bar = 10 µm. Dashed 

white lines indicate basement membrane.



 

Diffuse expression of CB1 receptor-IR was noted throughout the epithelium (Figure 

2.2B), suggesting CB1 receptor protein localization on multiple cell types. Preabsorption 

of the primary antibody with its immunizing peptide eliminated the CB1 

immunoreactivity, indicating specificity of the CB1 antibody (Figure 2.2C). CB1 receptor 

expression colocalized with OSN specific antibody olfactory marker protein (OMP) in the 

neuronal layer of the OE (Figure 2.2D). CB1 immunoreactivity was also present in 

MASH-1 positive GBCs (Figure 2.2E), suggesting that CB1 receptor action could 

influence basal cell proliferation in the mouse OE. CB1 receptor protein was also 

expressed in non-neuronal cell populations in the apical layer; including sustentacular 

cells marked by P75 and CK18 antibodies (Figure 2.2F-G) and the IP3R3–expressing 

subpopulation of microvillous cells (Figure 2.2H). Notably, the distribution of CB1 

receptors was not uniform through the layers of OE tissue. CB1 receptor-IR is found 

more frequently on the processes of OSNs and on the cytoplasmic extensions of 

sustentacular cells, rather than on the cell bodies. These are the first data to indicate 

the presence of CB receptors in the mouse OE. 

Endocannabinoid 2-AG is present in the mouse OE 

 Two main endocannabinoid ligands have been previously described in the 

central nervous system and olfactory systems. AEA, is present in pmol levels in the 

rodent brain, while 2-AG, is detected in nmol levels in the rodent brain, and pmol levels 

within the murine OB and Xenopus laevis larval OE (Breunig et al., 2010b; Buczynski 

and Parsons, 2010; Soria-Gomez et al., 2014). Lipid extracts of endocannabinoids 2-AG 

and AEA were quantified in the mouse OE (Table 2). 
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Table 2.  Levels of endocannabinoids and select analogs in mouse olfactory 

wildtype and CB1/CB2 receptor KO turbinate tissue. 



 

Figure 2.3  2-AG synthetic and degradative enzyme expression in the adult mouse 

OE. (A) Hydrolytic endocannabinoid enzyme monoacylglycerol lipase (MAGL) is 

distributed throughout the OE. Scale bar = 10µm. Dashed white lines indicate basement 

membrane. (B) Western blot images from C57 olfactory turbinate tissue showing 2-AG 

synthetic enzyme DAGLα and 2-AG degradative enzyme MAGL and constitutively.
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High physiological levels of 2-AG were present in both C57 wildtype mice and CB1/CB2 

receptor KO mice, although no detectable levels of AEA were present in either tissue. 

Mouse OE 2-AG levels were measured in the nmol range, while tadpole OE levels were 

measured at pmol levels (Breunig et al., 2010b). Additionally, 2-AG congener 2-

oleoylglycerol (2-OG), and AEA congeners N-Palmitoyl ethanolamide (PEA) and N-

Oleoyl ethanolamide (OEA), endogenous lipid signaling molecules proposed as 

members of the endocannabinoid family, were detected. The metabolic enzymes 

involved in the synthesis and degradation of 2-AG were examined next. 2-AG synthesis 

enzyme DAGLα protein was present in the mouse OE (Figure 2.3B). Similarly, the 2-AG 

metabolic enzyme MAGL was present and distributed throughout the mouse OE with 

notable immunoreactivity apically, possible in the knobs of OSNs (Figure 2.3A). These 

data conclusively show that 2-AG is synthesized, present at physiological condition, and 

degraded within the mouse OE. 

CB receptors respond to WIN55212-2 stimulation 

 The above data suggest the presence of an endocannabinoid system in the 

mouse. Calcium imaging was performed to further investigate if the receptors are 

functional. The synthetic aminoalkylindole, WIN55,212-2 (5 μM, WIN), was applied to a 

neonatal mouse OE slice preparation loaded with the fluorescent calcium indicator dye 

Fluo-4 AM. Multiple successive applications of 5 μM WIN produced reproducible 

increases in intracellular calcium (Fig 2.4), however, only 17% of collective WIN-

responsive cells (161/929 cells from 36 slices) responded to 3 successive WIN 

applications. Cells that only responded once or twice to WIN application were not 

included in the data set. 
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Figure 2.4  WIN-evoked calcium transients in the mouse OE. Changes in 

intracellular calcium from a single cell following three applications of 5 μM WIN 55212-2 

(WIN), 5 µM WIN enantiomer, or control Ringer’s application. Note the reproducible 

responses to WIN and absence of a response from the enantiomer and control Ringers 

solution. ▲indicates time of drug superfusion. In this figure and all subsequent figures, 

breaks in traces correspond to 5 minutes period when images were not collected. 



 

Figure 2.5  WIN induces calcium transients in olfactory sensory neurons. (A) 

Representative image of fluo-4AM loaded neonatal slice with ATP-responsive cells 

highlighted in red. (B) Representative calcium transient traces from one cell superfused 

with synthetic non-specific agonist 5 μM WIN followed by 10µM ATP. ▲indicates time of 

superfusion. (C) Pie chart depicting response profile of WIN responsive cells that also 

respond to ATP, odorants, or WIN alone. 
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Figure 2.6  WIN induces calcium transients in non-neuronal cells. (A) 

Representative image of fluo-4AM loaded neonatal slice with odorant-responsive cells 

highlighted in red. (B) Representative calcium transient traces from two cells superfused 

with synthetic non-specific agonist WIN (5 μM) followed by a cocktail of odorants. 

▲indicates time of superfusion. (C) Pie chart depicting response profile of WIN 

responsive cells that also respond to ATP, odorants, or WIN alone.



 

Figure 2.7  CB1 receptor activation induces calcium transients in mouse OE. Fluo-

4AM loaded neonatal slices were superfused with WIN, then the bath solution was 

switch to contain (5µM) AM251 for 5 minutes before a second WIN application in the 

presence of AM251 was performed. Recovery involved 5 minute washout with Ringers 

alone before a third application of WIN. (A) Representative WIN-evoked calcium 

transients inhibited by superfusion of CB1 receptor specific antagonist AM251. 

▲indicates time of WIN superfusion. (B) Bar graph depicting the normalized peak 

amplitudes of WIN-induced calcium transients in the presence or absence of AM251. 

AM251 significantly and reversibly reduced the WIN-evoked calcium transients (* 

p<0.05 vs. recovery; Student’s t-test; n=27 regions of interest, 8 slices from 5 litters).
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The majority of WIN positive cells did not respond to the inactive WIN enantiomer, WIN 

55212-3 (10µM; Figure 2.4). This lack of response was not due to linear run-down or 

slice preparation deteriorization since no response was seen with WIN enantiomer 

when given before CB agonist application. Application of the enantiomer WIN 55212-3 

led to calcium changes in a small percentage of cells (7.5%; 28/374 cells from13 slices) 

that were also responsive to WIN, suggesting some cells respond to either 

stereoisomer, however, the percentage of cells that responded to the enantiomer was 

less than the percentage of WIN-responsive cells that also responded to Ringer’s 

(control) application (68/781cells from 34 slices). This observation likely reflects a small 

number of cells that respond to mechanical stimulation or exhibit spontaneous changes 

in calcium (Furuya et al., 1993). Next, to determine which cell types were responsive to 

WIN application, cell morphology, localization, and responsiveness to other stimuli were 

used as indicators. OSNs were responsive to a mixture of odorants and had a cell soma 

in the middle of the epithelium, while non-neuronal cells (sustentacular cells or 

microvillous cells) had cell somas located in the upper 1/3 of the epithelium and were 

responsive to ATP, but not odorants (Figure 2.5A). Using these parameters, 60% of 

WIN-responsive cells also responded to ATP (Figure 2.5C; 732/1223 cells from 46 

slices), while 21% responded to the odorant mixture (Figure 2.6C; 256/1223 cells from 

46 slices). Previous data suggest that WIN-responsive cells signal through CB1 

receptors; therefore, the CB1 receptor specific antagonist AM251 (5 µM) was used to 

determine the CB receptor identity. AM251 was superfused over OE slices for 5 minutes 

prior to and during WIN application. AM251 significantly reduced the WIN-induced 

response by 30% (0.7±0.09 vs. 0.9 ± 0.03; p<0.05) of the initial WIN calcium transient 
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peak (Figure 2.7, 27 cells from 4 slices; p< 0.05). AM251 did not induce calcium 

transients when applied to OE tissue alone (data not shown). These data indicate that 

CB1 receptors are functional in the mouse OE. 

 

Discussion 

 This chapter identifies a functional endocannabinoid system in the mouse OE for 

the first time. Previous studies have found an endocannabinoid system in the rodent OB 

(Wang et al., 2012) and the tadpole OE (Czesnik et al., 2007). This chapter extends that 

knowledge to the mouse OE, with the identification of both CB1 and CB2 receptor 

mRNA and protein. Furthermore, previous studies have only focused on a neuronal 

population of CB1 receptors, whereas here, the distribution of CB1 receptors has been 

identified in both neuronal and non-neuronal cells in the mouse OE. An in house 

prepared CB1 receptor antibody in the Mackie laboratory at Indiana University was used 

for all CB1 receptor IHC studies due to its superior specificity compared to commercially 

available antibodies. The current primary CB1 receptor antibody is a rabbit polyclonal 

antibody raised against the last 15 amino acids of the C-terminus of the CB1 receptor 

(Carey et al., 2010). Previous antibody controls have been conducted (Nyiri et al., 2005) 

demonstrating the specificity by showing the lack of immunostaining in the hippocampus 

and neocortex (Bodor et al., 2005; Hajos et al., 2000) of CB1 receptor KO mice (Ledent 

et al., 1999). CB1 receptors identified on mouse OSNs could be exhibiting 

neuromodulatory effects upon odor stimulation. As seen in the tadpole, CB1 receptor 

antagonists decrease the amplitude of odor-evoked calcium traces and increase the 

latency to activation (Czesnik et al., 2007). CB1 receptors located on mouse GBCs 
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could be involved in proliferation signaling, since the endocannabinoid system 

influences proliferation and neurogenesis in adult neurogenic regions of the CNS 

(Aguado et al., 2006; Compagnucci et al., 2013). Unfortunately, HBC co-localization 

with the CB1 receptor was unable to be performed despite attempting several IHC 

techniques, because the antibodies were raised in the same species for both CB1 and 

horizontal basal cell antibodies. CB1 receptor activation on non-neuronal cells could be 

involved in homeostatic regulation since sustentacular cells are capable of complex 

signaling pathways and function as glial cells that provide physiological and metabolic 

support to the OE (Hegg et al., 2009; Rodriguez et al., 2008). 

 Endogenous cannabinoid signaling in the mouse OE is possible through 2-AG 

given its synthetic enzyme DAGLα and degradative enzyme MAGL are both present. In 

the tadpole, 2-AG is synthesized by DAGLα in sustentacular cells and DAGLβ isoform 

in OSNs (Breunig et al., 2010a). Additionally, 2-AG is detected at high physiological 

levels in the mouse OE, over, 1,000 times the amount reported in the rodent OB and 

tadpole OE. 2-AG levels were similar between C57 wildtype and CB1/CB2 receptor KO 

mice, suggesting CB receptor availability does not influence endocannabinoid 

production. Few other rodent brain areas express such robust physiological 

endocannabinoid levels. Some regions that do express a high quantity of 

endocannabinoid include the cerebellum (Bisogno et al., 1999; Bortolato et al., 2007), 

hypothalamus (Gonzalez et al., 2004; Rubio et al., 2007), frontal cortex (Richardson et 

al., 2007), and hippocampus (Bisogno et al., 1999; Di Marzo and Petrosino, 2007; 

Richardson et al., 2007). Such high levels of physiological 2-AG could suggest a role for 

homeostatic signaling or tonic release of endocannabinoids in addition to activity 
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dependent synthesis. Calcium imaging studies done in the tadpole OE suggest a tonic 

release of cannabinergic substances as well (Czesnik et al., 2006), however, increases 

in 2-AG could result from experimental conditions, as phospholipid metabolites are 

known to rise within 15 seconds postmortem in rat brain tissue (Sugiura et al., 

2001).This rapid increase in endocannabinoids, likely caused by postischemic rises in 

the concentrations of free calcium (Kempe et al., 1996), may confuse quantitative 

analysis unless appropriate precautions are taken to prevent it. OE tissue was frozen 

within 30 seconds of decapitation, therefore it is possible postmortem ischemic lipid 

breakdown was detected (Bazan, 1970), however, no detectable levels of AEA were 

present in mouse OE tissue, which is also subject to postmortem increases in synthesis 

even though small quantities of AEA are found in both rodent OB and tadpole OE, 

Therefore, 2-AG levels measured in the mouse OE are within a reasonably accurate 

range. 

 Endocannabinoids have low stability in solution, are easily oxidized when 

exposed to air, and hydrolyze rapidly in vivo (Mechoulam et al., 1998). Therefore the 

synthetic cannabinoid WIN 55212-2 (WIN) was used during experiments in this 

dissertation. WIN is an aminoalkylindole derivative, which produces effects similar to 

THC and endocannabinoids, but has a different chemical structure (Compton et al., 

1992). WIN is a full agonist for the CB1 receptor with a higher affinity than THC (Kuster 

et al., 1993). WIN does not activate cannabinoid-like GPCRs, GPR55 or GPR18 

(McHugh et al., 2010; Ryberg et al., 2007), but can bind to PPARs (Fakhfouri et al., 

2012). The concentration of WIN used in the following experiments is within the range 

whereby WIN can inhibit TRPV1 channels, which are present in the mouse OE (Wang 
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et al., 2012). The concentration of WIN was based on an effective concentration seen to 

increase intracellular calcium in hippocampal neuron cultures (Lauckner et al., 2005). 

Usable WIN concentrations were limited by its solubility in Ringer’s solution, since 

increasing DMSO concentrations to approximately 5% are not viable for calcium 

imaging. 

 To determine if CB receptors present in the mouse OE were functional, calcium 

imaging experiments were performed. In an acute slice preparation of the mouse OE, 

WIN agonist was able to reproducibly evoke calcium transients that were not seen with 

the stereoisomer WIN 55212-3. Furthermore, WIN-evoked calcium transients were seen 

in a population of OSNs that also responded to odorants, as previously found in the 

tadpole OE (Czesnik et al., 2006), however, in the mouse OE, WIN-evoked calcium 

transients were also seen in a population of non-neuronal cells. Unfortunately, calcium 

imaging of basal cells is not possible with our current preparation, perhaps due to 

insufficient fluo-4 loading. Therefore, functional CB receptors were identified in both 

sustentacular and OSNs supporting previous identification by immunohistochemistry. 

 CB1 receptors are partially responsible for WIN-induced calcium transient seen 

in the mouse OE. CB1 receptor specific antagonist AM251 reduced WIN-evoked 

calcium transients by 30% in a population of cells. Individual ROIs showed a range of 

calcium inhibition after WIN stimulation, similar to that seen in odor-evoked calcium 

transients in the tadpole OE (Czesnik et al., 2006). However, calcium transients were 

not completely blocked, suggesting possible off target effects of WIN. CB2 receptor 

mRNA and protein is present in the mouse OE. Therefore WIN, a CB1 CB2 receptor 

agonist, could also activate CB2 receptors. Additionally, although WIN does not act on 
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TRPV1 receptors directly (Price et al., 2004), TRPV1 receptors can be 

dephosphorylated via WIN-mediated TRPA1 activation in trigeminal sensory neurons 

(Jeske et al., 2006), all of which are present in the mouse OE (data not shown). 

Pharmacological agents could be used to further investigate the signaling pathway of 

WIN-induced calcium transients. For example, pertussis toxin treatment will identify if 

cannabinoid signaling is through Gi/o GPCRs, and CB2 receptor antagonist SR 144528 

will identify involvement of CB2 receptors. Only one concentration of AM251 was used 

in the above studies. It was based on the effective concentration used to modulate odor-

evoked calcium transients in the tadpole OE (Czesnik et al., 2006). Again, the 

concentration of AM251 was limited by its solubility in physiological Ringer’s solution, as 

increasing DMSO concentrations damage the live slice to an extent that calcium 

imaging cannot be performed. Additionally, the duration of AM251 in the bath solution 

may not have been sufficient to inhibit all available CB1 receptors in the mouse OE. 

Although wash-out of AM251 can cause complete recovery of the WIN-evoked calcium 

transient, not all cells recovered from AM251 inhibition. Recovery was only seen in 

about 30% of the cells that responded to the first application of WIN (32/108 cells). 

Increasing the wash-out duration might increase the number of recovered cells; 

however, previous experiments that increased the washout periods did not help calcium 

transient recovery (Hegg et al., 2009). A CB receptor agonist was applied in the bath 

solution to improve odorant-induced recovery after cannabinoid antagonism in the 

tadpoles OE (Czesnik et al., 2006); however, this is also unlikely to improve recovery in 

our model since we are not measuring cannabinoid effects on odorant responses. It is 
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possible that the observed recovery rate is a reflection of the inconsistent reproducibility 

of responses to multiple WIN applications within the same region of interest. 

 CB receptors are GPCRs that primarily recruit Gi/o proteins that do not directly 

lead to calcium mobilization, but rather an inhibition of adenylyl cyclase and a decrease 

in cAMP. Data in this chapter demonstrating increases in intracellular calcium, thus, are 

interesting. However, other groups have reported instances in which CB1 receptor 

activation increases intracellular calcium (Filipeanu et al., 1997; Lograno and Romano, 

2004; Netzeband et al., 1999; Sugiura et al., 1997). Generally, these studies reported a 

modest increase in calcium mediated by pertussis toxin sensitive Gi/o and βγ acting via 

PLC to release calcium from intracellular stores. The involvement of the phospholipase 

C pathway is typically associated with Gq proteins (Exton, 1996). However, the βγ 

subunit of Gi/o proteins do activate phospholipase C (Exton, 1996) in some cases, 

providing a pathway by which Gi/o-coupled receptors such as the cannabinoid receptors 

could enhance intracellular calcium levels. In addition to the possibility of non-CB 

receptor activation, WIN-evoked calcium transients could also be through CB1 receptor 

recruitment of alternative G proteins coupled to different effector systems. The coupling 

of CB1 receptors to other alpha subunits has been observed previously and is agonist- 

tissue- and brain region-specific. Indeed, WIN can stimulate Gq G proteins and 

consequently induce calcium efflux from intracellular stores in hippocampal cultures and 

in CB1 receptor transfected cells (Lauckner et al., 2005).One possibility is that CB1 

receptors could exist in several active states and the relative ratio of each is a function 

of the ligand. Therefore, WIN may stabilize a conformation of CB1 that couples more 

readily to Gq/11 (Lauckner et al., 2005). CB1 receptors also couple to Gs proteins under 
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conditions in which Gi/o proteins are saturated (Glass and Felder, 1997) and dependent 

on the agonist used (Bonhaus et al., 1998). For example, WIN specifically induces an 

alternative conformation change in the CB1 receptor than do other agonists which 

allows recognition of different G proteins (Glass and Northup, 1999). For example, at 

high concentrations WIN can stimulate cAMP accumulation in a slice preparation of rat 

globus pallidus, which can be inhibited with a CB1 receptor antagonist (Maneuf and 

Brotchie, 1997). However, the concentration of WIN used to induce cAMP production is 

20 fold higher than that used in my experiments. No conclusions can be made as to 

which signaling pathway is activated during WIN-induced calcium transient in the mouse 

OE. Further experiments are needed to identify which pathways are involved, starting 

with testing pertussis toxin sensitivity of CB1 receptors to determine G-protein specific 

coupling. Coupling to alternative GPCRs could account for the limited number of cells 

that responded to 3 consecutive applications of WIN. Collectively, these data indicate 

that CB1 receptor-mediated effects can greatly differ, depending on the type of agonist 

used length of stimulation used and tissue. 

 

Conclusion 

 Previous studies have demonstrated the presence of a cannabinoid system in 

the tadpole OE (Czesnik et al., 2007), and the rodent OB (Soria-Gomez et al., 2014). 

The above studies provide the first identification of a functional cannabinoid system in 

the mouse OE. Based on the distribution of CB1 receptors on multiple cell types and the 

high unstimulated levels of 2-AG, it is most likely that functional consequences of 

endocannabinoid signaling result from 2-AG activation at CB1 receptors in the mouse 
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OE. Due to the differential G-protein coupling of CB receptors, future studies involving 

the signaling pathways of CB receptor activation are warranted. Additionally, future 

studies investigating the endocannabinoid synthesizing capabilities of individual cell 

types are needed to pinpoint a stimulus-based mechanism for endocannabinoid 

production in the mouse OE.



 

Chapter 3: Examination of OE morphology and olfactory-mediated behaviors in 

CB1/CB2 receptor KO mice. 

 

Introduction 

Cannabinoid receptors 

 Endocannabinoid ligands, together with their molecular targets and metabolic 

enzymes, form the endocannabinoid system (Figure 1.2). The main receptor targets for 

both exogenous and endogenous cannabinoids are CB1 and CB2 G protein-coupled 

receptors (Di Marzo and De Petrocellis, 2012; Pertwee, 2009, 2012). CB1 receptors are 

widely expressed in the nervous system and are localized on axon terminals of central 

and peripheral neurons. CB1 receptors are involved in retrograde signaling, inhibiting 

both excitatory and inhibitory neurotransmission and modulation of cognitive, memory, 

and motor functions (Bari et al., 2005; Maccarrone, 2008b; Yu et al., 2010). Centrally, 

long and short term CB1-mediated neurotransmitter inhibition relies on Gβγ subunit 

inhibition of voltage sensitive calcium channels (Wilson et al., 2001). CB2 receptors are 

predominately expressed in immune cells and are commonly associated with the 

regulation of various immune functions (Cencioni et al., 2010; Pandey et al., 2009). 

Recent studies have localized CB2 receptors in the brainstem (Izzo et al., 2009; Van 

Sickle et al., 2005), activated microglia and astrocytes (Ehrhart et al., 2005; Ramirez et 

al., 2005; Shoemaker et al., 2007), and in certain neuronal populations after injury. 

These findings expand the presence of CB2 receptors centrally with functional 

implications during chronic inflammation of the nervous system (Guindon and 

Hohmann, 2008; Gutierrez-Martin et al., 2011). CB1 and CB2 receptors usually couple 
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to Gi/o proteins and trigger the canonical signaling pathway of inhibition of adenylyl 

cyclase activity and reduction of cAMP levels (Castillo et al., 2012). Under certain 

conditions (GPCR protein availability, dimerization with other GPCRs, or particular cell 

environments) CB1 receptors may recruit Gq/11 or Gs proteins leading to alternative 

signaling cascades (Pertwee et al., 2010). Both CB receptors regulate various protein 

kinase cascades involved in cell proliferation and survival, thus functionally affecting 

progenitor cell proliferation and cell fate decisions (Galve-Roperh et al., 2013). 

Cannabinoid receptor-deficient mice 

 Within this chapter, I utilize a genetic mouse model in which both CB1 and CB2 

receptors are omitted. In the CB1 receptor KO mouse, most of the CB1 coding 

sequence was replaced with a PGK-neo, in which a hybrid gene consisting of the 

phosphoglycerate kinase 1 promoter drives the neomycin phosphotransferase gene, 

through homologous recombination in the embryonic stem cells between amino acids 

32 and 448 (Zimmer et al., 1999). The Cnr1 gene cytoplasmic domain is from amino 

acid 401- 473 leaving the CB1 receptor KO mouse with a truncated c-terminus domain. 

Unfortunately, the CB1 receptor antibody used in this thesis targets the last 15 amino 

acids of the Cnr1 C-terminus, therefore overlapping with a non-deleted sequence in the 

CB1/CB2 receptor KO mouse. Therefore, CB1 receptor antibody specificity is unable to 

be confirmed using the CB1/CB2 receptor KO mouse. CB1 receptor KO mice appeared 

healthy, fertile, and maintained normal body weight, yet exhibit a higher number of 

spontaneous deaths occurring over the first 2 years of life (Zimmer et al., 1999). 

However, few if any spontaneous deaths occurred after 6-8 weeks of age, which is the 

chosen age of mice for the experiments performed in this dissertation. Four behavioral 
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tests commonly used to assess cannabinoid effects in rodents were tested in CB1 

receptor KO mice including hypothermia, spontaneous activity in the open field, 

catalepsy in the ring test, and nociceptive responses (Martin et al., 1991). CB1 receptor 

KO mice exhibited no change in body temperature, but increased immobility in the 

catalepsy test, hypoactivity in the open field test, and hyoalgesia (Ledent et al., 1999; 

Zimmer et al., 1999). Additionally, in the CB2 receptor KO mouse model no changes in 

body temperature or immobility were detected between C57 wildtype and CB2 receptor 

KO mice (Buckley et al., 2000). Additional functional consequences of CB1 receptor KO 

mice include an increased sensitivity to the harmful effects of ischemia, excitotoxic, and 

oxidative injury (Kim et al., 2006). CB1 receptor KO mice also exhibit a resistance 

towards obesity when given an obesity-prone diet, suggesting that CB1 receptors are 

implicated in feeding control and peripheral metabolic regulations (Ravinet Trillou et al., 

2004). 

Endocannabinoid signaling regulates progenitor cell fate during developmental and in 

adulthood 

 Endocannabinoid signaling is present and helps to regulate progenitor cell fate in 

the nervous system and in the periphery both developmentally and during adulthood. 

Endocannabinoids regulate hematopoietic and mesenchymal stem cells that play a key 

role in determining the formation of several cell types in peripheral tissues, including 

blood cells, adipocytes, osteoblasts, and epithelial cells. In the early stages of 

development, a functional endocannabinoid system has been identified in both 

embryonic stem cells and multipotent progenitor cells (Bari et al., 2011; Maccarrone, 

2008a; Paria and Dey, 2000). CB1 receptors are expressed in neuroepithelial progenitor 
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cells from early embryonic stages, and their levels increase through neural 

differentiation. Endocannabinoid signaling, likely through CB1 receptors, is involved in 

cell fate determination of embryonic stem cells (Jiang et al., 2007; Nones et al., 2010). 

CB2 receptors, normally absent in neurons, are functionally active in undifferentiated 

neural cells and may participate, along with CB1 receptors, in the regulation of neural 

progenitor cell fate decisions including cell proliferation, cell cycle maintenance 

(Goncalves et al., 2008; Palazuelos et al., 2006). Overall, at early embryonic states CB 

receptors contribute to normal embryo growth and control of stem cell populations 

(Wang et al., 2004). 

 Loss of CB1 receptor signaling leads to a decrease in progenitor cell numbers 

and/or a loss of progenitor cell function. In the developing mammalian cortex, neural 

progenitor cells are distributed in the ventricular and SVZ, and are identified by their 

selective expression of the transcription factors Pax6 and Tbr2 (Guillemot et al., 2006; 

Osumi et al., 2008). Pax6, a paired domain-containing transcription factor, regulates the 

network of neural stem cell decision-making genes (Englund et al., 2005; Sansom et al., 

2009), while Tbr2 is essential for neuronal amplification and tightly controls the balance 

between neural stem cell renewal and neurogenesis (Guillemot et al., 2006). In CB1 

receptor-deficient mouse embryos, there is a decrease in progenitor cell numbers in 

both Pax6 and Tbr2 cell populations in vivo (Diaz-Alonso et al., 2014). Pax6 and Tbr2 

mRNA levels were also reduced in the absence of CB1 receptors, suggesting that CB1 

receptor signaling regulates embryonic cortical progenitor cell survival in the ventricular 

and SVZ (Diaz-Alonso et al., 2014). In the same animal model, mRNA levels of Sox2, a 

transcription factor essential for neural stem cell proliferation and self-renewal 
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(Guillemot et al., 2006) are also reduced, suggesting that a decrease in progenitor cell 

numbers leads to a decrease in neuronal cell populations in CB1-deficient cells (Diaz-

Alonso et al., 2014). 

 Neurodevelopmental contributions to the regulation of progenitor cell fate can 

induce altered functions of the adult nervous system. For example, unbalanced 

excitatory or inhibitory neurogenesis during development could underlie the higher 

susceptibility to seizures and increased severity seen in CB1 receptor-deficient mice 

(Katona and Freund, 2008). Additionally, embryonic loss of CB1 receptor signaling has 

been shown to exert alterations in adult neuronal differentiation that influence motor 

activity (Diaz-Alonso et al., 2012). Deficits in adult cerebral neuronal numbers in CB1-

receptor deficient mice may be caused by alterations of neural progenitor cell 

proliferation and cell cycle control (Aguado et al., 2005; Mulder et al., 2008). Genetic 

depletion of CB1 receptors leads to an early onset of age-related memory decline, 

affecting both reward and aversion-driven learning (Albayram et al., 2012). In the adult 

nervous system, the endocannabinoid system regulates progenitor stem cells in 

restricted neurogenic areas including the SVZ and dentate gyrus. Progenitor cell 

function is also inhibited in CB receptor-deficient mice. Loss of CB1 receptor signaling 

reduces hippocampal and SVZ proliferation, as well as reduces the self-renewal ability 

of neural progenitor cells in the adult brain (Aguado et al., 2005; Jin et al., 2004). CB 

receptor-mediated regulation of progenitor/stem cell number and fate could have 

functional and behavioral consequence for mice lacking these receptors. 
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Cannabinoids and olfaction 

 The endocannabinoid system has been implicated in several neurological driven 

behaviors including food intake (Di Marzo and Matias, 2005), reinforcing characteristic 

of drugs of abuse (De Vries and Schoffelmeer, 2005), and cognitive processing 

including executive (Marsicano et al., 2002a; Varvel et al., 2005) and memory functions 

(Marsicano et al., 2002b; Takahashi et al., 2005). Olfaction can be defined by olfactory 

threshold, identification of odorants, and discrimination between odorants. Olfactory 

threshold is likely to be influenced by the peripheral OE, while odorant identification and 

discrimination are influenced by the central olfactory structures, the OB and cortex 

(Enwere et al., 2004; Kovacs, 2004). Olfactory threshold can be measured as an index 

of odorant sensitivity (Witt et al., 2009). Functional decline in olfaction could be related 

to changes in the cellular structure of the olfactory system. CB1 receptor activity 

influences neuronal activation, odorant detection, and food intake in fasted mice 

(Breunig et al., 2010b; Soria-Gomez et al., 2014). Neuronal activity in the granule cell 

layer of the OB is regulated by CB1 receptors. A decrease in c-Fos positive cells, a 

marker of neuronal activity, is seen in C57 wildtype but not CB1 receptor-deficient mice 

24 hours after fasting, suggesting that CB1 receptors contribute to the activation of OB 

neurons (Soria-Gomez et al., 2014). CB1 receptor signaling in the main OB alters 

olfactory processing in fasted mice. Using an olfactory behavioral assay, exogenous 

cannabinoids decreased olfactory habituation index, suggesting that CB receptor 

signaling leads to an increase in odorant exploration even after the scent is no longer 

novel (Soria-Gomez et al., 2014). Exogenous cannabinoid stimulation after fasting 

decreases odorant threshold, thereby enhancing odorant detection (Breunig et al., 
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2010b; Soria-Gomez et al., 2014). A behavioral assay scoring exploration time of 

increasing concentrations of an odorant (almond or banana) was used to show 

cannabinoid treatment, either intra-olfactory bulb THC injection or increasing 

endogenous AEA production, increases the exploration time of odorants at 

concentrations 100 fold lower compared to vehicle treated mice (Soria-Gomez et al., 

2014). Additionally, OB CB1-receptor deficient mice displayed a physiological decrease 

in odorant detection threshold under vehicle conditions, suggesting that increased 

odorant detection in a fasted state is CB1 receptor-specific (Soria-Gomez et al., 2014). 

Similarly in the tadpole OE, calcium imaging studies have shown CB receptor signaling 

can increase the odorant sensitivity of OSNs (Breunig et al., 2010b). Odorant threshold 

sensitivity is increased when 2-AG synthetic enzyme DAGL is inhibited 

pharmacologically, suggesting that endogenous OSN odorant sensitivity is mediated by 

the endocannabinoid 2-AG (Breunig et al., 2010b). Mice with a selective CB1-receptor 

deficiency in the granule cell layer of the OB ate less food 24 hours after fasting than 

fasted control mice (Soria-Gomez et al., 2014). After pharmacological manipulation of 

the cannabinoid system, food intake could be increased with exogenous cannabinoids 

and blocked with the CB1 receptor antagonist AM251 in wildtype mice. Therefore, CB1 

receptors influence feeding increases after fasting. Collectively, these data suggest that 

endocannabinoid signaling via CB1 receptors helps link the physiological state of 

hunger to odorant detection thresholds and food intake. 

 Previous research in our lab utilizing a transgenic mice lacking the inositol 

trisphosphate receptor 3 (IP3R3), which regulates the release of NPY from non-

neuronal microvillous cells (Jia et al., 2013), have identified changes in cellular 
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composition, proliferation, and olfactory-mediated behaviors. IP3R3-null mice exhibit a 

decrease in basal cell and immature neuron cell populations starting from 2 months of 

age and lasting throughout adulthood (Jia et al., 2013). The decrease in basal cell 

numbers corresponded with a compromised ability in neuronal differentiation in IP3R3-

null mice. Furthermore, the IP3R3-null mouse showed a limited capacity to proliferate 

after injury, possibly due to a decrease in NPY signaling in the IP3R3-null mice (Jia et 

al., 2013). These data indicate that changes in trophic factor signaling can alter OE 

cellular morphology and the ability to proliferate and recover after injury. Using the same 

animal model, a decrease in mature OSN numbers and proliferation levels was seen in 

aged IP3R3-null mice (unpublished results.) Olfactory-mediated behaviors were also 

compromised in the aged IP3R3-null mice, possibly as a consequence of impaired 

proliferative ability and decreased OSN numbers (unpublished results). Collectively, our 

studies using the IP3R3-null mice have associated a decrease in the proliferative factor 

NPY with altered OE morphology, compromised proliferative ability, and deficits in 

olfaction. 

 The present chapter describes experiments that examine if CB1/CB2 receptor 

KO mice have gross morphological or olfactory-mediated behavioral deficits. Given the 

central hypothesis that the cannabinoid system promotes neurogenesis, CB receptor 

knockout mice may therefore have altered OE cell populations or a decline in olfactory-

mediated behaviors. 
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Methods 

Animals 

 Adult male (6-8 weeks old) C57BL/6 control wildtype mice were obtained from 

Charles River, Portage, MI. CB1/CB2 receptor KO mice were kindly provided by Dr. 

Norbert Kaminski (Michigan State University, MI) who obtained them from Dr. Andreas 

Zimmer (University of Bonn, Germany). The CB1/CB2 receptor KO mice were 

developed through replacement of the CB receptor coding region with non-CB receptor 

DNA using homologous recombination. Subsequently, heterozygote mice were mated 

to obtain the CB1/CB2 receptor KO mice (Jarai et al., 1999). Mice were given food and 

water ad libitum. Animal rooms were kept at 21–24°C and 40–60% relative humidity 

with a 12-h light/dark cycle. All procedures were conducted in accordance with the 

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

approved by Michigan State University Institutional Animal Care and Use Committee. 

Immunohistochemistry 

 Frozen coronal OE tissue sections (20 μm) were rehydrated with PBS, 

permeabilized with 0.01-0.3% triton x-100 and incubated with 10% (v/v) normal donkey 

serum. Tissue sections were incubated with goat anti-OMP (1:1000, Waco Chemicals, 

Richmond, VA), rabbit anti-cytokeratin 5 (CK5; 1:100, Abcam, Cambridge, MA), mouse 

anti-mammalian achaete-scute complex homolog-1 (MASH1; 1:20, BD Pharmingen, 

San Diego, CA), over night at 4 °C. Immunoreactivity was detected by Cy3-conjugated 

donkey anti-goat, mouse or rabbit immunoglobin (1:50 or 1:200, Jackson 

ImmunoResearch Lab, West Grove, PA). The nuclei were counterstained with 

Vectashield mounting medium for fluorescence with DAPI (Vector Laboratory, 
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Burlingame, CA). For detection of CK5 and MASH1, antigen retrieval was performed 

before permeabilization by placing sections in a citrate buffer (pH=6) or HCl (2 M) and 

heating in a microwave oven (700 W) at low power for 2 x 6 minutes and cooling for 20 

minutes. Antibody immunoreactivity was visualized using an Olympus FV1000 confocal 

laser scanning microscope (Pleasant Valley, PA). Antibody specificity was examined by 

omitting the primary antibody or secondary antibody. No immunoreactivity was 

observed in any of the controls. 

 The number of CK5 positive or MASH1 positive in the ectoturbinate 2 and 

endoturbinate II on three consecutive coronal sections of OE was counted by an 

experimenter blinded to the treatments and genotypes (n = 3-6 mice/group). Data were 

normalized to the length of OE on which the immunopositive cells were scored and 

expressed as number per linear millimeter OE. 

 A stereological approach was used to estimate the quantity of OMP positive 

neurons given their large numbers. The percent volume density of OMP positive cells 

was calculated in one coronal section of OE between levels 3 and 4 in each animal 

using STEPanizer® software at www.stepanizer.com (Tschanz et al., 2011). At six 

regions in the ectoturbinate 2, four locations in the endo-turbinate II and one location in 

the septum, a 250x250 µm 144-point overlay was randomly placed (total area analyzed 

= 62500 µm2/location). The volume density of OMP positive cells was determined by 

manual point counting and expressed as the percentage of the ratio of the number of 

test points hitting OMP-immunoreactive OSNs, divided by the total number of points 

hitting the OE. 
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Olfactory behavioral test - Buried food test 

 A trial was administered every other day for 7 days (4 trials total). Wildtype and 

CB1/CB2 receptor KO 6-8 week old male mice (n = 12 mice/group) were fasted 16-18 

hours prior to each trial day. For the first 3 trials, a mouse was first acclimated in a cage 

filled only with fresh wood chip bedding for 5 minutes, transferred to a second cage for 5 

minutes and then to a third cage that contained a piece of sugary cereal that was buried 

beneath the bedding in a randomly selected location. On the 4th trial, the sugary cereal 

was placed on the surface of bedding. The latency to uncovering and eating the buried 

food was measured. Trial 1 measures naïve olfactory-mediated finding, trial 2 and 3 

examine improvement based on positive reinforcement received in the previous trials 

and indicate olfactory-mediated learning and memory, while trial 4 with visible cereal is 

used to assess locomotor activity. Only mice that could find the buried food within 5 

minutes and eat the food were included in the data analysis. The average improvement 

factor was calculated as ∑(T1/T3)/n (Le Pichon et al., 2009). 

Olfactory behavioral test - Habituation/dishabituation 

 The habituation/dishabituation test was performed and analyzed as described 

previously (Le Pichon et al., 2009). Briefly, wildtype and CB1/CB2 receptor KO male 

mice (n = 11-16 mice/group) were acclimated in the test cage for 30 minutes with a 

clean dry cotton applicator inserted through the hole on the cage lid prior to the 

beginning of trials to reduce novelty-induced exploratory activity during the subsequent 

trials. Distilled water (100 µl), peppermint extract or almond extract (100 µl of 1:100 with 

distilled water, McCormick & Co., Hunt Valley, MD) was applied to a cotton applicator 

and inserted through the hole on the cage lid. For each trial an odorant was delivered 
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for 2 minutes with a 30 second delay before the next trial began. The testing consisted 

of 3 trials of distilled water, 3 trials of peppermint, then 3 trials of almond. Investigation 

was defined as active sniffing within a 1 cm radius of the cotton applicator with the snout 

oriented towards the applicator. The cumulative investigation time during the 2 minutes 

odorant presentation was recorded by a single observer blind to genotypes. 

Investigation time for trial 1 was calculated for each animal as ∑[(Trial 1distilled water + 

Trial 1peppermint+Trial 1almond)]/3. Odorant habituation was assessed by analyzing 

the investigation times of repeated exposure to the same odorant. The habituation index 

for each animal was calculated as ∑[(Trial 3 distilled water)+(Trial 3 peppermint)+(Trial 

3 almond)]/3. The cross-habituation index for each animal was calculated as ∑[Trial 1 

peppermint-Trial 3 distilled water)+(Trial 1 almond-Trial 3 peppermint)]/2. 

Statistical analysis 

 Student’s t-test, and one-way ANOVA followed by the Bonferroni multiple 

comparison test was performed using Prism 5 (Graphpad Software, San Diego, CA). 

Two-way ANOVA or repeated-measures two-way ANOVA was performed followed by 

the Newman-Keul post hoc test using GB-Stat v9.0 (Dynamic Microsystems, Inc., Silver 

Spring, MD). 

 

Results 

OE tissue composition in CB1/CB2 receptor KO mice 

 A change in endocannabinoid signaling could alter the microenvironment and 

ultimately affect the behavior and function of basal progenitor cells. First, to determine if  
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Figure 3.1  Decreased OE thickness in CB1/CB2 receptor KO adult mice. (A) 

Representative sagittal cross section of mouse OE tissue indicating the locations of 

endoturbinates II (II), ectoturbinates 2 (2), and septum (s). White boxes indicate regions 

where thickness was measured. (B) Olfactory marker protein immunoreactivity (OMP; 

red) depicts the thickness of OE cell layers. Background auto fluorescence (green) is 

used to help visualize OE boarders. Thin dashed lines delineate basal lamina and thick 

dashed lines boarder the OMP cell layer. Scale bars = 10 μm. (C) Total OE and basal 

layer thickness is decreased in CB1/CB2 receptor KO mice. (* p<0.05 vs. respective 

control in wildtype; student’s t-test for layer; n = 12 sections from 4 mice).



 

CB1/CB2 receptor KO mice exhibit gross OE morphological changes, the thickness of 

OE cell layers were measured. OSNs were labeled with olfactory marker protein (OMP) 

to distinguish between the pseudostratified layers of the OE. The height above the 

neuronal layer is classified as the apical layer, the OMP positive layer is the middle or 

neuronal layer, and the width below OMP positive cells to the basement membrane is 

deemed the basal layer (Figure 3.1B). The thickness of several OE regions was 

measured including one region from the septum, and ten regions from the turbinates 

(ectoturbinate 2 and endoturbinate II) (Figure 3.1A). CB1/CB2 receptor KO mice 

showed a decrease in basal cell thickness, which was reflected in a decrease in total 

OE thickness (Figure 3.1C; p< 0.05). 
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 To further investigate any morphological changes in the CB1/CB2 receptor KO 

mice, the complement of cells in the OE of adult C57 wildtype and CB1/CB2 receptor 

KO mice was examined. Compared to C57 wildtype mice, the number of cells 

expressing cytokeratin 5 (CK5), located in horizontal basal cells and MASH1, a 

proneural transcription factor expressed in a subpopulation of global basal cells, was 

significantly reduced in the OE of CB1/CB2 receptor KO mice compared to wildtype 

(p<0.05, Figure 3.2, Table 3). This indicates that in the CB1/CB2 receptor KO mice, 

there are fewer progenitor cells, although horizontal basal cell numbers were only 

decreased 23% and GBC numbers were decreased 26%. However, this decrease in 

basal cell numbers could be sufficient to induce changes in differentiated cell 

populations in the OE of CB1/CB2 receptor KO mice. Indeed, the number of OMP 

positive mature OSNs in CB1/CB2 receptor KO mice was significantly decreased (p< 

0.05, Figure 3.3, Table 3). This suggests that the pool of progenitor cells in the  
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Figure 3.2  CB1/CB2 receptor KO mice have fewer basal cells in the OE. (A) The 

number of cytokeratin 5 (CK5) positive horizontal basal cells is reduced in CB1/CB2 

receptor KO OE. (B) The number of proneural transcription factor MASH1 positive 

globose basal cells is reduced in CB1/CB2 receptor KO OE. (C) Representative 

immunoreactivity to cellular markers in adult C57BL/6 wildtype (WT) and CB1/CB1 

receptor KO mice. (* p<0.05 vs. respective C57 wildtype control; Student’s t-test for 

each cell marker; n = 12 sections from 4 mice). DAPI (blue) demarcates the nuclei. 

Dashed white lines indicate basement membrane. Arrows indicate positive 

immunoreactivity. Scale bar = 10 µm.



 

Figure 3.3  CB1/CB2 receptor KO adult mice have fewer mature olfactory sensory 

neurons in the OE. (A) The number of olfactory marker protein (OMP) positive neurons 

in the OE of CB1/CB2 receptor KO mice is less than C57BL/6 wildtype (WT) adult mice 

(p < 0.05; Student’s t-test; n = 12 sections from 4 mice.) (B) Representative 

immunoreactivity to mature neuronal marker, OMP. Dashed white lines indicate 

basement membrane. Arrows indicate positive immunoreactivity. Scale bar = 10 µm.
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Table 3.  Basal cell counts and OMP density numbers in wildtype and CB1/CB2 

receptor KO mice 

Data are expressed as the average number of cells ± S.E.M. * p <0.01; Student’s t-test 
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CB1/CB2 receptor KO mouse is not sufficient to maintain the number of mature 

neurons. Similar to the significant albeit slight decrease in basal cell numbers, CB1/CB2 

receptor KO mice only exhibited a 16% decrease in OMP-positive cells compared to 

wildtype. Collectively, these data indicate that a significant decrease in progenitor cell 

numbers leads to impaired differentiation and subsequent decrease in mature OSNs in 

the OE of CB1/CB2 receptor KO mice. 

Olfactory function in CB1/CB2 receptor KO mice 

 To determine if the decreases in basal cell and mature OSN numbers seen in 

CB1/CB2 receptor KO mice lead to impaired olfaction, two olfactory-mediated 

behavioral tests were performed. In the buried food test, the latency to find a piece of 

buried food was measured over 3 trials in fasted untreated C57 wildtype and CB1/CB2 

receptor KO mice (Figure 3.4). The first trial measures the ability to smell via naïve 

olfactory-mediated detection, while the subsequent trials are a measure of olfactory-

mediated learning and memory by assessing the ability to improve based on positive 

reinforcement from previous trials (Le Pichon et al., 2009). 

 CB1/CB2 receptor KO mice exhibited a significant increase in the latency of trial 

1, used to measure naïve olfactory-mediated investigation, compared to C57BL/6 

wildtype mice (p<0.05; Figure 3.4A). However, CB1/CB2 receptor KO mice exhibited a 

significant increase in the latency to approach a piece of visible food (p<0.05; Figure 

3.4B), indicating that the increased latency in trial 1 times in CB1/CB2 receptor KO mice 

could either be due to a deficit in olfaction or an overall decrease in mobility. Indeed, a 

hallmark of CB1 receptor KO mice is decreased locomotion resulting from the high  
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density of CB receptors in the basal ganglia and cerebellar cortex (Elphick and 

Egertova, 2001; Zimmer et al., 1999). Due to the global knockout of CB1/CB2 receptors 

in our genetic mouse model, it is possible that higher processing centers of olfactory 

information are also compromised. The average improvement factor was calculated as 

the ratio of trial 1 to trial 3 latencies, an indicator of olfactory-mediated learning and 

memory. No change in improvement factor is seen in CB1/CB2 receptor KO mice, 

indicating that CB receptor deficiency does not impair olfactory learning and memory 

(Figure 3.4C). Overall, the analysis of the latency to find buried food using a repeated 

measures two-way ANOVA showed that there were significant overall effects of 

repeated measure trials (F(2,22) = 7.52, p< 0.0016) as well as a genotype effect (F(1,23) = 

8.50, p = 0.008), but no interaction between these measures. The significant overall 

effect on repeated measures suggests that the ability to find buried food in both C57 

wildtype and CB1/CB2 receptor KO mice was improved due to the positive 

reinforcement of repetition as all mice have a reduced latency in trials 2 and 3. 

 To further investigate if CB receptor signaling alters olfactory-mediated 

behaviors, a more sensitive behavioral assay was performed. The olfactory 

habituation/dishabituation test relies on the natural tendency to investigate novel smells 

and is used to examine the ability to detect and differentiate between different odorants 

(Sundberg et al., 1982; Yang and Crawley, 2009). Generally, mice spend more time on 

a novel odorant and less time on a previously investigated odorant. This test eliminates 

the factors associated with traditional operant odorant discrimination tests, such as 

cognitive or learning-dependent training, nutritional deprivation, and sensorimotor 

control, and is therefore used as a test of spontaneous odorant discrimination (Linster et 
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al., 2002; Wesson et al., 2008). The habituation/dishabituation test includes the 

measurement of novel odorant investigation in the first trial, odorant habituation by 

exposure to the same odorant, and odorant dishabituation by exposure to a new 

odorant. Novel odorant investigation was measured by combining the investigation 

times of the first trial for each odorant (water1, peppermint1, almond1) in CB1/CB2 

receptor KO and C57 wildtype mice (Figure 3.5B). The pooled investigation times of trial 

1 were similar between C57 wildtype and CB1/CB2 receptor KO mice, indicating no 

deficiency in novel odorant investigation (Figure 3.5B). We next assessed odorant 

habituation over repeated odorant exposures. All mice showed decreases in 

investigation times in trials 2 and 3 (Figure 3.5A; habituation) and an increase in 

investigation times with novel odorant presentation, trial 1 (Figure 3.5A; dishabituation). 

There were no significant differences in the habituation index among ages (Figure 

3.5C), indicating that all mice have a similar ability to habituate to repeated odorant 

exposure. The ability to discriminate odorants was assessed using the cross-habituation 

index, and no genotype differences were observed indicating the ability of CB1/CB2 

receptor KO mice to discriminate between different odorants (Figure 3.5D). Two-way 

ANOVA revealed no significant effect of genotype (F(1,36 ) = 3.68, p < 0.0632), but a 

significant main effect of repeated measures (F(1,29) = 9.75, p < .0001). Therefore, the 

sensitivity to novel odorant detection or odorant discrimination is not affected in 

CB1/CB2 receptor KO mice despite a significant loss in OSN population compared to 

C57 wildtype.



 

Figure 3.4  Olfactory-mediated food detection is impaired in CB1/CB2 receptor KO 

mice. Buried food behavioral tests were performed every other day in fasted CB1/CB2 

receptor KO mice. (A) Histogram showing the average (± SEM) latency of trials 1-3 for 

CB1/CB2 receptor KO mice (dark bars) and C57 wildtype (WT) mice (white bars) mice. 

(*, p<0.05 for trial 1 compared to C57 wildtype control; repeated measures two-way 

ANOVA followed by Tukey/Kramer Procedure post-hoc test; n = 11-16 mice per group). 

(B) Histogram showing the latency of trial 4 with visible food, an assessment of 

locomotor activity in C57 wildtype and CB1/CB2 receptor KO mice. (p<0.05; Student’s t-

test; n = 10-12 mice per group). (C) Average improvement factor calculated as the ratio 

of trial 1 vs. trial 3 latencies, an indicator of olfactory-mediated learning and memory.
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Figure 3.5  CB1/CB2 receptor KO mice show no deficit in novel odorant 

investigation time, discrimination, or habituation. The olfactory 

habituation/dishabituation behavioral test was performed in C57 wildtype (WT) and 

CB1/CB2 receptor KO mice. (A) Investigation times in seconds (+SEM) for trials 1-3 for 

three odorants are shown. All mice showed a decrease in investigation time during trial 

2 and 3 (habituation) and no change in investigation time to a novel odorant 

presentation (dishabituation). (B) The investigation time of the trial 1 odorants (the 
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average for all three first odorants) is comparable between CB1/CB2 receptor KO and 

C57 wildtype mice (p<0.05, Student’s t-test; n = 11-16 mice per group). (C) The 

habituation index was comparable across genotypes (p<0.05, Student’s t-test; n = 11-16 

mice per group). (D) The ability to discriminate between odorants, measured by the 

cross-dishabituation index, was comparable across genotypes. (p<0.05, Student’s t-test; 

n = 11-16 mice per group).



 

Discussion  

 The endocannabinoid system helps regulate the survival and function of 

progenitor cells in the developing mammal as well as in adulthood. Neurosphere 

cultures of embryonic neural progenitor cells derived from CB1 and CB2 receptor-null 

mice have reduced cell proliferation and impaired self-renewal (Aguado et al., 2005; 

Palazuelos et al., 2006). Accordingly, pharmacological regulation with selective CB1 

and CB2 receptor agonists or antagonists exerts a positive or negative action, 

respectively, on neural progenitor cell division (Aguado et al., 2005; Goncalves et al., 

2008; Jiang et al., 2005; Palazuelos et al., 2006). In vivo, CB1 receptor deficiency 

causes altered cortical and hippocampal development (Aguado et al., 2005; Berghuis et 

al., 2005) and reduced progenitor cell proliferation (Mulder et al., 2008; Trazzi et al., 

2010). 

 In the OE, progenitor cells that contribute to ongoing neurogenesis lie near the 

basal lamina. This basal germinal zone is comprised of GBCs and HBCs. GBC function 

as the major proliferative population of the OE (Caggiano et al., 1994), and give rise to 

neurons and sustentacular cells (Chen et al., 2004b; Huard et al., 1998). During 

differentiation into OSNs, GBC progenitors sequentially express the proneural genes 

Mash1 and Neurog 1 (Cau et al., 2002). Mash1-positive GBCs are the earliest OSN 

precursors (Calof et al., 2002).The second basal cell population are HBCs, which are 

defined by their: (1) presence as a single-cell layer below the GBCs, (2) specific 

expression of cytokeratin 5 and 14, and (3) direct contact with the basal lamina 

(Holbrook et al., 1995). HBCs rarely self-renew in vivo (Caggiano et al., 1994; Mackay-

Sim and Kittel, 1991) but undergo a regulated, transient proliferative burst to repopulate 
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the OE generating proneural intermediates under conditions of extensive OE cellular 

depletion (Leung et al., 2007a). 

 The number of HBCs and GBCs is decreased in the CB1/CB2 receptor KO 

mouse. Chapter 2 identified CB1 receptor immunoreactivity on GBCs. As in the 

developing brain, endocannabinoid signaling via CB1 receptors on basal cells could 

help maintain basal cell population and self-renewal. The number of OSNs was also 

decreased in CB1/CB2 receptor KO mice, either reflecting the reduction in survival of 

the basal cell population or possible alterations in differentiation. Although the thickness 

of the apical non-neuronal layer was measured, specific non-neuronal cell numbers 

were not counted due to limitations in antibody detection of sustentacular cells. 

Additionally, numbers of immature neurons were not measured, which could provide a 

clue as to when along the neuronal differentiation lineage CB1/CB2 receptor KO mice 

begin to show alterations in neuronal populations. The ability of CB1/CB2 receptor KO 

mice to undergo proliferation will be examined in Chapter 4, in which I will further 

investigate the neurotrophic effects of cannabinoids on basal cells. Similar cell 

population profiles as in the CB1/CB2 receptor KO mouse are seen in genetic mouse 

models in which trophic factor receptors have been ablated. For example, in NPY 

receptor Y1-null mice there is a significant decrease in mature OSNs and MASH1 

positive basal progenitor cells (Doyle et al., 2008; Hansel et al., 2001). In a mouse 

lacking the IP3R3, a receptor that contributes to the release of neurotrophic factor NPY 

through non-neuronal microvillous cells, a decrease in both GBCs and HBCs is seen 

(Jia et al., 2013). These similarities suggest that endocannabinoids play a role in neural 

progenitor cell homeostasis. The decrease in OMP positive cells in the CB1/CB2 
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receptor KO mice suggests that endocannabinoid signaling also influences neuronal 

differentiation under physiological conditions. 

 The function of the endocannabinoid system in the mouse OE is unknown, but 

previous work in the rat OB and tadpole OE suggests the cannabinoid system helps 

connect the physiological state of hunger to alterations in olfaction resulting in increases 

in food intake (Breunig et al., 2010b; Soria-Gomez et al., 2014). Olfaction is defined by 

olfactory threshold, odorant identification, and odorant discrimination. Olfactory 

threshold is likely to be influenced by the peripheral OE, while odorant identification and 

discrimination are influenced by the central olfactory structures, the OB and olfactory 

cortex (Enwere et al., 2004; Kovacs, 2004). Declines in olfactory function could be 

related to changes in the structure of the olfactory system. Deficits in olfaction may be 

primarily due to changes in the OE tissue composition; however, changes in OB and 

cortex cannot be excluded. This chapter examines CB receptor-dependent changes in 

mouse olfactory function using olfactory-mediated behavioral assays, the buried food 

test and olfactory habituation/dishabituation test. The buried food test, which relies on 

the natural tendency to use olfactory cues for foraging, is used to examine the ability to 

smell volatile odorants (Yang and Crawley, 2009). The latency to find a piece of buried 

cereal was measured in food deprived mice. The first trial measures the ability to smell 

via naïve olfactory-mediated finding and the subsequent trials indicate olfactory-

mediated learning and memory by measuring the ability to improve based on the 

positive reinforcements from previous trials (Le Pichon et al., 2009). CB1/CB2 receptor 

KO mice exhibited prolonged latencies to detect a buried odorant (i.e., food), which 

reflects impairment in olfaction. However, CB1/CB2 receptor KO mice also showed 
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decreased locomotion when visible food was presented. This could reflect the 

previously characterized decreases in mobility and increases in freezing behavior seen 

in CB1 receptor KO mice (Zimmer et al., 1999). Given the physiological 16% loss of 

OSNs in CB1/CB2 receptor KO mice it is possible that these mice exhibit natural 

impairments in olfaction and sporadic decreases in locomotion. During trials 2 and 3, 

CB1/CB2 receptor KO mice did not exhibit increased latencies to detected buried food, 

suggesting impairments in mobility were not consistent throughout each trial compared 

to C57 wildtype controls. Therefore it is likely trial 1 increases in latency are olfactory-

mediated. However, these data need to be replicated to confirm if CB1/CB2 receptor 

KO mice exhibit any deficits in the buried food test. 

 Due to the inconclusive results from the buried food test, the olfactory 

habituation/dishabituation test was used to examine novel odorant investigation, 

odorant discrimination and odorant habituation. A single sniff of an odorant is sufficient 

for odorant detection and discrimination (Wesson et al., 2008), while prolonged sniffing 

response is an indicator of arousal and motivation (Linster et al., 2002; Wachowiak et 

al., 2009). The present study demonstrates no differences between C57 wildtype and 

CB1/CB2 receptor KO mice in novel odorant investigation, suggesting no changes in 

odorant sensitivity despite significant decreases in OSNs. There are also no significant 

alterations in odorant habituation or dishabituation between CB1/CB2 receptor KO and 

C57 wildtype mice. Odorant habituation is associated with adaptation at OSN in the OE 

(Reisert and Matthews, 2001; Verhagen et al., 2007), mitral cells in the OB (Kadohisa 

and Wilson, 2006a), and in the prefrontal cortex (Kadohisa and Wilson, 2006b). 
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 Previous studies using olfactory behavior tests detected an increase in 

exploration after THC treatment, reflecting habituation inability, suggesting that CB 

receptor signaling participates in olfactory-mediated behaviors. Moreover, OB CB1 

receptor-deficient mice did not show any evident spontaneous phenotype in olfactory 

habituation experiments (Soria-Gomez et al., 2014).These observations support my 

data in that no naïve impairment in habituation is seen in either global CB1/CB2 

receptor KO mice or specific OB CB1 receptor-null mice. Future studies should 

investigate odorant-mediated behaviors after exogenous cannabinoid administration to 

compare activated CB receptors in C57 wildtype mice to CB1/CB2 receptor KO mice. 

However, OB CB1 receptor-null mice did exhibit a naïve increase in threshold odorant 

detection compared to wildtype mice 24 hours after fasting (Soria-Gomez et al., 2014). 

Similarly, CB1-receptor mediated odorant threshold was decreased after 24 hours of 

fasting in the tadpole OE (Breunig et al., 2010b). In the current experiments, mice were 

fasted for roughly 16 hours to insure proper motivation to perform olfactory-mediated 

tasks. Different signaling mechanisms may come into play in 24 hour fasted mice that 

are not seen in mice fasted overnight. Although a decrease in basal cell and OSN 

numbers was observed in CB1/CB2 receptor KO mice, this did not translate to 

impairment in olfactory-mediated behaviors. Similarly, IP3R3-null mice exhibit a robust 

50% decrease in basal cells numbers (Jia et al., 2013), but no deficits in olfactory-

mediated buried food test or habituation/dishabituation tests (unpublished results). 

However, a significant deficit was detected when comparing aged IP3R3 KO mice to 

aged wildtype mice in both behavior paradigms (unpublished result), suggesting that the 

presumed neurotrophic compensatory mechanisms functioning normally in the adult 
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animals are compromised with aging, resulting in decreased olfaction. Therefore, 

decreases in cannabinoid signaling and OSN number may show deficits in olfactory-

mediated behavior in the aged animal whereas no deficits were seen in 6-8 week old 

mice. 

 

Conclusion 

 These data indicate that CB receptor signaling contribute to the survival and 

proper regulation of the basal cell population, given the decrease in both HBC and GBC 

numbers in the CB1/CB2 receptor KO mouse. A decrease was also seen in OSN 

numbers in the CB1/CB2 receptor KO mouse, although the remaining population of 

neurons was sufficient to adequately perform olfactory-mediated behaviors. This 

suggests olfactory signaling can adapt within the constraints of a limited OSN 

population. Cannabinoid signaling in olfaction could further be investigated under 

altered physiological conditions, such as hunger state, or under pathophysiological 

conditions seen in advanced aging or with neurological disease. Because the 

endocannabinoid system contributes to OE tissue homeostasis, reduced cannabinoid 

signaling together with an increase in cellular stress seen with aging or diseased states 

(i.e., limited availability of trophic factors, increased inflammation, or a reduced capacity 

to regenerate) could further accelerate the rate of OE tissue damage and increase 

likelihood of anosmia.
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Chapter 4: Cannabinoid contribution to neurogenesis in the mouse olfactory 

epithelium 

 

Introduction 

Stem cells during development 

 Stem cell biology has rapidly expanded since the identification of hematopoietic 

stem cells and adult neurogenesis in the 1960’s (Altman, 1969; Till and Mc, 1963). Stem 

cells are undifferentiated cells that have the potential to develop into many differentiated 

cell types. In mammals, there are two main types of stem cells: embryonic stem cells, 

which are isolated from blastocytes, and adult stem cells, which are found in various 

CNS regions (Hipp and Atala, 2008). Stem cells are able to go through numerous cycles 

of cell division while maintaining an undifferentiated state. During embryogenesis the 

zygote is considered totipotent since it has the ability to divide and produce an entire 

organism, while embryonic stem cells are pluripotent, and have the ability to 

differentiate into any of the three germ layers. These layers then produce multipotent 

progenitor cells having the potential to give rise to cells from multiple, albeit limited, 

lineages (Figure 1.3) (Hipp and Atala, 2008). Multipotent progenitor cells are the variety 

found in the OE. Until recently, it was thought only certain tissue areas had the ability to 

renew, but it is becoming more evident that many adult tissues have a small percentage 

of progenitor or stem cells acting to replace damaged cells (Sartipy, 2013). 
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Adult proliferation 

 Adult neurogenesis plays an active and important role in maintaining normal 

homeostatic processes and contributes to the plasticity of the central nervous system 

(Lledo and Gheusi, 2006; Ming and Song, 2011). Postnatal neurogenesis involves the 

proliferation, migration, differentiation, integration, and survival of newly generated cells 

in both humans and non-human primates (Eriksson et al., 1998; Gould et al., 1999; 

Reynolds and Weiss, 1992). Adult pluripotent neural stem cells are defined by their 

ability to self-replicate and differentiate into multiple cell types found in the CNS, 

including neurons, astrocytes, and oligodendrocytes (Gage, 2000), and neural 

progenitor cells (Potten and Loeffler, 1990). However, compared to embryonic stem 

cells, adult neural stem cells have restricted neurogenic potential which could be due to 

a change in the microenvironment of the stem cell. Neurogenic regions consist of a 

resident population of neural stem cells and a microenvironment that not only physically 

supports stem cells, but also functionally controls their development (Li and Xie, 2005). 

Adult neurogenesis in humans and rodents has been most studied in two specialized 

neurogenic regions: (1) the subventricular zone of the lateral ventricles (SVZ) where 

new cells are generated and migrate into the OB, and (2) the subgranular zone of the 

dentate gyrus where new hippocampal cells are generated (Gage et al., 1995; Reynolds 

and Weiss, 1992). Neural progenitor cells are not limited to these neurogenic regions of 

the brain, and proliferation can be observed in many brain regions, especially after 

injury. However, in non-neurogenic regions it appears that neurogenesis is actively 

repressed by the local environment. Like the rodent olfactory system, the human 

olfactory system also remains pliable into adulthood. Adult neurogenesis is considered 
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important for regulation of cognition and mood (Zhao et al., 2008), contributes to 

hippocampal and olfactory learning and memory (Deng et al., 2010; Kitamura et al., 

2009), and enhances perceptual and neural olfactory discrimination (Li et al., 2008; Li et 

al., 2006). 

Olfactory epithelium regeneration 

Along with the DG, the olfactory system is the only other area in the mammalian 

brain that exhibits continual adult neurogenesis (Ming and Song, 2005b). Central 

olfactory neurogenesis occurs in the SVZ where newborn cells migrate along a well 

defined pathway, the rostral migratory stream, into the OB where they differentiate into 

several types of olfactory interneurons (Alvarez and Eichenbaum, 2002; Lledo and 

Lagier, 2006). Similarly, the OE is dynamic, and undergoes continuous replacement of 

OSNs derived from local basal progenitor cell population. Natural turnover of OSNs is 

required to maintain the sense of smell. Even after a virtually complete loss of OSNs, 

the population recovers in terms of neuronal number and topography of odorant 

receptor protein expression (Iwema et al., 2004; Schwob et al., 1999). These newly-

generated OSNs must reestablish axonal connections with their appropriate targets in 

the OB; however, this process is subject to errors unseen during development (Blanco-

Hernandez et al., 2012; Costanzo, 2000; John and Key, 2003) that could have 

functional implications. For example, errors in the reinnervation of glomeruli may 

underlie olfactory dysfunction in humans recovering from olfactory loss due to trauma or 

infection (Meisami et al., 1998). 

 Progenitor cells residing in the basal layer continually turnover, differentiate, and 

move apically towards the neuronal and apical layers (Graziadei and Graziadei, 1979). 
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Multipotent horizontal and GBCs give rise to mature neurons, marked by expression of 

OMP. During integration, OSNs extend axons that must find the proper synaptic targets 

in the OB after approximately two week (Figure 1.3) (Beites et al., 2005; Caggiano et 

al., 1994; Leung et al., 2007b; Schwob et al., 1994). Four stages of OE neuronal lineage 

have been identified. (1) Sox2-expressing stem cells, which reside in the basal 

compartment of the epithelium, are thought to commit to the OSN lineage via 

expression of the proneural gene, Mash1. (2) Mash1-expressing early progenitor cells, 

which divide and may act as transit-amplifying cells (Gordon et al., 1995), in turn give 

rise to (3) late-stage transit-amplifying cells, also known as immediate neuronal 

precursors, which express a second proneural gene, Ngn1 (Wu et al., 2003). Immediate 

neuronal precursors give rise to daughter cells that undergo terminal differentiation into 

(4) postmitotic neural cell adhesion molecule -expressing OSNs (Figure 1.3). Non-

neuronal sustentacular cells can be self-derived or renewed from Bowman’s gland cells 

or basal cells (Huard et al., 1998). The natural turn-over rate of cells in the OE is not 

saturated, since the rate of proliferation increases after injury. The rate of basal cell 

proliferation is markedly increased with OSN injury induced through surgical bulbectomy 

(Kastner et al., 2000), axonomy (Suzuki and Takeda, 1991), or intranasal exposure to 

chemical toxicants such as zinc sulfate and methyl bromide gas (Leung et al., 2007b; 

Margolis et al., 1974; McBride et al., 2003; Schwob et al., 1995). Cell proliferation and 

neuronal differentiation in the OE is tightly regulated by multiple signals produced in the 

stem cell microenvironment, which is complex and remains to be fully defined (Kanekar 

et al., 2009; Kawauchi et al., 2004; Mackay-Sim and Chuah, 2000). Our lab has 

investigated ATP, Neuropeptide Y, transforming growth factor, and fibroblast growth 
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factor 2 as OE proliferation signaling molecules (Jia et al., 2011a; Jia and Hegg, 2010; 

Kanekar et al., 2009); yet more work needs to be done to elucidate fully the 

mechanisms underlying proliferation. 

 The peripheral OE is an ideal system with which to investigate mechanisms of 

neuroproliferative factors as neurogenesis continues to occur throughout the life under 

both physiological and injury conditions. Several features of the OE make it an ideal 

system in which to study proliferation. (1) The OE is the only system in which sensory 

neurons are in direct contact with the environment and therefore can be easily damaged 

by environmental toxicants.(2) The sense of smell is essential for survival (through 

foraging) and reproduction in many mammals (and is fundamental to health and 

nutrition in humans). (3) OSNs provide a route for viruses and bacteria to enter the 

brain, and exhibit (4) lifelong capacity to regenerate neuronal and non neuronal cell 

types. (5) Newly born neurons retain capacity to reinnervate OB, thereby restoring 

sensory function. (6) Its peripheral location makes the OE easy to access and isolate. 

Cannabinoid system and proliferation 

 It is well established that the cannabinoid system modulates progenitor cell 

survival and function throughout development (Diaz-Alonso et al., 2012). CB1 receptors 

are detected in rodent embryonic neuronal progenitors (Rueda et al., 2002b), 

suggesting a developmental role for the endocannabinoid system starting at the earliest 

stages of brain development. The endocannabinoid system has a cell specific and 

spatio-temporal distribution from very early stages of embryonic development, even 

before the appearance of the neural tube (Sun and Dey, 2009). Mammalian CB1 

receptor expression during neural development is predominately present in white matter 
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during neurogenesis and axonal migration prior to synaptic maturation and signaling. 

Not until postnatal stages and into adulthood are CB1 receptors expressed in grey 

matter (Berrendero et al., 1998), suggesting neurodevelopmental CB1 receptor function 

is likely to be independent of their neuromodulatory role at the mature neuronal 

synapse. 

 Studies examining cannabinoid-effects on the survival of developmental neuronal 

progenitors have been performed with various pharmacological agents. AEA analog 

(ACEA) and THC analog (HU-210) enhance progenitor survival via CB1 receptors 

(Molina-Holgado et al., 2002; Wolf et al., 2010), while FAAH inhibition and THC seemed 

to have no effect (Aguado et al., 2006; Molina-Holgado et al., 2002; Wolf et al., 2010). In 

vitro, pharmacological CB1 receptor activation enhances progenitor proliferation and 

neurosphere generation via activation of Gi/o proteins and ERK phosphorylation 

(Aguado et al., 2006). CB1 receptor signaling activates SVZ progenitor cells to generate 

pyramidal cell precursors that subsequently migrate to the developing neocortex 

(Wonders and Anderson, 2006). This suggests endocannabinoid signaling in local 

environments could provide extracellular cues that modulate the fate of neural 

progenitor cells. The presence and function of the cannabinoid system in embryonic 

progenitor cells is preserved in the adult brain in neurogenic regions. 

 In the mature central nervous system, CB1 and CB2 receptors can modulate 

neural stem cell proliferation in vitro (Molina-Holgado et al., 2007; Rueda et al., 2002a) 

and in vivo (Aguado et al., 2005; Aguado et al., 2006; Jiang et al., 2005; Jin et al., 

2004). Neurospheres are non-adherent in vitro cultures of neuronal stem cells that grow 

as free-floating clusters. Neurospheres from postnatal rodents express CB receptors, 
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metabolic endocannabinoid enzymes, and produce endocannabinoids (Aguado et al., 

2005; Molina-Holgado et al., 2007; Palazuelos et al., 2006). CB1 receptor activation 

promotes progenitor cell proliferation and neurosphere generation (Aguado et al., 2006), 

which can be prevented in CB1 receptor-deficient cells and increased in neurospheres 

with robustly elevated AEA levels (Aguado et al., 2005). Neurosphere proliferation can 

be regulated by both CB1 and CB2 receptor stimulation through the PI3K/AKT signaling 

pathway (Molina-Holgado et al., 2007). CB2 receptor activation in vitro promotes neural 

progenitor cell proliferation and neurosphere generation which can be decreased with 

CB2 receptor specific antagonists (Molina-Holgado et al., 2007). 

 Similar to neurosphere generation, CB receptor signaling regulates adult 

progenitor cell proliferation in vivo. Neural progenitor cells reside in the SVZ and the DG 

of the hippocampus, and in the OB. Adult neural progenitor cells express a functional 

endocannabinoid system (Aguado et al., 2006), including CB1 and CB2 receptors, 

biosynthetic and endocannabinoid degradation enzymes, and produce endocannabinoid 

ligands in response to increases in intracellular calcium concentrations (Jiang et al., 

2005; Palazuelos et al., 2006). Experiments involving pharmacological manipulation and 

genetic mouse models have shown endocannabinoids stimulate hippocampal and SVZ 

neural progenitor cell proliferation via CB1 and CB2 receptors and modulate the self-

renewal ability of neural progenitor cells (Aguado et al., 2007; Rubio-Araiz et al., 2008). 

Furthermore, CB1 receptors are present in dividing cells identified by BrdU labeling and 

the expression of endogenous cell cycle marker Ki-67 (Aguado et al., 2005; Mulder et 

al., 2008). CB1 receptor knockout mice show nearly a 50% reduction in dividing BrdU 

positive cells in the SVZ and DG (Jin et al., 2004). Progenitor proliferation was observed 
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in CB2 receptor deficient mice in both physiological conditions as well as after 

excitotoxicity (Palazuelos et al., 2006). Indirectly increasing the endocannabinoid AEA, 

by inhibiting its degradation enzyme FAAH, induces progenitor cell proliferation in the 

DG (Aguado et al., 2005; Aguado et al., 2006). 2-AG synthesis enzymes, DAGLα and β 

both contribute to endocannabinoid regulation of adult neurogenesis in the SVZ and DG 

(Gao et al., 2010b; Goncalves et al., 2008). Young adult mice show an almost 50% 

reduction in SVZ proliferation in mice lacking the biosynthesis enzyme DAGLα (Gao et 

al., 2010b). Extracellular signaling cues can mobilize endocannabinoids in progenitor 

cells. Fibroblast growth factor in coordination with neural cell adhesion molecule, 

increases 2-AG levels via DAGL coupled with PLC activation (Williams et al., 2003). 

Chronic treatment with the cannabinoid agonist HU-210 also leads to an increase in 

progenitor proliferation (Jiang et al., 2005), yet mice treated with THC or cannabidiol 

during 6 weeks have a lower number of proliferating cells in the DG in comparison with 

the controls (Wolf et al., 2010). These data suggest that CB receptor-induced 

proliferation can be tissue-and drug-dependent. 

 In young mice, CB2 receptor and DAGL antagonists inhibit cell proliferation in the 

SVZ, which is associated with a reduction in the appearance of new neurons in the OB 

(Goncalves et al., 2008). CB2 receptor agonists can stimulate cell proliferation in the 

SVZ of older animals and increase the appearance of new neurons in the OB 

(Goncalves et al., 2008), suggesting that CB2 receptor signaling may counteract the 

natural decline in adult neurogenesis that is associated with aging (Goncalves et al., 

2008; Marchalant et al., 2009b; Marchalant et al., 2008). Similarly, CB1 receptor-

deficient mice show an early onset of age-related memory deficits (Albayram et al., 
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2012). Additionally, a low dose of the synthetic cannabinoid agonist WIN 55212-2 (WIN) 

can partially restore proliferation and neurogenesis in the hippocampus of aged rats 

(Marchalant et al., 2009b; Marchalant et al., 2008). Overall, these data indicate a clear 

role of CB receptor signaling in progenitor cell proliferation throughout the lifespan of the 

animal; with contributions to normal mammalian development and functional 

consequences during aging. 

Endocannabinoid signaling regulates post-proliferative mechanisms 

 The endocannabinoid system plays a major role in regulating glial or neuronal 

lineage fate of multipotent progenitor cells. However, cannabinoid influence on cell 

lineage is not consistent and is dependent on location, age, pharmacology, 

pathophysiology, and ligand duration and bioavailability (i.e., locally generated 

endocannabinoid versus acute injections of endocannabinoid synthetic agonists). CB1 

receptor activation promotes the differentiation of neuronal progenitors into astroglial 

cells in vivo, confirmed by decreased numbers of differentiated astroglial cells in CB1 

receptor-null mice (Aguado et al., 2005; Aguado et al., 2006). Data from neuroblastoma 

cells indicate that AEA, but not 2-AG or WIN, could also inhibit neuronal differentiation 

in a CB1 receptor-independent manner (Rueda et al., 2002b). Synthetic CB receptor 

agonist WIN, did not influence the survival of neuronal progenitors from cortices 

(Aguado et al., 2006), but enhanced oligodendrocyte cell numbers via survival 

mechanisms involving PI3K/AKT signaling (Molina-Holgado et al., 2002; Molina-

Holgado et al., 2007). Interestingly, a four-day treatment of AEA promotes glial 

differentiation, whereas a seven-day treatment promotes neuronal differentiation in vivo 
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(Soltys et al., 2010), suggesting that signaling duration may also influence neural 

progenitor cell lineage. 

 In contrast to gliogenesis, the impact of CB1 receptor activation on neurogenesis 

seems to be variable, even though the effect of the cannabinoid system to regulate 

neuronal progenitor cell differentiation has been extensively evaluated. Studies show 

AEA decreases differentiation of cortical neuron progenitor cells through CB1 receptor-

dependent ERK activation (Rueda et al., 2002b). Methanandamide, a non-hydrolyzable 

AEA analog, also significantly decreases neurogenesis in the adult DG of rats (Rueda et 

al., 2002b). In contrast, endocannabinoids can increase expression of selective markers 

of immature and mature neurons, such as β-III-tubulin and neuron-specific nuclear 

protein (NeuN) that colocalize with proliferation marker BrdU in SVZ cultures (Xapelli et 

al., 2013). Endocannabinoid signaling also promotes cortical and hippocampal 

differentiation of adult progenitors through high concentrations of AEA in FAAH-deficient 

mice (Aguado et al., 2006). HU210, a synthetic CB1 receptor agonist, increases 

hippocampal neurogenesis in rats (Jiang et al., 2005). In SVZ cell cultures, both AEA 

and CB1 activation enhance neural progenitor cell differentiation into neurons, without 

affecting astrocyte or oligodendrocyte differentiation, while also upregulating the 

expression of pro-neural genes (Compagnucci et al., 2013; Xapelli et al., 2013). In 

addition, 2-AG is present in neurogenic niches and plays an active role in neural 

progenitor cell regulation through tuning of 2-AG levels by DAGL and MAGL activity 

(Reisenberg et al., 2012). Genetic ablation of DAGLα, but not the β isoform, interferes 

with hippocampal and SVZ-derived neurogenesis (Gao et al., 2010a). In neuroblastoma 

cells retinoic acid-induced neuronal differentiation also leads to an increase in 
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expression of DAGLα and DAGLβ (Jung et al., 2011). In both adult spinal cord primary 

progenitor cell cultures treated with the CB1 receptor antagonist AM251 and in vitro 

CB1 receptor-null mice slice preparation resulted in enhanced neuronal differentiation 

(Sideris et al., 2012). CB1 receptor antagonist, SR141716, increases the rates of 

neuronal differentiation of neural progenitors (Jin et al., 2004; Rueda et al., 2002b). 

Endocannabinoids may also have indirect actions that promote neurogenesis via 

crosstalk with growth factor signaling pathways essential for progenitor cell proliferation 

(Williams et al., 2003). Additionally, cannabinoids oppose the anti-neurogenic effect of 

neuronal nitric oxide (Kim et al., 2006). Collectively, these studies point to the existence 

of an endogenous cannabinoid tone that actively modulates neural progenitor 

differentiation through the CB1 receptors. These findings also indicate that 

characteristics of a given CB1 receptor agonist, together with the particular CB receptor 

signaling context, could determine the fate of progenitor cell lineage that is modulated 

by the CB receptors. 

 The cannabinoid system can also influence post-differentiation processes such 

as migration, maturation, and cell survival. Mouse migratory neuroblasts express CB 

receptors and 2-AG synthesis and degradation enzymes. Activation of CB1 receptor 

signaling can influence neurite outgrowth and synaptogenesis, processes required to 

generate functionally mature neurons. CB1 receptor activation can enhance the 

maturation of neural stem cells through long term inhibition of ERK1/2 pathway 

(Compagnucci et al., 2013). Additionally, pharmacological activation of CB1 receptors 

increases migration of interneurons both in vitro and in vivo through a mechanism 

involving the activation of TrkB receptor (BDNF/NT-3 growth factor receptor) (Williams 
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et al., 2003), whereas inhibition of CB1 receptors decreases neuroblast migration in 

rostral migratory stream explants (Oudin et al., 2011). Depletion of the AEA tone in the 

developing cortex interferes with radial migration of neural progenitors (Mulder et al., 

2008), a process that is required for appropriate neuronal differentiation and maturation. 

Recent evidence indicates that AEA and WIN together with BDNF, the principal pro-

differentiating neurotrophin, induce long-distance migration of interneurons to populate 

the embryonic cortex (Berghuis et al., 2005). In neuroblastoma cells, AEA and HU210 

promote neurite outgrowth through Gi/o mediated activation of GTPase Rap1 (Jordan et 

al., 2005). Inhibition of DAGL activity or CB receptors substantially decreases migration 

along the rostral migratory stream (Oudin et al., 2011). 2-AG can stimulate neurite 

outgrowth of cannabinoid neurons which is depend on intrinsic DAGL activity within 

axonal growth cones, whereas CB1 receptor antagonists abolish neurite extension 

(Williams et al., 2003), indicating that autocrine endocannabinoid signaling can regulate 

aspects of differentiation and axon guidance (Bisogno et al., 2003). Similarly, THC 

increases the density of interneurons in the rat hippocampus in vivo (Berghuis et al., 

2005); suggesting that endocannabinoid signaling is permissive for neuronal migration. 

Overall, it appears CB receptor activation promotes the proliferation, survival, and 

migration of progenitor cells but interferes with the transition from the multipotent 

proliferating progenitor cell towards a differentiated mature cell. Thus, further 

investigation is needed to clarify the discrepancy of endocannabinoid influence on 

postnatal progenitor cells. Specific intracellular signaling mechanisms have also not 

been fully elucidated. Since not all proliferating cells in regions of adult neurogenesis 

give rise to neurons (Kriegstein and Alvarez-Buylla, 2009), it is important to distinguish 
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between the effects of CB receptor signaling on progenitor proliferation from 

neurogenesis. 

 Cannabinoids take part in the control of neural cell fate, thereby modulating the 

balance between cell death and survival (Guzman, 2003; Mechoulam et al., 2002). A 

fine balance between progenitor cell proliferation and programmed death is necessary 

to provide appropriate cell populations and insure tissue homeostasis. Both CB1 and 

CB2 receptors regulate neural progenitor commitment, survival, and cell-cycle 

maintenance (Aguado et al., 2006; Guzman, 2003). During development, an inverse 

relation between expression of CB1 receptors and the stage of cell differentiation is 

seen in neuronal and glial cells (Palazuelos et al., 2006), indicating that CB1 receptors 

might function to prevent a differentiated state in favor of a non-differentiated, 

proliferative state. Similarly, CB2 receptors increase with de-differentiation of glia 

(Sanchez et al., 2001) and some tumors (Caffarel et al., 2006). Conversely, studies in 

glioma or astrocytoma cells (Sanchez et al., 2001) and in various non-neuronal cancers 

(Caffarel et al., 2006) show that activation of CB2 receptors induces apoptosis and 

inhibits tumor growth in host mice. Substantial in vivo and in vitro results show that 

cannabinoids can also protect neurons from death (Mechoulam et al., 2002; Romero et 

al., 2002). This neuroprotection might be relevant for the treatment of both acute brain 

injury (e.g. cerebral ischemia and trauma) and chronic neurodegenerative disorders, 

such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease or multiple 

sclerosis. Studies have implicated CB receptors in the neuroprotective activity thorough 

glia-dependent anti-inflammatory actions (Fernandez-Ruiz et al., 2007). Conversely, 

administration of cannabinoids can inhibit the survival of various tumor cells in culture 
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and curb the growth of different models of tumor xenografts in rats and mice (Guzman, 

2003). This antitumor effect has been mainly studied in tumors of the CNS, specifically 

gliomas (Velasco et al., 2004). The varying actions of CB receptors can provide cell 

protection (Romero et al., 2002) or elicit apoptosis (Guzman, 2003). However, these 

data demonstrate that CB receptors clearly influence cell homeostasis involved in cell 

survival and death. 

Measuring cell homeostasis 

 Common markers for neural stem cells and neural progenitor cells such as 

nestin, BrdU, and DCX can also detect reactive astrocytes or cancer cells (Kaneko et 

al., 2000; Komitova and Eriksson, 2004; Lendahl et al., 1990). BrdU labeling in 

conjunction with cell specific markers is a common method of studying adult 

neurogenesis. For this dissertation, I used BrdU instead of other proliferative markers 

such as Ki-67 or PCNA because they are not specific to the phase of the cell cycle, 

exhibit nonspecific immunoreactivity outside of proliferation, are subject to variability 

depending on fixation, and cannot be used for cell lineage analysis (Ohta and Ichimura, 

2000; Taupin, 2007). BrdU incorporation occurs primarily in cells undergoing DNA 

synthesis. For example, in the OE following OB ablation in young adult rodents, 

apoptotic cells were positive for TUNEL, a cell death marker, but rarely incorporated 

BrdU (Bauer and Patterson, 2005). This suggests that dying neurons do not reenter the 

cell cycle following bulbectomy lesion and that BrdU incorporation is an appropriate 

experimental approach to monitor proliferation in the olfactory system (Brann and 

Firestein, 2010). 



 

121 

 

 The cannabinoid contributions to neurogenesis in the mouse OE were studied in 

this chapter. Proliferation, differentiation, and cell death were measured after 

manipulation of the cannabinoid system in the following ways: (1) addition of exogenous 

cannabinoid WIN, (2) inhibition of cannabinoid degradation enzyme to indirectly 

increase endogenous cannabinoids, and (3) inhibition of CB1 receptors. All 

pharmacological agents were also employed on CB1/CB2 receptor KO mice as a further 

control. Adult neurogenesis was measured by: (1) basal cell proliferation via BrdU 

incorporation, (2) differentiation via BrdU colocalization with OSNs, and (3) survival 

using a marker of apoptotic endpoint. 

 

Methods 

Animals 

 Adult male (6-8 weeks old) Swiss Webster (CFW), neonatal (P0-4), and C57BL/6 

control wildtype mice were obtained from Charles River, Portage, MI. CB1/CB2 receptor 

KO mice were kindly provided by Dr. Norbert Kaminski (Michigan State University, MI) 

who obtained them from Dr. Andreas Zimmer (University of Bonn, Germany). The 

CB1/CB2 receptor KO mice were developed through replacement of the CB1/CB2 

receptor coding region with non-CB receptor DNA using homologous recombination. 

Subsequently, heterozygote mice were mated to obtain CB1/CB2 receptor KO mice 

(Jarai et al., 1999). Mice were given food and water ad libitum. Animal rooms were kept 

at 21–24°C and 40–60% relative humidity with a 12-h light/dark cycle. All procedures 

were conducted in accordance with the National Institutes of Health Guide for the Care 



 

122 

 

and Use of Laboratory Animals as approved by Michigan State University Institutional 

Animal Care and Use Committee. 

In vivo apoptosis, proliferation, and lineage studies  

 Intranasal instillation was performed via a pipette tip placed immediately above 

the nares while the mouse was in a supine position. Test compounds were intranasally 

delivered drop wise into the nares, and were subsequently aspirated. Neonatal (P4) 

Swiss Webster (CFW; n=3-4 mice/group) mice aspirated a small amount (10 µl) of 

vehicle (1:1 ethanol: saline or 1% DMSO in saline), WIN 55212,2 (WIN, 10µM), or 2-AG 

ether (1µM, 5µM, 10µM in 1:1 ethanol:saline) (Figure 4.1A). Anesthetized (4% 

isoflurane) adult (6-9 weeks) male CFW, C57BL/6 or CB1/CB1 receptor KO mice (n = 

3–4 mice/group) aspirated a bolus of WIN (10µM), AM251 (10µM), a cocktail of JZL184 

(10µM) with URB597 (100µM) or an equivalent volume (50 µl) of vehicle (1% DMSO in 

saline) placed on the nares. Some mice intranasally aspirated CB1 receptor antagonist 

AM251 (10µM) or vehicle (1% DMSO in saline) 30 minutes prior, to examine CB1-

receptor specific effect of cannabinoid manipulation (Figure 4.1B). 

 In order to detect proliferation through BrdU-incorporation, animals received two 

BrdU injections (i.p., 18 mg/kg) at either 2 and 4 hours (neonates) or 6 and 3 hours 

(adults) prior to tissue collection. In the neurogenesis lineage study, BrdU injections 

were given 42 hours and 45 hours after intranasal instillation. OE tissue was collected at 

8 hours, 24 hours, 48 hours, 72 hours, or 16 days post-instillation (Figure 4.1C,D), and 

processed as described previously (Jia et al., 2009; Jia and Hegg, 2010).  

 Neonates were quickly decapitated and heads were post-fixed for 2 hours in 4% 

paraformaldehyde. Adult mice were anesthetized (65mg/kg ketamine + 5mg/kg 
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xylazine, ip), transcardially perfused with ice-cold 0.1 M PBS followed by 4% 

paraformaldehyde (PFA) and decapitated. The lower jaw and skin was removed and 

tissue was postfixed overnight in 4% and decalcified with EDTA (0.5 M, pH = 8) for 4–5 

days. After decalcification both neonatal and adult tissue was cryoprotected with 20% 

sucrose and embedded in Tissue Tek OCT (Sakura Finetek, Torrance, CA). Frozen 

coronal sections of OE (20 μm) from level 3 of the mouse nasal cavity taken at the level 

of the second palatal ridge (Young, 1981) were collected using a cryostat and mounted 

onto Superfrost Plus slides (Electron Microscopy Sciences, Hatfield, PA, USA). Tissue 

was always compared from equivalent levels between treatment groups (n = 3–4 

animals per group). 

Immunohistochemistry 

 BrdU immunoreactivity was assessed as described previously (Jia and Hegg, 

2010). Briefly, cryostat sections (20 μm) of the OE were rehydrated with 0.1 M PBS for 

20 minutes and permeabilized with 0.3% Triton X-100 for 20 minutes. Non-specific 

binding was blocked with 10% normal donkey serum (Jackson ImmunoResearch, West 

Grove, PA) in 0.1 M PBS for 1 hr. Tissue sections were incubated in 2 M HCl for 30 

minutes at 65°C to denature DNA, and then incubated with rat anti-BrdU IgG (1:100; 

Abcam Inc., Cambridge, MA) in 10% normal donkey serum overnight at 4° C. Coronal 

sections of OE (20 μm) were collected to detect the levels of apoptosis by Terminal 

dUTP Nick End Labeling (TUNEL). TUNEL was performed with an In Situ Cell Death 

Detection Kit (TMR Red; Roche Applied Science, Indianapolis, IN) following the 

manufacturer’s instructions. The number of BrdU positive or TUNEL positive cells in  
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ectoturbinate 2 and endoturbinate II from three tissue sections of each mouse (n = 3-4 

mice per group) were manually counted by an experimenter blinded to the treatments. 

The linear length of OE was measured using Metamorph® software (Molecular Devices, 

Sunnyvale, CA). Data are expressed as a ratio of BrdU or TUNEL-positive cells to the 

linear length of OE scored. For cell linage studies, goat anti-olfactory marker protein 

(OMP, 1:1000, Waco Chemicals, Richmond, VA) antibody was included in the BrdU 

incubation. Immunoreactivity was detected using fluorescein isothiocyanate (FITC)-

conjugated donkey anti-rat IgG ± Cy3-conjugated donkey anti-goat immunoglobin 

(Jackson ImmunoResearch; 1:200 in 0.3% triton X 100 + 10% donkey serum in PBS for 

2 hours at 37° C). Sections were mounted with Vectashield mounting media for 

fluorescence (Vector Laboratories, Burlingame, CA). The nuclei were counterstained 

with Vectashield mounting medium for fluorescence with 4',6-diamidino-2-phenylindole 

(DAPI) (Vector Laboratory, Burlingame, CA). Antibody specificity was examined by 

omitting the primary antibody; no immunoreactivity was ever observed. 

Immunoreactivity was visualized using a Nikon Eclipse 2000-U microscope equipped 

with an Excite 120 Fluorescence Illumination system or an Olympus FV1000 confocal 

laser scanning microscope (Pleasant Valley, PA). Fluorescein isothiocyanate (FITC) 

and tetramethylrhodamine (TRITC) dyes were excited at 488 and 543 nm and low pass 

filtered at 505–525 and 560–620 nm, respectively. In some instances, the brightness 

and contrast of the fluorescent images were altered post-hoc. In all cases, the same 

changes were applied to all images collected on that given day, and it was verified that 

immunoreactivity was not observed in the antibody specificity controls under the new 

settings. No immunoreactivity was observed in any of the controls. 
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Data analysis 

 An experimenter blinded to the treatments manually counted the number of BrdU 

positive cells from 3 tissue sections from each mouse (3-4 mice/group). It was 

previously determined that the intranasal instillation was effectively reaching the OE via 

detection of trypan blue (0.4%) staining following instillation into the nares (Jia et al., 

2009). The septal OE (septum) and ectoturbinate 2 and endoturbinate II (turbinates) 

were regions that were heavily stained with trypan blue (data not shown), indicating that 

compounds instilled into the nares permeate into the OE at these regions, although it is 

not known how long compounds remain in the nasal cavity before they are cleared. 

Thus, BrdU positive cells were tabulated in the turbinates. Data are expressed as a ratio 

of BrdU positive cells to linear length of OE, and is presented as entire OE unless 

specified otherwise. Neonatal data were normalized to the length of OE on which the 

immunoreactive cells were scored and expressed as number per linear millimeter OE. 

The length of the ectoturbinate 2 and endoturbinate II were measured using 

Metamorph® software (Molecular Devices, Sunnyvale, CA). In some experiments, BrdU 

positive cells were counted in 3 different layers of the OE, (1) the apical sustentacular 

cell layer, defined as the region where the apical-most cell nuclei reside and above 

OMP immunoreactivity, (2) the middle neuronal layer, defined as the region where OMP 

immunoreactivity can be observed, and (3) the basal cell layer, defined as the region 

below OMP immunoreactivity (Figure 3.1B). The entire breadth of all three layers is 

designated “Total OE”. This was performed to distinguish between basal cell, neuronal, 

and sustentacular cell proliferation, and to examine differentiation qualitatively. 

Student’s t-test, and one-way ANOVA followed by the Bonferroni multiple comparison 
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test were performed using Prism 5 (Graphpad Software, San Diego, CA). Two-way 

ANOVA or repeated-measures two ANOVA were performed followed by the Newman-

Keul post hoc test using GB-Stat v9.0 (Dynamic Microsystems, Inc., Silver Spring, MD).
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Figure 4.1  Experimental protocol for in vivo studies. (A) Swiss Webster (CFW) 

neonatal mice were instilled with vehicle (1% DMSO or 1:1 ethanol in saline), WIN 

(10µM), or 2-AG ether (1µM, 5µM, 10µM). BrdU was injected (i.p., 18 mg/kg) at 2 and 4 

hours prior to tissue collection 48 hours after treatment. (B) Adult male 6-8 week old 

C57 wildtype, CFW, and CB1/CB2 receptor KO mice intranasally aspirated vehicle (1% 

DMSO in saline), CB1 receptor antagonist AM251 (10µM), CB1/CB2 receptor agonist 

WIN (10µM), or a cocktail of JZL184/URB597 (10µM, 100µM, respectively), or AM251 

30 minutes prior to WIN. BrdU was injected (i.p., 18 mg/kg) 3 and 6 hours before tissue 

collection 48 hours post-instillation. (C) Adult C57 mice intranasally aspirated vehicle 

(1% DMSO in saline), CB1/CB2 receptor agonist WIN (10µM), or a cocktail of 
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JZL184/URB597 (10µM, 100µM, respectively). BrdU was injected (i.p., 18 mg/kg) 42 

and 45 hours after administration and tissue was collected 16 days later. (D) Adult male 

6-8 week old C57 and CB1/CB2 receptor KO mice (8hr time point only) intranasally 

aspirated vehicle (1%DMSO in saline), CB1 receptor antagonist AM251 (10µM), 

CB1/CB2 receptor agonist WIN (10µM), or a cocktail of JZL184/URB597 (10µM, 

100µM, respectively), and BrdU was injected (i.p.,18 mg/kg) 3 and 6 hours before tissue 

collection 8, 24, 48, and 72 hours post-instillation.
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Results 

Exogenous and endogenous cannabinoids increase proliferation in neonatal OE 

 To determine if cannabinoids act as a proliferative factor throughout 

development, BrdU incorporation was first assessed in neonatal mouse OE after 

intranasal instillation of both exogenous and endogenous cannabinoids. Endogenous 

cannabinoid analog, 2-AG ether was used because of its increased chemically stability 

over 2-AG, with an endogenous half-life of hours rather than minutes (Laine et al., 

2002). However, 2-AG ether can be at least 10-fold less potent than 2-AG in eliciting 

typical CB1-mediated responses (Sugiura et al., 1999), therefore a range of 

concentrations were used. Initial proliferation experiments were done in neonates 

because they exhibit a high level of proliferation (Jia et al., 2009; Weiler and Farbman, 

1997a) and endocannabinoid signaling strongly influences proliferation during 

development and early postnatal periods (Berrendero et al., 1999; Galve-Roperh et al., 

2013). Neonatal mice (P4) intranasally aspirated the synthetic CB1/CB2 receptor 

agonist WIN 55212-2 (WIN; 10µM) or 2-AG ether (1µM, 5µM, 10µM) and levels of BrdU 

incorporation were measured 48 hours after cannabinoid manipulation. Intranasal 

instillation of WIN significantly increased BrdU positive cells in the OE by 35% above 

vehicle (Figure 4.2, p<0.05, n = 3-4 animals/group). Intranasal treatment with increasing 

concentrations of 2-AG ether all showed similar significant increased levels (68%, 81%, 

86%, respectively) of BrdU positive cells compared to vehicle (Figure 4.2, p<0.01, n=3-4 

animals/group). These data indicate that both exogenous and endogenous 

cannabinoids can promote proliferation in the neonatal mouse OE. 
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Figure 4.2  Exogenous and endogenous cannabinoids increase proliferation in 

neonatal OE. (A) Representative images from vehicle control groups (left) or 

cannabinoid treatment groups (right). (B) CFW neonatal mice were instilled with vehicle 

(1%DMSO or 50% ethanol; white), WIN (5 µM; blue), or 2-AG ether (light grey, 1µM; 

dark grey, 5µM; or black, 10µM). BrdU incorporation was measured 48 hours after 

intranasal instillation. Synthetic WIN showed an increase in neonatal BrdU 

incorporation, and 2-AG ether increased BrdU positive cells dose-dependently. Data 

were normalized to respective vehicle groups (n=3-4 mice/group). (*, p<0.05 vs. vehicle; 

one-way ANOVA followed by the Bonferroni multiple comparison test).
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CB1 receptor signaling promote proliferation in the adult CFW mice 

 Given the increase in neonatal proliferation after cannabinoid administration and 

the vast body of data showing cannabinoid effects on central adult proliferation (Galve-

Roperh et al., 2013), CB1 receptor-mediated proliferation the adult OE was examined 

next. First, adult proliferation levels were examined in Swiss Webster (CFW) strain of 

mice. CFW mice were used in Chapter 1 for the calcium imaging studies. Adult male 

mice (6-8 weeks) intranasally aspirated vehicle (1% DMSO in saline), CB1 receptor 

specific antagonist AM251 (10µM), or WIN (10µM) and BrdU-incorporation was 

quantified in the OE 48 hours post-administration. WIN significantly increased the 

number of BrdU positive cells compared to vehicle control in the OE of CFW mice 

(Figure 4.3, 20.1 ± 1.1 vs. 26.9 ± 2.2 cell/mm OE, *p<0.01). Pre-treatment with CB1 

receptor-specific antagonist AM251 did not alter the number of BrdU positive cells in the 

OE of saline vehicle-instilled control animals but significantly blocked the WIN-induced 

increase in BrdU incorporation (Figure 4.3, 26.9 ± 2.2 vs. 15.7 ± 0.80 cells/mm OE, # 

p<0.001), indicating that CB1 receptors are involved in WIN-induced increase of cell 

proliferation in the OE. Additionally, AM251 alone did not alter BrdU levels, as they were 

not different from vehicle control (Figure 4.3, 20.1 ± 1.1 vs. 15.3 ± 0.78 cells/mm OE). 

Endogenous cannabinoids promotes proliferation in adult C57 mice 

 Next, a transgenic animal model in which the functional portions of both CB1 and 

CB2 receptor are omitted was used in addition to pharmacological techniques. 

CB1/CB2 receptor KO mice were back bred on a C57BL/6 (C57) strain of mice; 

therefore C57 mice are used in the following experiments as control wildtype mice. 
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Figure 4.3  WIN promotes proliferation in the adult mouse OE via CB1-receptors. 

(A) CB1 receptors mediate WIN-induced increase in cell proliferation. CFW mice 

intranasally aspirated vehicle (1% DMSO in saline) or the CB1 receptor antagonist 

AM251 (10µM) 30 minutes prior to vehicle, CB receptor synthetic agonist WIN (10µM), 

or AM251. BrdU (i.p., 18 mg/kg) was injected 3 and 6 hours before tissue collection 48 

hours post-instillation. * p<0.05 vs. vehicle; # p<0.05 vs. WIN. (One way ANOVA 

followed by Bonferroni multiple comparison test; n=6 animals). (B) Representative 

images from each treatment group. Arrow heads indicate BrdU positive cells (green). 

Dashed white lines delineate basement membrane. Scale bar, 10µm.



 

Male 6-8 week old wildtype and CB1/CB2 receptor KO mice intranasally aspirated 

vehicle (1% DMSO in saline), WIN (10µM), AM251 (10µM), AM251 30 minutes prior to 

WIN, or a cocktail of JZL184/URB597 (10µM and 100µM, respectively), which inhibits 

degradative enzymes of endocannabinoids 2-AG and AEA. BrdU-incorporation was 

quantified in the OE 48 hours post-administration and basal cell proliferation was 

quantified by measuring BrdU-incorporation in the ectoturbinate 2 and endoturbinate II 

OE (Figure 4.1B). Similar to CFW mice, WIN-treated C57 mice showed a significant 

57% increase in BrdU incorporation over vehicle treated control mice (Figure 4.4A; 49.6 

± 3.5 vs. 31.6 ± 1.1 cell/mm OE; p<0.01). The WIN-induced increase in proliferation was 

also blocked by CB1 receptor specific antagonist AM251 (Figure 4.4A; 49.6 ± 3.5 vs. 

34.4 ± 3.7 p<0.05). Additionally, 2-AG and AEA degradation enzyme (MAGL/FAAH) 

inhibitors JZL/URB greatly increased the number of BrdU positive cells over vehicle 

control by 109% (Figure 4.1A; 31.6 ± 1.1 vs. 65.9 ± 3.6 cell/mm OE; p<0.001), 

suggesting that endogenous cannabinoids increase progenitor cell proliferation in the 

mouse OE. Furthermore, JZL/URB treatment further increased BrdU incorporation 

compared to the WIN-induced BrdU proliferative effect (Figure 4.1A; 49.6 ± 3.5 vs. 65.9 

± 3.6 cell/mm OE; p<0.05), indicating that endocannabinoids are equally if not more 

effective at increasing basal cell proliferation than exogenous synthetic cannabinoids at 

the current concentrations. A slight but insignificant decrease was noticed in AM251 

treated animals compared to vehicle control (Figure 4.4A; AM251, 24.8 ± 1.8 vs. 

vehicle, 31.6 ± 1.1 cell/mm OE). This suggests that tonic release of endocannabinoids 

through CB1 receptor signaling is not primarily responsible for baseline levels of 

proliferation in the mouse OE.
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Figure 4.4  Endogenous cannabinoids promote proliferation in wildtype but not 

CB1/CB2 receptor KO mice. Adult male 6-8 week old C57 (wildtype) and CB1/CB2 

receptor KO mice intranasally aspirated vehicle (1%DMSO in saline), CB1 receptor 

antagonist AM251 (10µM), CB1/CB2 receptor agonist WIN (10µM), or a cocktail of 

JZL184/URB597 (10µM, 100µM, respectively), or AM251 30 minutes prior to WIN. BrdU 

was injected (i.p., 18 mg/kg) 3 and 6 hours before tissue collection 48 hours post-

instillation. (A) Quantification of BrdU positive cells in ectoturbinate 2 and endoturbinate 

II (One way ANOVA followed by Bonferroni multiple comparison test; n=3-4 mice.). * 

p<0.05 vs. vehicle; # p<0.05 vs. WIN. (B) Quantification of BrdU positive cells in 

CB1/CB2 receptor KO mice show no effect of cannabinoid treatment.



 

cannabinoids at the current concentrations. A slight but insignificant decrease was 

noticed in AM251 treated animals compared to vehicle control (Figure 4.4A; AM251, 

24.8 ± 1.8 vs. vehicle, 31.6 ± 1.1 cell/mm OE). This suggests that tonic release of 

endocannabinoids through CB1 receptor signaling is not primarily responsible for 

baseline levels of proliferation in the mouse OE. As expected, CB1/CB2 receptor KO 

mice showed no change in BrdU incorporation in response to any cannabinoid 

pharmacological manipulation (Figure 4.4B). 

Cannabinoids increase proliferation up to 3 days after administration 

 Previous work in our lab has targeted 48 hours after intranasal instillation as an 

ideal time point to detect proliferation after ATP-induced NPY release (Jia et al., 2009; 

Jia and Hegg, 2010). Similarly, 48 hours after cannabinoid manipulation yielded positive 

changes in proliferation (Figure 4.4A). However, to better characterize the time course 

of cannabinoid-induced proliferation in the mouse OE, BrdU positive cells were counted 

8, 24, and 72 hours after intranasal aspiration (Figure 4.1D). Male 6-8 week old wildtype 

and CB1/CB2 receptor KO mice intranasally aspirated vehicle (1% DMSO in saline), 

WIN (10µM), AM251 (10µM), or a cocktail of JZL184/URB597 (10µM and 100µM, 

respectively), and BrdU-incorporation was quantified in the OE 8 hours post-

administration. No changes in BrdU positive cells were detected in wildtype mice 

(Figure 4.5A) or CB1/CB2 receptor KO mice (Figure 4.5B) across treatments at 8 hours. 

However, variability is seen among vehicle-treated animals. An increase in the vehicle-

treated group in wildtype mice was detected at 8 hours compared to 24 and 72 hours 

post-instillation (data not graphically represented; 46.9 ± 2.4 vs. 38.9 ± 2.2, and 39.8 ± 

2.7 respectively; p<0.05). 24 hours after intranasal aspiration, a 53% increase in BrdU+ 
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Figure 4.5  Cannabinoid-induced proliferation is detected up to 72 hours after 

administration. Adult male 6-8 week old C57 wildtype (WT) and CB1/CB2 receptor KO 

mice intranasally aspirated vehicle (1%DMSO in saline), CB1 receptor antagonist 

AM251 (10µm), CB1/CB2 receptor agonist WIN (10µm), or a cocktail of 

JZL184/URB597 (10µm, 100µm, respectively), and BrdU (i.p.,18 mg/kg) was injected 3 

and 6 hours before tissue collection 8, 24, and 72 hours post-instillation. Quantification 

of BrdU positive cells in (A) C57 wildtype mice (B) and CB1/CB2 receptor KO mice 8 

hours after instillation. Quantification of BrdU positive cells in wildtype mice (C) 24 hours 

post-instillation and (D) hours post-instillation show increases in WIN and JZL/URB 

groups (* p<0.05 from vehicle; one way ANOVA followed by Bonferroni multiple 

comparison test; n=2-6 mice).



 

Figure 4.6  Cannabinoid treatment sustains progenitor cell proliferation up to 72 

hours after administration. Adult male 6-8 week old C57 wildtype mice intranasally 

aspirated vehicle (1%DMSO in saline), CB1 receptor antagonist AM251 (10µm), 

CB1/CB2 receptor agonist WIN (10µm), or a cocktail of JZL184/URB597 (10µm, 

100µm, respectively), and BrdU was injected (i.p., 18 mg/kg) 3 and 6 hours before 

tissue collection 8, 24, 48, and 72 hours post-instillation. Quantification of BrdU positive 

cells in C57 wildtype mice 8, 24, 48, and 72 hours after (A) WIN (B) AM251 and (C) 

JZL/URB administration. (One way ANOVA followed by Bonferroni multiple comparison 

test; n=3-4 mice).
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cells was detected in WIN-treated mice compared to vehicle (Figure 4.5C; 59.5 ± 2.3 vs. 

38.9 ± 2.2; p<0.001), and a 70% increase in JZL/URB treated mice (Figure 4.5C; 65.9 ± 

6.1 vs. 38.9 ± 2.2; p<0.001). This robust increase in proliferation was still detectable 72 

hours after intranasal administration with a 54% increase after cannabinoid WIN 

treatment compared to control (Figure 4.5D; 39.79 ± 2.7 vs. 61.2 ± 3.3, p<0.001) and a 

39% increase after inhibiting endocannabinoid degradative enzymes compared to 

control (Figure 4.5D; 38.9 ± 2.2 vs. 55.3 ± 3.2; p<0.001). No change in BrdU-

incorporation was seen at 24 or 72 hours after AM251 treatment vs. vehicle control 

levels (Figure 4.5C-D; vehicle, 24 hours 38.9 ± 2.2 vs.45.2 ± 1.6, and 72 hours 39.79 ± 

2.7 vs. 36.5 ± 3.3). Overall, these data indicate intranasal instillation of exogenous 

cannabinoids or increased endocannabinoids promotes progenitor cell proliferation 24 

hours after administration, and is sustained for up to 72 hours. 

 To determine if the same cannabinoid treatment changes BrdU levels across 

time, the data displayed in Figure 4.5 were reorganized to reflect changes within each 

treatment from 8-72 hours after administration. No changes in WIN-induced (Figure 

4.6A), AM251-induced (Figure 4.6B), or JZL/URB-induced (Figure 4.6C) proliferation 

were seen across time (8, 24, 48, or 72 hr post intranasal aspiration). Although no 

significant increases in proliferation were detected in cannabinoid-treated wildtype mice 

8 hours post-instillation (Figure 4.5A), proliferation in the WIN and JZL/URB-treated 

groups were not significantly lower at 8 hours compared to 24, 48, or 72 hours (Figure 

4.6A-C). This observation reflects the increased variability in vehicle control-treated 

mice at 8 hours post-instillation compared to vehicle control at all other time points 

measured (Figure 4.5). These data indicate that WIN or JZL/URB treatment is able to 
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increase basal cell proliferation 24 hours after treatment and sustain the same levels of 

proliferation for up to 72 hours. 

Single administration of cannabinoids does not regulate differentiation 

The cannabinoid system contributes to the regulation of central neural precursors 

committed to a neuronal or glial lineage (Aguado et al., 2006). Therefore, to determine if 

cannabinoids induce the proliferation of neuronal and sustentacular progenitor cells, a 

new BrdU incorporation assay was performed extending the end point to 16 days 

following WIN or JZL/URB application in C57BL/6 adult mice (Figure 4.1C). This 

extended period allows for the basal cells to proliferate and differentiate into mature 

OSNs, a process that takes a minimum of 10 days (Schwob et al., 1995). To analyze 

the fate of cannabinoid-induced cell proliferation, BrdU positive cells in the apical 

sustentacular cell layer, the middle OSN layer, and the basal progenitor cell layer were 

counted. Two days after intranasal administration, cannabinoid-induced BrdU positive 

cells were increased in the basal layer (Figure 4.7B; 73% and 99% of the total vehicle 

control; p<0.01), confirming the previous results (Figure 4.4A). No increase in BrdU 

positive cell in the total OE was seen after intranasal instillation of either WIN (37.2 ± 

1.0 vs. 34.6 ± 3.2 cell/mm OE) or JZL/URB (33.7 ± 2.8 vs. 34.6 ± 3.2 cell/mm OE) 

compared to vehicle control 16 day post treatment (Figure 4.7A). The number of WIN (2 

day, 53.5 ± 1.7 16 day 37.2 ± 1.0 cell/mm OE; p<0.05) and JZL/URB-(2 day, 68.1 ± 5.0; 

16day 33.7 ± 2.8 cell/mm OE; p<0.001) induced BrdU positive cells was significantly 

lower 16 days after treatment compared to 2 days, suggesting that newly generated 

cells at 2 days did not survive to 16 days (Figure 4.7A).
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Figure 4.7  Cannabinoid administration does not induce neurogenesis. Adult C57 

wildtype mice intranasally aspirated vehicle (1% DMSO in saline), CB1/CB2 receptor 

agonist WIN (10µm), or a cocktail of JZL184/URB597 (10µm, 100µm, respectively). 

BrdU was injected (i.p.,18 mg/kg) 42 and 45 hours after administration and tissue was 

collected 2 or 16 days later. Quantitative analysis of BrdU incorporation in the (A) entire 

OE, (B) basal layer, (C) neuronal layer, or (D) apical layer 2 and 16 days following 

cannabinoid instillation. Data are expressed as mean (±SEM) number of BrdU positive 

cells per linear length of the entire OE. (* p<0.01 vs. respective 2 day vehicle, # p<0.05 

vs. same treatment as 2day; one way ANOVA followed by Bonferroni multiple 

comparison test; n=4 mice).
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No change in BrdU-incorporation was seen in vehicle treated mice between 2 and 16 

days (Figure 4.7A; 34.0 ± 3.5 vs. 34.6 ± 3.2 cell/mm OE). Additionally, no significant 

change in the neuronal layer was seen 16 days post-instillation (Figure 4.7C), indicating 

additional neurogenesis does not occur after WIN or JZL/URB treatment compared to 

vehicle. Similarly, no change was detected in the apical layer 16 days after cannabinoid 

manipulation (Figure 4.7D), suggesting gliogenesis is not affected by WIN or JZL/URB 

administration. Collectively, these data suggest that cannabinoid-induced proliferation 

does not lead to an increase in differentiated cells above control levels in the mature 

OE. Although, the newly proliferated cells do not incorporate into the OE as mature 

neurons and glia, tightly regulated homeostatic mechanisms in the OE imply that that 

cell death is occurring before maturation to maintain homeostasis. 

Inhibiting endogenous cannabinoid signaling does not increase cell death levels 

 Cannabinoid signaling is neuroprotective in the CNS (Kim et al., 2006), 

promoting the survival of neural progenitor cells during development and in adulthood 

(Galve-Roperh et al., 2013). Therefore, we assessed whether pharmacological or 

genetic inhibition of CB receptors has a protective function under physiological 

conditions by examining apoptosis by counting the number of TUNEL-positive cells in 

ectoturbinate 2 and endoturbinate II in the mouse OE. Inhibition of CB1 receptors with 

AM251 did not significantly increase TUNEL positive cells over vehicle in C57 control or 

CFW mice (Figure 4.8A, C). However, there was a significant main effect of genotype 

after two-way ANOVA comparison of wildtype C57 and CB1/CB2 receptor KO mice 

(F(1,80) = 38.18, p < 0.0001), but no significant interaction between treatment and  
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Figure 4.8  Inhibiting endocannabinoid signaling does not influence incidence of 

cell death. Adult male 6-8 week old C57 wildtype and CB1/CB2 receptor KO mice 

intranasally aspirated vehicle (1% DMSO in saline), CB1 receptor antagonist AM251 

(10µm), CB1/CB2 receptor agonist WIN (10µm), or a cocktail of JZL184/URB597 

(10µm, 100µm, respectively), or AM251 30 min prior to WIN. The levels of apoptosis 

were measured by TUNEL, 8 hours, 72 hours, or 16 days after cannabinoid 

administration. Quantification of TUNEL positive cells from ectoturbinate 2 and 

endoturbinate II in (A) C57 wildtype mice, (B) CB1/CB2 receptor KO mice, and (C) CFW 

mice. Two-way ANOVA followed by Tukey/Kramer Procedure post-hoc test or one way 

ANOVA followed by Bonferroni multiple comparison test; n=3-4 mice).



 

genotype (Figure 4.8; F(4,76) = .31, p < 0.87). Collectively, these data show that 

pharmacological inhibition of CB1 receptors or within individual treatment groups of 

genetic CB1/CB2 receptor KO mice do not protect against cell death under 

physiological conditions. 

Incidence of cell death increases 72 hours after cannabinoid administration 

 Given the cannabinoid-induced increase in proliferation but not maturation, cell 

death was assessed at multiple time points after cannabinoid administration. As at the 

48 hour time point, no interaction of treatment and genotype was seen in TUNEL 

positive cells 8 hours after cannabinoid instillation in wildtype C57 or CB1/CB2 receptor 

KO mice (Figure 4.9A-B). WIN and JZL/URB treated mice showed a 48.8% and 50.7% 

increase in apoptosis 72 hours after intranasal aspiration (Figure 4.9C; vehicle 6.5 ± .98 

vs. WIN 12.7 ± .63 and JZL/URB 13.2 ± 1.0 cell/mm OE; p<0.01; n=3). Accordingly, 

TUNE positive cells in both WIN (Figure 4.9E; 9.1 ± .4 vs. 12.7 ± .6 and 12.9 ±.9 

cell/mm OE; p<0.05) and JZL/URB (Figure 4.9F; 9.5 ± .46 vs. 13.6 ± .88 and 15.6 ± 1.2 

cell/mm OE; p<0.05) treated groups is significantly lower at 16 days-post treatment. 

These data indicate that the cannabinoid-induced increase in proliferation is matched 

with an increase in cell death starting at 72 hours after and expiring within 2 weeks after 

instillation. 
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Figure 4.9  Cannabinoids increase apoptosis 72 hours after administration. Adult 

C57 wildtype mice intranasally aspirated vehicle (1% DMSO in saline), CB receptor 

agonist WIN (10µm), or a cocktail of JZL184/URB597 (10µm, 100µm, respectively).The 

levels of apoptosis were measured by TUNEL, 8 hours, 72 hours, or 16 days after 

cannabinoid administration. Quantification of TUNEL positive cells in (A) C57 wildtype 

and (B) CB1/CB2 receptor KO mice 8 hours after cannabinoid administration (n=3). (C) 

Quantification of TUNEL positive cells in C57 wildtype mice 72 hours and (D) 16 days 

after instillation (n=3 mice). (*p<0.05 vs. vehicle; one way ANOVA followed by 

Bonferroni’s post hoc test). Quantification of TUNEL positive cells in C57 wildtype mice 

across time in (E) WIN and (F) JZL/URB treated groups (n=3 mice). (*p<0.05 vs. from 
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each time point within respective treatment; one-way ANOVA followed by Bonferroni’s 

post hoc test).



 

Discussion 

 This chapter outlined experiments that investigated the effect of the cannabinoid 

system on adult neurogenesis in the mouse OE in vivo. Neurogenesis is a finely tuned 

process involving the proliferation of progenitor cells, successful differentiation, and 

functional integration into the surrounding tissue. First, proliferation was measured by 

BrdU-incorporation in two strains of mice, Swiss Webster (CFW) and C57BL/6, and at 

two ages, postnatal day 4 and adult 6-8 week old mice. These two ages were chosen 

because cannabinoids can influence proliferation during both late development stages 

and into adulthood. CFW neonatal mice were used in Chapter 2 to investigate CB 

receptor signaling by calcium imaging, therefore it is important to establish a similar 

functional role of cannabinoids between neonates and adults. Additionally, neonatal 

mice exhibit higher levels of proliferation compared to adult mice and endocannabinoids 

are well known to regulate development during early post-natal periods. Neonatal CFW 

mice showed an increase in BrdU positive cells 48 hours after intranasal aspiration of 

exogenous cannabinoid WIN, similar to that seen in the adult OE. Additionally, BrdU-

incorporation was increased in neonates with intranasal aspiration of 2-AG ether at 

varying concentrations. Not surprisingly, neonates expressed an inherently greater 

amount of cells undergoing proliferation in the vehicle treatment groups. However, when 

neonatal data were normalized to compare results across different experiments and 

vehicle groups, a similar trend was observed, suggesting that similar mechanisms and 

chemical signals may mediate both post-natal and adult neurogenesis under normal 

conditions. 
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 Two strains of mice were used for in vivo proliferation experiments. C57BL/6 

(C57) mice were used as control background mice for the CB1/CB2 receptor KO mice, 

and CFW mice were used to verify proliferation in the mouse strain used for calcium 

imaging data and to recapitulate reproducibility of results. Accordingly, similar increases 

in WIN-induced proliferation were seen in both CFW and C57 adult mice. However, the 

inherent amount of proliferation that occurred in the vehicle-treated groups varied by 

about 12 BrdU positive cells between strains. The Swiss Webster strain is an outbred 

strain, and thus has substantial genetic variability between individual mice. The 

variability with outbred strains, coupled with significant results, suggests that the 

cannabinoid effect on proliferation is quite strong. In our experience, as well as in other 

laboratories, the C57BL/6 inbred strain has a significantly higher level of proliferation 

under control conditions than does the Swiss Webster, indicating that there may be both 

strain differences as well as individual differences in basal cell proliferation. These data 

suggest that cannabinoids may be a proliferative factor throughout development and 

into adulthood in the mouse OE. Additional differences in BrdU-incorporation were 

detected in vehicle treated groups 8 hours post-instillation compared to 24, 48, or 72 

hours (Figure 4.5). No significant difference in vehicle group was seen between 24 

hours, 72 hours, 48 hours, and 16 days. This could possibly reflect damaging effects of 

an acute application of 1% DMSO in the solution causing BrdU incorporation during 

DNA repair, natural fluctuations in proliferation levels, or an experimenter error in BrdU 

preparation or administration. Further investigation with alternative cell proliferative 

markers such as PCNA and Ki-67 are needed to verify results. Variability in vehicle-

treated groups, although statistically significant may not be physiologically significant. 
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Therefore, individual control groups for each experiment are essential. Notably, all 

statistical analyses were performed on individual time controls since there was 

differences between vehicle groups at some time points. BrdU-incorporation was 

increased with both exogenous cannabinoid WIN and by increasing endocannabinoids 

by blocking their principal degradative enzymes (JZL/URB treatment) in control C57 

mice. In the transgenic CB1/CB2 receptor KO mice, no difference in BrdU positive cells 

was seen in any treatment group. These data suggest cannabinoid-induced increases in 

proliferation are mediated by CB receptors and not at off target receptors. Additionally, 

the CB1 receptor specific antagonist, AM251 was sufficient to inhibit WIN-induced 

proliferation, further implicating CB1 receptors in this phenomenon. However, AM251 

instillation alone did not significantly affect the proliferation rate, suggesting that tonic 

release of endocannabinoids does not act alone to regulate cell turn over and additional 

signals are involved. The effect of AM251 on cannabinoid-induced proliferation is similar 

to that seen with other trophic factor receptors in the OE, such as NPY Y1 (Jia and 

Hegg, 2010), fibroblast growth factor, and epidermal growth factor receptors (Jia et al., 

2011a). Despite this observation, tonic release of 2-AG is still possible given the high 

steady-state levels of 2-AG found in the mouse OE (Chapter 2), presumably not from 

stimulus driven biosynthesis. High basal 2-AG levels are also detected in the rat brain 

(Stella et al., 1997), coupled with multiple roles in lipid metabolism (Piomelli et al., 

2007), indicating that some “reserve” 2-AG is not immediately released, and could 

function as a messenger for intercellular signaling (Blankman et al., 2007; Di Marzo, 

1999; Piomelli, 2003). Previous reports of 2-AG synthesis and release in the tadpole OE 

have suggested both autocrine and paracrine signaling routes (Breunig et al., 2010b), 

148 

 



 

therefore, similar mechanisms could be at work in the mouse OE. Future studies 

involving genetic depletion of 2-AG synthesis enzyme DAGL, could further investigate 

the contribution of tonic endocannabinoid stimulation on basal cell cycle regulation and 

proliferation. Cannabinoids may have a role in normal maintenance of basal cell 

proliferation state in the OE, but other factors may also contribute. 

 A natural increase in BrdU positive cells is seen in vehicle and all treated groups 

in CB1/CB2 receptor KO mice compared to the wildtype controls, although no effect of 

cannabinoid treatment was detected. Curiously, the increase in physiological BrdU 

incorporation persists despite decreased numbers of basal cells and OSNs in CB1/CB2 

receptor KO mice. This observation conflicts with previous reports of a robust 

physiological decrease in BrdU positive cells in the both the DG and SVZ in CB1 

receptor KO mice (Jin et al., 2004), and in the DG of CB2 receptor KO mice (Palazuelos 

et al., 2006). However, no studies have examined proliferation levels in the double 

CB1/CB2 receptor KO mice. It would be interesting to evaluate the natural proliferation 

levels of CB1 or CB2 receptor-null mice individually to compare to the results seen in 

the double KO mouse and to compare OE proliferation levels to those seen in the CNS. 

Perhaps a compensatory mechanism by the remaining basal cells is providing CB1/CB2 

receptor KO mice with additional trophic factor support. For example, NPY release from 

microvillous cells supplies basal cells with an important physiological and injury-induced 

neurotrophic factor (Jia et al., 2013; Jia and Hegg, 2010, 2012). NPY Y1 receptor 

expression on basal cells may be upregulated in the CB1/CB2 receptor KO mouse, 

thereby increasing pro-proliferative signaling mechanisms. These data could also 

indicate that the decrease in basal cell numbers in CB receptor-deficient mice, albeit 
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statistical, may not be physiologically relevant. In addition to basal cell compensatory 

mechanisms, a decrease in anti-proliferative signaling from the decreased mature 

population of OSNs could contribute to increased proliferation in the CB1/CB2 receptor 

KO mouse. Following specific OSN damage, the rates of progenitor cell division 

decrease as an increasing number of neurons mature and integrate until OE 

homeostasis is achieved (Calof et al., 1996; Holcomb et al., 1995b; Schwob et al., 

1992). These observations suggest that progenitor cells in the OE are able to detect 

appropriate levels of OSNs present in the OE and respond by altering proliferation and 

differentiation accordingly. Indeed, in vitro studies have shown that purified OE neuronal 

progenitor cells exhibit reduced levels of neurogenesis when grown in the presence of a 

large number of mature OSNs, indicating that OSNs produce an autocrine signal(s) that 

inhibits neurogenesis (Mumm et al., 1996). Additionally, the natural increase in BrdU is 

not mirrored with overall increases in cell death. Despite a major effect of genotype 

detected in TUNEL staining 48 hours after cannabinoid administration, no individual 

treatment increases were seen when comparing CB1/CB2 receptor KO mice to 

wildtype. To maintain homeostasis, a tonic increase in newly dividing cells should 

correspond to a consistent level of cell death; however, that relationship was not fully 

detected in my experiments. Further experiments using additional markers of 

proliferation such as Ki-67 and PCNA are needed to establish if the increased BrdU 

levels in CB receptor KO mice are valid. Cell lineage studies in CB1/CB2 receptor KO 

mice will also advance our understanding of newborn cell survival and differentiation. 

Additionally, measuring the number of immature neural precursors at physiological 

levels and 6 days after BrdU incorporation are needed to further investigate the 
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regulation of cell populations in CB receptor KO mice. Overall, CB1/CB2 receptor KO 

mice display an abnormal proliferation to apoptosis ratio, indicating cell cycle 

dysregulation and further implicate the cannabinoid system as integral for proper 

homeostatic regulation of basal cells in the mouse OE. 

 In the mature OE, basal stem cells proliferate into neuronal precursor cells and 

then differentiate into immature followed by mature OSNs to replace dying and dead 

OSNs (Graziadei and Graziadei, 1979; Graziadei and Monti-Graziadei, 1978). The rate 

of cell proliferation and neuronal differentiation in the OE is tightly regulated by multiple 

chemical signals produced by the different cell types in the OE (Kawauchi et al., 2004; 

Mackay-Sim and Chuah, 2000).Cell lineage experiments measuring BrdU location in 

either the basal layer, middle layer (indicative of neurogenesis), or apical layer 

(indicative of gliogenesis) of the OE was performed in wildtype C57 adult mice 16 days 

after cannabinoid administration. No increases in BrdU positive cells over control were 

seen in any layer 16 days after WIN or JZL/URB treatment, suggesting that increases in 

proliferation did not lead to additional neurogenesis or gliogenesis. Additionally, a 

significant decrease in total BrdU cell numbers was seen 16 days after WIN and 

JZL/URB instillation compared to 2 days, suggesting the cannabinoid-induced increases 

in proliferation at 2 days are not maintained and newly proliferated cells undergo 

apoptosis before 14 days after treatment. These data further indicate that the 

cannabinoid system regulates the proliferative state of basal cells but not differentiation. 

In this regard, cannabinoid signaling is unlike purinergic ATP signaling in the mouse 

OE, which is sufficient to increase both neuronal and glial cell differentiation (Jia et al., 

2009). However, only one instillation of cannabinoid agonist was given while other 
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studies examining the role of cannabinoids on differentiation involve multiple treatments 

(Goncalves et al., 2008; Jiang et al., 2005). Additionally, the level of neurogenesis is 

tightly regulated by a multitude of chemical signals produced by OSNs or sustentacular 

cells that influence the proliferation and differentiation of endogenous neuronal 

progenitor basal cells. Negative autoregulators of neurogenesis such as GDF11 (Wu et 

al., 2003), are released from neurons and inhibit proliferation and generation of new 

neurons in the OE. Thus, destruction of neurons removes the source of the anti-

proliferation signal, and promotes neurogenesis. Therefore, differentiation might not 

have been seen due to competing signaling pathways involved in cell population tissue 

homeostasis. During development, an inverse relation between expression of CB1 

receptors and the stage of cell differentiation is seen in neuronal and glial cells 

(Palazuelos et al., 2006), indicating that CB1 receptors might function to prevent a 

differentiated state in favor of a non-differentiated, proliferative state. Similarly, CB2 

receptors increase with de-differentiation of glial (Sanchez et al., 2001) and some 

tumors (Caffarel et al., 2006). Results obtained from this chapter suggest that 

cannabinoid signaling actively promotes basal cell proliferation while not influencing 

differentiation in wildtype mice. Additional studies outlining cell lineage progression in 

CB1/CB2 receptor KO mice would greatly contribute to the interpretation of wildtype 

data. 
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 Cannabinoids take part in the control of tissue homeostasis, thereby modulating 

the balance between cell death and survival (Guzman, 2003; Mechoulam et al., 2002). 

Both CB1 and CB2 receptors regulate neural progenitor commitment, survival, and cell-

cycle maintenance (Aguado et al., 2006; Guzman, 2003). The varying actions of CB 
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receptors can provide cell protection (Romero et al., 2002) or elicit apoptosis (Guzman, 

2003). Studies in glioma or astrocytoma cells (Sanchez et al., 2001) and in various non-

neuronal cancers (Caffarel et al., 2006), show that activation of CB receptors induces 

apoptosis and inhibits tumor growth in host mice. Administration of cannabinoids can 

inhibit the survival of various tumor cells in culture and curb the growth of different 

models of tumor xenografts in rats and mice (Guzman, 2003). Most antitumor effects of 

cannabinoid signaling have been studied in tumors of the CNS, specifically gliomas 

(Velasco et al., 2004). In the current chapter, a cannabinoid-induced increase in 

proliferation was matched by an increase in apoptosis 72 hours after WIN or JZL/URB 

administration. Levels of cell death were elevated by around 50% in both treatment 

groups. However, despite a significant increase in cell death, the number of 

cannabinoid-induced proliferating cells is 4 to 5 times higher than the increased 

numbers of TUNEL positive cells. This suggests that apoptosis of newly generated cells 

takes place over an extended period of time or that apoptosis peaks after the 3 day time 

point. Cannabinoid-induced increases in BrdU positive cells is still seen 3 days after 

administration, falling within an previously characterized length of basal cell 

proliferation, so it is unsurprising that cell death numbers at 72 hours are not sufficient 

to restore balance between proliferation and cell death numbers. Additionally, TUNEL 

positive cells significantly decrease 16 days post cannabinoid instillation compared to 8 

and 72 hours, suggesting that the range of apoptosis falls between 3 and 16 days. 

 Cannabinoids are also neuroprotective in a variety of neuronal injury and 

degenerative models (Guzman et al., 2002). The literature on neuroprotective properties 

of endocannabinoids suggests tissue, concentration, and injury-dependent recovery. 
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WIN protects hippocampal neurons in culture from glutamate-induced excitotoxicity 

through a CB1 receptor-dependent mechanism (Shen and Thayer, 1998). Genetic 

deletion of CB1 receptors renders mice more sensitive to the harmful effects of 

ischemia, excitotoxic effects of glutamate, and oxidative injury (Kim et al., 2006). WIN 

exhibits neuroprotection on both hippocampal neurons in a cerebral ischemia paradigm 

(Nagayama et al., 1999) and on hippocampal astrocytes from toxic doses of ceramide 

(Gomez Del Pulgar et al., 2002), suggesting that neuroprotective effects of the 

cannabinoid system can also act through glia. However, in the present study no 

increase in TUNEL positive cells was detected 48 hours after administration of CB1 

receptor antagonist AM251 in either CFW or C57 mice. This suggests that potential 

tonic release of endocannabinoids does not function to prevent cell death. However, in 

CB1/CB2 receptor KO mice a major effect of genotype was detected in TUNEL staining 

48 hours after cannabinoid administration, suggesting that there is an increase in basal 

levels of apoptosis in the absence of CB receptor signaling. Taken together, these data 

demonstrate that CB receptors clearly influence cell homeostasis involved in cell 

survival and death. 

 Cannabinoids regulate the state of proliferation, differentiation, and cell death via 

several proposed pathways (Harkany et al., 2007). CB1 and CB2 receptors can activate 

the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway in cortical 

progenitor cells during development and in mature neurons (Crino, 2011; Diaz-Alonso et 

al., 2014; Puighermanal et al., 2012). mTORC1 is involved in the control of a plethora of 

cell functions by acting through the regulation of protein synthesis via phosphorylation of 

its downstream targets (Foster et al., 2010), which are essential elements in neuronal 
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responses to synaptic activity and plasticity (Hoeffer and Klann, 2010). In the 

developing brain, mTORC1 signaling regulates neural cell fate, and a fine turning of this 

signaling pathway is essential for appropriate development (Crino, 2011). Additionally, 

mTORC1 activation in intermediate progenitor cells in adult neurogenic brain areas 

reverts progenitor quiescence to active proliferation in the aged brain (Paliouras et al., 

2012). Thus, mTORC1 activation by CB receptors may contribute to injury-induced 

neural progenitor activation (Aguado et al., 2007; Palazuelos et al., 2012) and alleviate 

aging-associated decline of neurogenesis (Goncalves et al., 2008; Marchalant et al., 

2009a). mTORC1 is a major target of the PI3K/Akt pathway and thus also plays a 

central role in neural cell survival/death decision (Foster et al., 2010). For example, 

activated mTORC1 is responsible for the hippocampal alterations that contribute to the 

development of epilepsy, including mossy fiber sprouting, neuronal cell death, and 

neurogenesis (Zeng et al., 2009).CB1 receptor signaling is able to engage 

PI3K/Akt/mTORC1 signaling pathway in the developing cortex (Diaz-Alonso et al., 

2014) leading to proliferation. In cerebellar progenitors, CB1 receptor-induced cell 

proliferation is mediated by the PI3K/Akt pathway that, as a consequence of GSL3β 

inhibition, increases β-catenin nuclear translocation and cyclin D1 expression (Diaz-

Alonso et al., 2014; Trazzi et al., 2010). Likewise, the CB2 receptor, normally absent 

from mature neuronal cells, but expressed in undifferentiated neural progenitors, 

promotes cell proliferation via PI3K/Akt/mTORC1 signaling (Palazuelos et al., 2012). 

Furthermore, it was found that CB2 receptor-induced neural progenitor proliferation via 

mTORC1 signaling is relevant in pathophysiological conditions such as proliferation 

during development and excitotoxicity-induced adult hippocampal neurogenesis 
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(Palazuelos et al., 2012). In addition to the involvement of PI3K/Akt signaling, a 

potential contribution of other pathways, such as the ERK cascade is plausible. 

 

Conclusions 

 Previous studies in the olfactory system have examined cannabinoid-mediated 

olfaction after fasting (Breunig et al., 2010b; Soria-Gomez et al., 2014), but no attention 

has been paid to the mechanism of proliferation. The experiments performed in this 

chapter advance our understanding of stem cell lineage and the trophic factor/signaling 

mediators responsible for progenitor cell proliferation, differentiation, and survival in the 

mouse OE. Trophic factor requirements of OE progenitor cells are similar to progenitor 

cells in the CNS (Mackay-Sim and Chuah, 2000) and cannabinoid signaling can now be 

added to this list. OE progenitor cells are easily obtained via a simple biopsy (Feron et 

al., 1998) and are able to generate neurons and partially restore function after 

transplanted into the brain (Murrell et al., 2008). Future research on cannabinoid-

induced mechanisms of neurogenesis could have direct implications for regenerative 

strategies using olfactory-derived progenitor cells in mouse models and therapeutic 

strategies for the human central nervous system. 



 

Chapter 5: Discussion 

 Results of this thesis demonstrate a clear influence of the cannabinoid system in 

the regulation of proliferation and tissue homeostasis in the mouse OE. Using both a 

genetic and pharmacological approach to manipulate cannabinoid signaling, we have 

observed (1) the first identification of a cannabinoid system in the mouse OE, (2) basal 

cell and neuronal population alterations in CB1/CB2 receptor KO mice, (3) dysregulation 

of progenitor cell balance in CB1/CB2 receptor KO mice, and (4) increases in basal cell 

proliferation due to exogenous and endogenous cannabinoids. The studies in this thesis 

cohesively imply the balance of progenitor cell survival and proliferation in adult mouse 

OE is regulated by CB receptor signaling. Additional hypotheses and future implications 

derived from this work include the topics of (1) autocrine and paracrine 

endocannabinoid signaling in the OE, (2) variability in CB receptor genetic models, (3) 

production and release of endocannabinoids through tonic and stimulated mechanisms, 

(4) signaling pathways of proliferation, and broader implications of progenitor cell 

regulation, including cannabinoid system involvement in (5) age-related declines in 

olfactory function and (6) pathological declines in olfactory function. 

 

Additional hypotheses and future implications 

Non-retrograde cannabinoid signaling in the OE 

 Cannabinoid signaling in OE progenitor cells is not the canonical retrograde 

signaling observed in the central nervous system, which has a modulatory function. 

Instead, CB signaling most resembles that seen in the progenitor cell niche in the CNS 

since (1) OE tissue morphology is similar to that seen in central adult and 
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developmental stem cell niches (2) OSNs are primary neurons making their first 

synapse in the OB, (3) autocrine and paracrine endocannabinoid signaling is seen in 

Xenopus laevis OE, and (4) trigeminal nerves innervating the mouse OE are likely not 

involved in CB receptor-mediated effects. 

 A progenitor cell niche is defined by the proximal extracellular matrix, local 

paracrine and autocrine signaling from neighboring cells, and cell specific properties, 

i.e., available receptors that will define the ability to respond to extracellular signals 

(Mackay-Sim and Kittel, 1991). An endocannabinoid system is present in embryonic 

neural stem cell niches, and its regulatory role in neuronal generation and maturation is 

preserved in neurogenic niches of the adult brain. Studies in the developing brain and in 

adult neurogenic niches have shown that CB1 and CB2 receptor activation can 

modulate neural stem cell proliferation in vitro and in vivo. These neural progenitors 

have the capacity to synthesize endocannabinoids, express CB receptors, and the 

metabolic enzymes for endocannabinoid degradation, resulting in a local signaling loop. 

This suggests that cannabinoid signaling on progenitor cells is contained within the 

neurogenic microenvironment, outside of the canonical signaling roles of cannabinoids 

in retrograde transmission. Additionally, non-retrograde endocannabinoid signaling in 

the CNS includes cannabinoid-mediated slow self-inhibition in neocortical interneurons 

and pyramidal neurons (Bacci et al., 2004; Marinelli et al., 2009). This form of 

autoregulation results from activity-dependent rises in intracellular calcium, mobilization 

of 2-AG, and activation of CB1 receptors (Bacci et al., 2004; Marinelli et al., 2008). CB2 

receptors localized to intracellular compartments also self-inhibit neuronal activation in 

medial prefrontal cortical pyramidal neurons (den Boon et al., 2012). These data 
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suggest that cannabinoid signaling in development and in mature progenitor cell niches 

are through local paracrine or autocrine pathways. 

 The mouse olfactory mucosa is divided into epithelium and lamina propria by 

separation of the basement membrane. The OE contains only one type of neuron, 

OSNs, which receives no synaptic innervations within the epithelium. OSNs send a 

dendrite to the apical surface where their cilia extend into the mucus lining the lumen of 

the nasal cavity. OSN axons leave the epithelium and enter the lamina propria where 

they gather in bundles before entering the OB where they synapse with mitral/tufted 

cells and interneurons. The apical surface of the epithelium contains the cell bodies of 

sustentacular and microvillous cells that send processes to the basement membrane. 

Adjacent to the basement membrane are horizontal basal cells, the neural stem cell, 

and atop horizontal cells are the multipotent progenitor GBCs. OE tissue composition 

represents an isolated peripheral system that contains a progenitor cell niche. Non-

synaptic signaling has also been identified in the tadpole OE. Tadpole OSNs appear to 

be involved in autocrine signaling, whereby neuronal 2-AG synthesis leads to CB1 

receptor activation on OSNs, and paracrine signaling whereby 2-AG synthesis in 

sustentacular cells leads to CB1 receptor activation on OSNs (Breunig et al., 2010b). 

Therefore, tissue morphology of the mouse OE is more similar to that seen in neural 

progenitor cells during development, and in adult neurogenic niches. It is unlikely that 

cannabinoids are acting in a retrograde signaling mechanism as they do in brain regions 

in which synaptic transmission dominates cell to cell signaling modalities, such as the 

OB. Unlike the mouse OE, the OB contains several types of neurons with complex 

synapses that influence the perception of odors. Primary OSNs first synapse within 
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discrete anatomical areas called glomeruli. Each glomerulus contains (1) mitral and 

tufted relay neurons, which project axons to the olfactory cortex, (2) periglomerular 

interneurons that encircle the glomerulus, and (3) granule cell interneurons that provide 

negative feedback circuits and are located deeper within the bulb. Cannabinoid 

signaling can regulate OB perception of odors through cannabinergic synapses 

between granule cells in the OB and centrifugal fibers that project from the anterior 

olfactory nucleus and piriform cortex to the OB (Soria-Gomez et al., 2014). This is an 

example of cannabinoid mediated inhibition of synaptic signaling in the olfactory system, 

similar to that seen involved in short and long term potentiation in the hippocampus 

(Chevaleyre et al., 2006). 

 In addition to the previously mentioned cell types, the mammalian OE is 

innervated by trigeminal nerve branches (Bouvet et al., 1987). Trigeminal afferents 

mediate sensations of touch, pressure, temperature, and nociception (Finger et al., 

1990; Sekizawa and Tsubone, 1994). Trigeminal activity can influence olfactory 

processing through central processing in the medio-dorsal thalamus (Inokuchi et al., 

1993), in the OB (Stone et al., 1968), and through the release of Substance P from 

innervating trigeminal fibers in the OE  (Finger et al., 1990). The interaction between the 

olfactory and trigeminal systems influences odor perception, but also monitors the 

physiological state of the OE environment. Furthermore, data have shown an interaction 

between the cannabinoid system and trigeminal nerves. CB receptors have been 

located on dorsal root ganglion primary afferent terminals, which can facilitate 

substance P release through disinhibiton (Zhang et al., 2010). WIN exerts both 

excitatory and inhibitory effects on trigeminal sensory neurons, however not through 
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CB1, CB2, or TRPV1 receptor signaling (Price et al., 2009). CB1 and CB2 receptor 

signaling was also not involved in WIN-induced inhibition of TRPV1 in primary sensory 

neurons (Wang et al., 2012). Despite an evident association between WIN signaling and 

trigeminal nerve effects, it is unlikely that trigeminal nerves are a source of 

endocannabinoids or participate in any conical cannabinoid signaling pathways in the 

mouse OE. However, it would be interesting to investigate the relationship between 

trigeminal fibers, cannabinoid signaling, and substance P release during inflammatory 

insult in the mouse OE. 

Variability in CB receptor genetic models 

 Although the evidence described in this thesis supports a broad role for 

endocannabinoid signaling during OE progenitor cell proliferation, the CB1/CB2 

receptor KO mouse doesn’t exhibit a clear relationship between basal cell proliferation 

and olfactory-mediated functional consequence resulting from no CB receptor signaling. 

However, CB1/CB2 receptor KO mice exhibit a dysreguation in basal cell proliferation to 

cell death ratio and alterations in basal cell and OSN numbers. Additionally, proliferation 

levels in the CB1/CB2 receptor KO mouse model conflict with previous reports in single 

CB receptor KO mice (Jin et al., 2004; Palazuelos et al., 2006). The endocannabinoid 

signaling network has recently become more complicated with the identification of 

alternative synthetic and degradation pathways for 2-AG and AEA (Dinh et al., 2002; Liu 

et al., 2006; Simon and Cravatt, 2006), and the increasing spectrum of 

endocannabinoid ligands together with other lipid signaling mediators (Bradshaw and 

Walker, 2005; Harkany et al., 2007). The similarities and redundancy of the spatial and  
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temporal occurrence of lipid mediators in the brain, their receptor selectivity, and 

physiological actions, suggest compensatory mechanisms could occur if a key 

endocannabinoid system component is ablated. At the receptor level; the constitutive 

deletion of CB1 receptors might upregulate the expression of other cannabinergic 

receptors (e.g. GPR55) (Baker et al., 2006). Activation at these sites could substitute for 

a lack of CB receptor signaling in proliferation. Therefore, the genetic restriction of 

cannabinoid signaling using conditional rather than global transgenic alterations could 

offer more specific insight into cannabinoid signaling in the OE during neurogenesis. 

Controlling in which progenitor cell types a given cannabinoid-related gene is ablated 

would help localize functions related to cannabinoid signaling in the OE. For example, in 

the mouse OB neuronal specific deletion of CB1 receptors on interneurons resulted in 

specific mechanistic results not previously obtainable with global CB receptor KO mice 

(Soria-Gomez et al., 2014). 

Tonic endocannabinoid synthesis/release mechanisms 

 Although many tissues have a resident pool of progenitor cells only certain adult 

neurogenic niches display neurogenesis under physiological conditions. The regulation 

of these progenitor cells are attributed, in part, to paracrine signaling from the 

microenvironment. Recently, it has been discovered that tonic paracrine signaling 

through GABAergic interneurons in the adult DG regulates the proliferative status 

(quiescent or active) of local progenitor cells (Song et al., 2012). This suggests that 

adult proliferation and differentiation are tonically influenced by the local signaling 

network reflecting the activity and number of neurons. Likewise, tonic and stimulated  
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release of ATP has been identified in the mouse OE, and implicated in normal 

progenitor cell turn-over with constitutive release, and neurogenesis with injury induced 

release of ATP (Hayoz et al., 2012). 

 Recent pharmacological and genetic studies suggest that synthesis and release 

of 2-AG are not always tightly coupled. Basal levels of 2-AG in DAGLα mice are much 

lower than in wildtype mice (Gao et al., 2010a; Tanimura et al., 2010), indicating a 

substantial amount of 2-AG is present in unstimulated brains. This result also suggests 

that DAGLα may be intrinsically active, or low levels of spontaneous neuronal activity 

may be a sufficient stimulus. Three different models of 2-AG signaling have been 

proposed (Alger and Kim, 2011). In a conventional on-demand synthesis model, 2-AG 

synthesis is tightly linked to demand triggered by neuronal activation. Stimulation 

induces intracellular calcium elevation and/or G protein (Gq/11) activation leading to 2-

AG synthesis by DAGL. Second, in an on-demand release model 2-AG synthesis is 

uncoupled from release. An unstimulated neuron constitutively synthesizes, but does 

not immediately release 2-AG, suggesting 2-AG is able to be stored within the cell. 

Activation of DAGL in resting neurons may be sensitive to the unstimulated levels of 

intracellular calcium fluctuation. A third combined model involves both constitutive 

release from unstimulated cells and stimulus dependent 2-AG-mobilization. 2-AG is 

synthesized in unstimulated cells, but is also tonically released into the extracellular 

space. Neuronal stimulation can further increase synthesis and release of additional 2-

AG. This third mode of endocannabinoid mobilization could be acting in the mouse OE. 

Evidence for tonic cannabinoid signaling gained from this thesis includes (1) high levels 

of unstimulated 2-AG concentrations in mouse OE, presumable from a preformed pool, 
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and not from stimulus-driven biosynthesis, (2) detectable changes in intracellular 

calcium in unstimulated cells (occasional increases in intracellular calcium are detected 

when physiological solution alone is applied to OE slices), and (3) CB1/CB2 receptor 

KO mice exhibit physiological changes in tissue composition and proliferation 

dysfunction compared to wildtype. 

Stimulation-dependent endocannabinoid synthesis/release 

 Endocannabinoid production is triggered by both calcium mobilization and 

purinergic receptor signaling. Calcium mobilization causes endocannabinoid synthesis 

under both physiological and injury-induced conditions. Stimulus-based 

endocannabinoid synthesis from membrane phospholipids is in response to an increase 

in intracellular calcium alone, or combined with activation of Gq/11 proteins, such as 

group I metabotropic glutamate receptors (Bisogno et al., 2013; Pertwee et al., 2010; 

Simon and Cravatt, 2006). For example, ionotropic and metabotropic glutamate 

receptors can engage 2-AG generation via Gq/11-PLC activation and/or increased 

calcium levels (Castillo et al., 2012), which may also occur during spontaneous 

neuronal activity during adult hippocampal proliferation (Nochi et al., 2012). 

Endocannabinoid production can be further increased after CNS injury and serve in a 

neuroprotective role. Ischemic and traumatic brain injuries are CNS pathologies in 

which high intracellular calcium accumulation is among the earliest events. The 

synthesis and accumulation of endocannabinoids in response to injury, in addition to 

their role as anti-oxidants, anti-inflammatory agents, inhibitors of excitotoxicity, and 

stimulators of neurogenesis, suggest that cannabinoid signaling is involved in  
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neuroprotective and neuroregenerative responses (Shohami et al., 2011). Several in 

vivo studies have shown that CB1 receptor activation prevents neuronal death in 

response to ischemia (Hayakawa et al., 2007; Leker et al., 2003; Nagayama et al., 

1999). Pretreatment with CB receptor agonist WIN prior to ischemia produced a 

significant increase in the number of surviving neurons in a CB1 receptor dependent 

manor (Fernandez-Lopez et al., 2010; Nagayama et al., 1999). 2-AG levels were also 

elevated in a closed head injury model lasting from 1-24 hours after injury, and this rise 

in 2-AG served to protect hippocampal neurons from ischemic injury (Panikashvili et al., 

2001). CB1 receptor agonists reduce infarct volume following stroke in a mouse model 

(Nagayama et al., 1999). In the same stroke model, CB1 receptor-null mice exhibit 

increased mortality and increased severity at the injury site (Parmentier-Batteur et al., 

2002). 

 Endocannabinoid synthesis can also be regulated by ATP signaling. The 

cytoplasm of neural cells contain millimolar amounts of ATP, which flood the 

extracellular space after injury, activating purinergic receptors expressed by glia and 

other cell types. Recently, it was shown that astrocyte and microglia can produce 2-AG, 

and that ATP signaling increases 2-AG microglial production threefold (Walter et al., 

2004; Witting et al., 2004). Increased 2-AG production from astrocytes involves ATP 

activation of purinergic P2X receptors, sustained rise in intracellular calcium, and DAGL 

activity (Walter et al., 2004). Therefore, calcium and ATP signaling from stimulated or 

injured tissue can increase endocannabinoid synthesis and release. 

 A major difference between OSNs and other neurons is their proximity to the 

external environment, which increases their risk of death. Cilia containing sensory 
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receptors reside on apical OSN dendritic extensions into the overlaying mucus layer 

(Menco, 1980). Inhaled toxic particles can destroy the OE and the neurons within it. 

Additionally, OSNs provide a route for viruses and bacteria to enter the brain (Owen et 

al., 2009), and as a consequence may be vulnerable to apoptosis as a protective 

mechanism (Harris et al., 2009). Given the increased risk of apoptosis, the OE has 

developed a remarkable ability to regenerate both neuronal and non-neuronal cell 

types. Several injury models have been used to study neuronal regeneration in the OE. 

Olfactory bulbectomy is one such model that induces neuronal degeneration and 

subsequent neurogenesis, since the OB is the direct synaptic target of OSNs. Olfactory 

bulbectomy causes a selective degeneration of OSNs, followed by near-complete 

regeneration of OSNs within a specific time period (Costanzo and Graziadei, 1983; 

Holcomb et al., 1995b; Schwartz Levey et al., 1991; Schwob et al., 1992). Neuronal 

regeneration following bulbectomy involves the proliferation and differentiation of a 

defined sequence of cellular intermediates including Mash1-expressing progenitors and 

progeny (Figure 1.3). As new OSNs are generated, the rate of progenitor cell division 

decreases until steady-state is restored, around ten days after bulbectomy (Calof et al., 

1996; Holcomb et al., 1995b; Schwob et al., 1992). These observations suggest that 

progenitor cells in the OE are able to detect appropriate levels of OSNs present in the 

OE and respond by altering proliferation and differentiation accordingly. Indeed, in vitro 

studies have shown that purified OE neuronal progenitor cells exhibit reduced levels of 

neurogenesis when grown in the presence of a large number of mature OSNs, 

indicating that OSNs produce an autocrine signal(s) that inhibits neurogenesis (Mumm 

et al., 1996; Simpson et al., 2003). This ability to detect changes in OSN number is 
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essential to respond to natural fluctuations in neuronal numbers that occur as the OE is 

subjected to infection and toxic insult during life (Hinds et al., 1984; Mackay-Sim and 

Kittel, 1991). 

 Although olfactory bulbectomy is a good model to study the process of 

neurogenesis, models involving environmental toxicants are more appropriate to 

understand natural injury process. Our lab has studied the impact of such toxic 

compounds including, diesel particles, satratoxin G (Islam et al., 2006; Jia et al., 2011b), 

nickel sulfate (Jia et al., 2010), and fine particulate matter. During such toxic insults, 

OSNs and other cell types are damaged or die, releasing their intracellular contents, 

into the extracellular space. Two important molecules, ATP and calcium, are involved in 

injury-induced cell regeneration in both the central and peripheral nervous systems. In 

the CNS, ATP, is released by injured neurons and astrocytes via activation of P2 

purinergic receptors (Franke and Illes, 2006; Neary and Zimmermann, 2009) and can 

regulate cell proliferation and neuroregeneration by triggering localized neurotrophic 

factor release (Neary et al., 1996; Rathbone et al., 1992; Rathbone et al., 1999). 

Similarly, in the OE, toxic insult induces ATP release through P2 receptors resulting in 

basal cell proliferation (Hegg and Lucero, 2006; Jia et al., 2011a; Jia and Hegg, 2010). 

ATP activation of either P2X or P2Y receptors evokes (1) increases in intracellular 

calcium in OSNs, sustentacular cells, and microvillous cells (Hassenklöver et al., 2009; 

Hegg et al., 2003; Hegg et al., 2009), (2) release of trophic factors (Jia et al., 2011a; 

Kanekar et al., 2009), and (3) increases in basal cell proliferation, differentiation, and 

maturation of OSNs (Hassenklöver et al., 2009; Jia et al., 2009). Additionally, activation 

of purinergic receptors in the glial-like sustentacular cells or the microvillous cells could 
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induce the release of trophic factors to promote basal cell proliferation. Indeed, ATP 

increases the release of fibroblast growth factor 2 and NPY through a purinergic 

receptor-dependent mechanism (Jia et al., 2011a; Jia and Hegg, 2010). Therefore, ATP 

and calcium signaling activate a cascade of intracellular signals and the induction of 

calcium-dependent release of neurotrophic factors, possibly from sustentacular cell 

endfeet, microvillous cell processes, or neuronal axons. 

 Sustentacular cells and microvillous cells have the molecular machinery to signal 

via Gq/11 pathways (Hegg et al., 2009; Jia and Hegg, 2010, 2012). Calcium imaging 

has shown activation of purinergic P2Y receptors leads to phospholipase C 

accumulation and production of DAG and IP3, subsequently releasing calcium from 

intracellular stores (Hegg et al., 2009). The increase in cytosolic calcium induces 

calcium-dependent calcium release via the ryanodine receptor. This pathway may 

control secretion, proliferation, and development in sustentacular cells. Importantly, 

calcium-dependent exocytosis in non-neuronal cells may produce and release chemical 

signals, such as endocannabinoids, that act on basal cells, neuronal precursors, or 

OSNs. Endocannabinoid production through metabotropic glutamate receptors are not 

likely, since previous work in the mouse OE has shown no calcium responses to the 

application of glutamate (Hegg et al., 2009). 

 Although no direct evidence of injury-induced cannabinoid signaling has been 

collected in this thesis, the above literature overwhelmingly suggests that (1) the OE is 

exposed to multiple toxicants, therefore injury-induced neurogenesis/gliogenesis is a 

likely event, (2) calcium and ATP are known mediators of injury-induced recovery in the 

mouse OE, and (3) endocannabinoids are synthesized in a calcium-dependent manner. 
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Therefore, endocannabinoid-mediated neuronal and glial proliferation, differentiation, 

and integration after toxic insult are an extremely plausible mechanism for repair in the 

mouse OE. Furthermore, an extensive in vivo study was performed for this thesis that 

would have addressed this idea. However, the injury model used did not induce 

significant cell damage as previously seen. Therefore no results were obtained on the 

endocannabinoid effect of regeneration after injury. 

Potential mechanisms of CB receptor-mediated progenitor cell signaling 

 The results from this dissertation will add to the body of work that implicates 

cannabinoid signaling in the modulation of a progenitor cell niche. What remains to be 

investigated is the mechanism by which CB receptor activation initiates progenitor cell 

proliferation. Although CB receptor signaling at neuronal synapses has been examined 

extensively (Porter and Felder, 2001), specific signaling mechanisms in progenitor cells 

remain to be fully characterized. However, some work has been done to elucidate 

signaling transduction mechanisms regulated by CB receptor in neural progenitors 

(Figure 5.1). The following mechanisms described below may be occurring during 

cannabinoid-induced proliferation and progenitor cell homeostasis in the mouse OE. 

 CB receptors belong to the Gi/o protein-coupled receptor superfamily (Pertwee, 

1997). Cellular responses triggered with CB receptor activation include inhibition of 

adenylyl cyclase and voltage-gated calcium channels, and activation of potassium 

channels, mitogen-activated protein kinase (MAPK), and phosphoinositide-3 kinase 

(PI3K)/Akt signaling pathways (Bouaboula et al., 1995; Gomez del Pulgar et al., 2000). 

CB1 receptor-mediated proliferative and pro-survival actions have been attributed to the 

activation of the PI3K/Akt axis and extracellular signal-related protein kinase (ERK) 
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(Guillemot et al., 2006). Gi/o protein-coupled receptors can activate the PI3K/Akt and 

ERK pro-survival pathways through the βγ subunit either directly (via activation of 

targets such as PI3Ks) or indirectly (via transactivation of growth factor tyrosine kinase 

receptors and subsequent canonical PI3K/Akt and ERK pathways) (Dorsam and 

Gutkind, 2007). PI3K/Akt signaling also plays a role in self-renewal and protection of 

neural stem cells (Watanabe et al., 2006) and in oligodendrocyte progenitor cell survival 

(Ebner et al., 2000; Vemuri and McMorris, 1996). 

 The PI3K/Akt pathway promotes neuronal and glial survival by both enhancing 

the expression of anti-apoptotic proteins and inhibiting the activity of proapoptotic ones, 

such as direct intracellular target glycogen synthase kinase (GSK-3β) (Brunet et al., 

2001). Several well known prosurvival factors for oligodendrocyte progenitors are also 

strong activators of PI3K/Akt, suggesting the ability of cannabinoids to activate the 

PI3K/Akt pathway may account for their protective role (Barres et al., 1993; Flores et al., 

2000). For example, cannabinoid agonist-stimulated oligodendrocyte proliferation was 

reduced by an Akt translocation inhibitor (Molina-Holgado et al., 2007). Additionally, 

trophic deprivation-induced cell death was prevented by CB receptor activation and 

recovery of Akt activity (Molina-Holgado et al., 2002). 
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 In neuronal precursors from both the cerebellum and SVZ, CB1 receptors 

promote proliferation through the PI3K/AKT/GSK-3β/β-catenin pathway, suggesting that 

this pathway plays a pivotal role in the CB1 receptor-dependent modulation of neuronal 

proliferation. CB receptor agonist HU-210 treatment increased phosphorylation of AKT 

and GSK-3β, and that inhibition of PI3K and AKT suppressed the CB1 receptor-

mediated proliferation increase of granuale cell progenitors (Trazzi et al., 2010). GSK-

 



 

3β is inactivated through phosphorylation, leading to β-catenin stabilization and 

accumulation in the cytosol and can be available for translocation to the nucleus where 

it functions as a transcriptional regulator (Dominguez and Green, 2001; Grimes and 

Jope, 2001). Therefore, CB1 receptor activation can increase β-catenin nuclear 

localization which can then activate transcription factors that induce proliferation, 

thereby modulating cell cycle regulatory genes such as cyclin D1 (Trazzi et al., 2010). 

Recent evidence shows that β-catenin plays an important role in regulating proliferation 

of neural stem cells by decreasing cell cycle exit (Chenn and Walsh, 2003). 

Furthermore, inhibition of GSK-3β activity blocks apoptosis of neurons, whereas 

overexpression of active GSK-3β or transfection with a GSK-3β mutant that cannot be 

phosphorylated (inhibited) induces apoptosis (Culbert et al., 2001; Hetman et al., 2000). 

Collectively, these results indicate that CB1 receptor activation is able to activate Akt via 

pertussis-sensitive Gi/o-proteins through a PI3K-dependent signaling pathway (Molina-

Holgado et al., 2007). 
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 Similarly, homeostatic factors can signal through the PI3K/Akt pathway to help 

control levels of proliferation and differentiation in the mouse OE. Neurotrophin (NT)-3 , 

a member of the neurotrophin family including nerve growth factor and brain-derived 

neurotrophic factor, has been localized in a subpopulation of OSNs within the OE 

(Vigers et al., 2003), and was able to either directly or indirectly activate both the MAPK 

and PI3K/Akt pathways in vitro (Simpson et al., 2003). Activation of the Akt pathway 

preceded activation of the MAPK pathway, and inhibition of the PI3K/Akt pathway 

resulted in decreased survival of mature neurons (Simpson et al., 2003). Therefore, 

cannabinoid regulation of OE homeostasis could be acting though the PI3K/Akt pathway  

 

javascript:void(0);


 

 Additionally, CB1 signaling in neural cells may involve the activation of 

mammalian target of rapamycin complex 1 (mTORC1), a protein kinase that regulates 

cell growth, proliferation, and survival (Hoeffer and Klann, 2010). CB1 receptor 

stimulation in hippocampal neurons activates mTORC1 and phosphorylation of 

downstream targets that result in protein synthesis (Puighermanal et al., 2012; 

Puighermanal et al., 2009), which can explain some long-term cannabinoid actions on 

neuronal plasticity and cognition (Hoeffer and Klann, 2010). The CB2 receptor has also 

been implicated in mTORC1 signaling in neural progenitor cells both in the developing 

cortex and subgranular zone of the adult hippocampus (Palazuelos et al., 2012), which 

play a role in the balance of neural progenitor cell proliferation versus differentiation 

(Qiu and Knopfel, 2009) and cell survival (Puighermanal et al., 2009). 
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 CB1 receptor signaling through canonical Gi/o mediated inhibition of adenylyl 

cyclase and cAMP concentration, can lead to ERK activation via de-inhibiting the ERK 

pathway by PKA (Davis et al., 2003; Derkinderen et al., 2003). Additionally, G protein βγ 

subunit mobilization can activate the ERK pathway in a PI3K-dependent manner 

(Galve-Roperh et al., 2002). Cannabinoid administration leads to CB1 receptor-

mediated ERK pathway activation in the hippocampus (Derkinderen et al., 2003), 

striatum (Valjent et al., 2001), frontal cortex (Moranta et al., 2007), and cerebellum 

(Tonini et al., 2003). Accordingly, a decrease in endocannabinoid-induced neuronal 

differentiation is also accompanied by reduced activation of ERK (Rueda et al., 2002b). 

Direct endocannabinoid effects on neural progenitor differentiation may occur through 

ERK signaling through a mechanism that involves the upstream inhibition of small 

GTPase Rap1 and proto-oncogene B-Raf (Rueda et al., 2002b). This differential control 

 



 

of ERK activity could also contribute to the divergent effects of endocannabinoids on 

neural and glial lineage because glia do not express significant amounts of B-Raf, which 

is an essential component of this signaling cascade (Galve-Roperh et al., 2006). 

However, ERK activation can be promiscuous and CB1 receptors can couple to both Gs 

and Gi proteins that activate the Raf-MEK-ERK pathway (Chen et al., 2010). Finally, 

MEK-ERK signaling is seen in the mouse OE in response to neurogenic signaling factor 

NPY (Jia and Hegg, 2012). This indicates that CB receptor activation could also lead to 

proliferation via the MEK/ERK pathway, and that convergence of trophic factor signaling 

could occur between NPY and endocannabinoids in the mouse OE. 

 Given the results from the genetic and pharmacological studies in this thesis 

along with the literature previously cited, I hypothesize that the endocannabinoid system 

plays a role in OE tissue homeostasis under both physiological and injury-induced 

conditions. I hypothesize that during normal cell turnover, 2-AG is continually 

synthesized in the mouse OE and small quantities are tonically released and activate 

CB1 receptors on basal cells which helps promote survival and balance the proliferative 

state of basal cells, by potentially suppressing neurogenesis. Supporting evidence for 

this hypothesis from my thesis include: (1) presence of CB1 receptors on basal cells, (2) 

presence of 2-AG synthesis and degradation enzymes, (3) resting high levels of 

unstimulated 2-AG synthesis, (4) a dysregulation in proliferation and a decrease in 

horizontal and globose basal cell numbers in the CB1/CB2 receptor KO mouse despite 

similar levels of 2-AG production (suggesting there is no feedback loop from CB 

receptor activation/presence to physiological production of 2-AG), and (5) an overall 

effect of increased apoptosis in CB1/CB2 receptor KO mice. 
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 A further hypothesis is that after acute injury, brief increases in intracellular and 

free ATP lead to on-demand production and release of endocannabinoids from 

sustentacular, microvillous, or OSNs in the mouse OE. The injury-induced surge of 

endocannabinoid activates CB1 receptors on basal cells sufficient to promote 

proliferation, but not differentiation or survival. Evidence for this hypothesis is based on 

the rationale that a single intranasal instillation of exogenous cannabinoids or 

pharmacologically increasing endogenous cannabinoid is likened to the brief production 

of endocannabinoids after acute injury. A single administration of CB receptor synthetic 

agonist WIN is sufficient to increase basal cell proliferation marked by BrdU-

incorporation well above control levels. Likewise, increase endocannabinoid 

bioavailability through inhibiting their degradative enzymes, results in an even greater 

increase in BrdU positive cells over vehicle. This phenomenon is not seen in CB1/CB2 

receptor KO mice, suggesting CB receptor specificity and eliminating off target 

signaling. Additionally, the CB1 receptor-specific antagonist AM251 significantly 

decreased WIN-induced proliferation in the mouse OE, further implicating CB1 

receptors. Cannabinoid-induced proliferation was noticed 24 hours after administration 

and lasted up to 3 days. Due to the lack of continued CB receptor activation, other 

trophic support, or inhibiting signals from mature OSNs, newly generated cells begin to 

undergo apoptosis 72 hours post CB receptor activation. This is supported by an 

increase in TUNEL positive cells in WT mice after WIN or JZL/URB instillation.  

 A final hypothesis is that multiple surges of cannabinoids over time, elicited 

through increased injury intensity, are sufficient for survival and differentiation of 

proliferating cells through a synergistic effect of cannabinoid signaling and increased 
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circulation of other trophic factors such as NPY. Additionally, endocannabinoids could 

have a protective effect on basal cells from toxic insult. This hypothesis is supported by 

the previously cited literature, including (1) increased calcium mobilization and ATP-

induced calcium signaling in the mouse OE after injury, (2) on demand 

endocannabinoid synthesis from increases in intracellular calcium, (3) endocannabinoid 

signaling is increased after brain injury, and (4) provides protection and quicken 

recovery after injury. 

 However, it is also possible CB1 receptor activation can recruit Gq/11 proteins 

based on the calcium imaging data collected in Chapter 2, and evidence of WIN-

induced Gq signaling in cultured hippocampal neurons (Lauckner et al., 2005). Gq 

protein activation, via the βγ subunit, has been shown to induced proliferation through 

PI3K/Akt/ GSK-3β signaling in osteoblasts (Katz et al., 2011), myocyte (Gosens et al., 

2007), and neurons (Fournier et al., 2012). Similarly, in vivo and in vitro experiments 

indicate proliferative signal, vascular endothelial growth factor, can activate ERK and 

Akt signaling pathways in the adult rodent hippocampus and in cultures of hippocampal 

neuronal progenitor cells (Fournier et al., 2012). Additionally, proliferative actions of 

vascular endothelial growth factor require activation of both ERK and Akt signaling 

cascades, which are stimulated almost exclusively in BrdU positive proliferating 

neuronal progenitor cells (Fournier et al., 2012). Furthermore, Akt activation preceded 

ERK stimulation, suggesting that PI3K/Akt signaling might initiate proliferation, and 

subsequent ERK activation may help to stabilize and maintain cell cycle progression. 

Indeed, there is evidence that the cell survival PI3K/Akt pathway and mitogenic 

Ras/Ref/MEK/ERK cascades rarely act independently, and that there is cross-talk 
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between these signals (Aksamitiene et al., 2010). Therefore, alternative G-protein 

coupling to CB1 receptor action can converge on similar molecular pathways to include 

proliferation.



 

Figure 5.1  Schematic drawing of possible CB1 receptor signaling pathways in the 

regulation of progenitor cell fate. CB receptors are coupled to Gi proteins, thereby 

mediating the inhibition of adenylyl cyclase (AC) and PKA. CB receptor signaling is also 

associated with activation of the extracellular signal-regulated kinase (ERK) pathways 

through PKA disinhibition of Raf leading to MEK/ERK activation. CB1 receptor activation 

increases PI3K/Akt activity followed by phosphorylation of GSK-3β and β-catenin 

stabilization and translocation to the nucleus where it functions as a transcriptional 

regulator, modulating the expression of genes, such as cyclin D1, involved in the 

regulation of cell proliferation. PI3K/Akt can also activate mammalian target of 
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rapamycin complex 1 (mTOC1) pathway which, by inhibiting its downstream target p27, 

induces NP proliferation. Activation of CB receptors can ultimately control different 

transcriptional regulators, including CREB, p21,PAX-6, and β-catenin.



 

Broader impact of OE progenitor cell research 

 OE progenitor cell research has important implications for human health and 

disease states. Two major strategies currently used in stem cell-based therapy include 

transplantation of exogenous neural stem/progenitor cells into damaged brain tissue 

and stimulation of existing endogenous neural stem/progenitor cells (Taupin, 2006). 

Human OE progenitor cells are more readily available and easier to biopsy than in 

central stem cell niches. OE derived tissue and cells can be safely and easily collected 

from live human subjects and may provide a window into neural processes involved in 

disorders while avoiding the limitations of using postmortem brain samples or neuronal 

tissue. For example, OE-derived cell cultures from schizophrenic patients showed 

increased levels of a particular miRNA leading to increased gene expression through 

the fibroblast growth factor signaling pathway not found in non-schizophrenic patient OE 

cultured biopsies (Mor et al., 2013). This indicates that OE derived samples might serve 

to strengthen current studies when trying to identify biomarkers in disease states. An 

additional study involving Parkinson’s disease patients showed that cultured OE neural 

progenitors from Parkinson’s disease patients yielded dopaminergic cells in cultures as 

well as after implantation into the rodent brain (Murrell et al., 2008). Additionally, after 

transplantation, there was a reduction in behavioral deficits induced by ablation of site 

specific dopaminergic neurons in a rat model of Parkinson’s disease (Murrell et al., 

2008). Therefore, cannabinoid action on OE progenitor cells could contribute to the 

cultivation and transplantation of biopsied OE tissue to treat human neurological 

disease. 
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 The research in this thesis could also have implications for intranasally delivered 

cannabinoid-based therapies in human health. Intranasal drug deliver is an important 

delivery option for brain targeting given that large and many small molecule drugs do 

not cross the blood-brain barrier, making the intranasal delivery route particularly 

attractive for drugs targeting neurodegenerative diseases. Drugs can reach the brain via 

trigeminal fibers or along neural bundle pathways (Hanson and Frey, 2008; Thorne et 

al., 2004). Previous studies have demonstrated that intranasal administration offers a 

simple, practical, non-invasive, cost-effective route for rapid drug delivery to the brain 

(Dorman et al., 2002; Liu et al., 2001; Vyas et al., 2005). Additionally, intranasal drug 

delivery not only circumvents the BBB, but also avoids systemic and other mechanisms 

of drug dilution, therefore lower effective doses are needed leading to reduced toxicity 

risks. One oralmucosal delivery route of a cannabinoid drug is patented and approved in 

Europe to treat symptoms in adult patients with moderate to severe spasticity due to 

multiple sclerosis. Therefore, all in vivo research performed in this thesis could 

contribute to an intranasal drug delivery route for cannabinoid based therapies. 

Cannabinoid-mediated proliferation in the mouse OE could monitor other physiological 

and pathophysiological conditions including olfaction during aging and under various 

neurodegenerative diseases. 

OE and the cannabinoid system during aging 

 OE homeostasis is maintained through the proliferation and differentiation of 

basal progenitor cells throughout adulthood. Homeostatic changes associated with 

physiological aging of the OE include decreases in (1) olfactory progenitor cell 

proliferation, (2) numbers of neurons and sustentacular cells, and (3) rate of cell death 
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(Kondo et al., 2010; Loo et al., 1996; Weiler and Farbman, 1997a, 1998). Similar 

changes are seen in the OE from aged humans exhibiting reduced epithelium thickness 

and reduced number of sensory neurons (Naessen, 1971; Nakashima et al., 1984). 

Despite a remarkable ability to regenerate, OE impairment with age can be caused by 

both extrinsic mechanisms, such as cumulative damage from environmental pollutants, 

and intrinsic mechanisms, such as a reduction in trophic factor signaling. Age-related 

loss of olfactory function has also been observed in rodents (Enwere et al., 2004) but 

olfactory deficits are more pronounced in the human population in which half of the 

population of 65 years old suffers from olfaction deficits (Murphy et al., 2002; Stevens 

and Cain, 1987). Functional decline in olfaction could be related to changes in the 

structure of the olfactory system leading to functional decreases in proliferative and 

neurogenic capacity (Loo et al., 1996). For instance, neural progenitors grown from 

human olfactory biopsy are able to generate dopamine neurons in vitro, and after 

transplantation into the rat brain. These newly generated dopamine neurons were able 

to reduce symptoms of neurodegenerative disease in a rat model of Parkinson’s 

disease demonstrating the ability to restore function (Murrell et al., 2008). The olfactory 

mucosa is accessible in living adult humans and is therefore a source of tissue useful 

for studying the biology of adult neurogenesis in health and disease (Mackay-Sim et al., 

2008). It is also a source of cells for transplantation (regenerative medicine) of the 

nervous system (Feron et al., 2005; Mackay-Sim et al., 2008). Understanding the 

biology of olfactory neural stem cells and their niche will be very important for optimizing 

clinical applications. 
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Similarly, in the CNS, the ability and frequency of adult neural stem cells to self 

renew is compromised with age (Ahn and Joyner, 2005; Kuhn et al., 1996), with a 

concurrent decline in transcription factors (Nishino et al., 2008). Progenitor cell 

proliferation in the SVZ declines dramatically with age (Luo et al., 2006) leading to 

decreases in migration and interneuron integration in the OB. In 6 month old mice 

proliferation has decreased approximately 85% compared to younger (6 week old) 

animals. CB2 receptor agonist or WIN application was able to increase proliferation in 

the SVZ and migration and integration into the OB in aged mice (Goncalves et al., 

2008). Additionally, 20 month old mice showed nearly no proliferation in the SVZ, but 

ten days of WIN treatment restored neurogenesis to the level normally found in the 6 

month old mouse. This suggests. CB receptors are still present in older animals and are 

functionally coupled to cell proliferation and neurogenesis, yet endocannabinoid 

synthesis and release may still be compromised (Goncalves et al., 2008). Additionally, a 

low dose of WIN administration for 3 weeks can partially restore neurogenesis in the 

hippocampus of aged (23 months) rats (Marchalant et al., 2009a). The importance of an 

endocannabinoid regulatory tone on neurogenesis is also highlighted by the observation 

that CB1 receptor KO mice suffer from early onset age-related cognitive impairment 

(Bilkei-Gorzo et al., 2005), a potential consequence of aging-associated decrease in 

cortical neurogenesis in the absence of CB1 receptors (Lie et al., 2004). CB1 receptor 

KO mice also exhibit early onset age-related memory decline in tasks investigating 

reward and aversion-driven learning (Albayram et al., 2012). Cannabinoid-mediated 

beneficial effect in the aged brain may signal through mTORC1 pathways. For example, 

mTORC1 activation in progenitor cells in adult neurogenic brain areas reverts progenitor 
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quiescence to active proliferative states in the aged brain (Paliouras et al., 2012). Thus, 

mTORC1 activation by CB receptors may contribute to injury-induced neural progenitor 

activation (Aguado et al., 2007; Palazuelos et al., 2012) and alleviate aging-associated 

decline of neurogenesis (Goncalves et al., 2008; Marchalant et al., 2009a). Collectively, 

these data suggest that the cannabinoid system, through regulation of proliferation, 

migration, and integration of new neurons, can help restore cell numbers and potentially 

function of the CNS during aging. However, no work has been done to investigate the 

effect of the cannabinoid system in physiological aging in the OE, but the above data 

suggest a possible role for the cannabinoid system in olfactory restoration during aging. 

OE and the cannabinoid system in neurodegenerative diseases 

 In addition to physiological aging, the cannabinoid system could contribute to the 

pathological aged state of the OE. The role of adult neurogenesis in neurological 

disorders and disease is still poorly characterized and may help to repair the CNS in 

response to brain injury or disease. Olfactory dysfunction is a common and early 

symptom of many neurodegenerative diseases, such as Alzheimer’s disease (AD) and 

Parkinson’s disease (PD) (Albers et al., 2006; Haehner et al., 2011). The 

neuropathological changes in olfactory dysfunction in neurodegenerative diseases may 

involve the OE, OB tract, primary olfactory corticies, and their secondary targets. 

Olfactory dysfunction presents in approximately 90% of early cases of PD and can 

precede the onset of motor symptoms by years (Doty, 1989). Recent studies of olfactory 

dysfunction in neurodegenerative disorders target alterations in olfaction as an early 

biomarker for the diagnosis and disease progression (Attems et al., 2014). Many 

environmental risk factors for PD, including older age, head trauma, and exposure to 
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metal ions, viruses, and pesticides are also risk factors for anosmia, independent of PD. 

Air pollution and toxic nanoparticles can enter the brain via the OE and induce 

inflammatory responses and PD like neuropathology in the OB and other brain 

structures. Toxicants found in diesel exhaust and air pollution initiate PD and AD like 

neuropathology in human OB (Calderon-Garciduenas et al., 2004; Levesque et al., 

2011). Furthermore, postmortem studies have identified the accumulation of ultrafine 

particulate matter and in the OB and OE along with abnormal immunoreactivity to 

indicators of PD (Calderon-Garciduenas et al., 2011; Calderon-Garciduenas et al., 

2010; Calderon-Garciduenas et al., 2012). In a meta-analysis of the effect of AD and PD 

on olfaction, results indicate that AD and PD patients are more impaired in odorant 

identification and recognition tasks than in odorant detection threshold tasks. In 

addition, PD patients are more impaired on detection threshold tasks than AD patients 

(Rahayel et al., 2012). These results suggest that PD patients have increased 

dysfunction during low-level perceptual olfactory tasks, whereas AD patients are more 

limited on higher-order olfactory tasks involving specific cognitive process. 

 Additionally, deregulation of the endocannabinoid system is seen in 

neurological disorders associated with executive dysfunctions such as schizophrenia 

(Ashton and Moore, 2011), AD (Koppel et al., 2009), and PD (Benarroch, 2007; 

Fernandez-Ruiz, 2009). CB receptors are known to be neuroprotective, further 

implicating their effect on acute and chronic neurodegenerative disorders. In AD, CB1 

and CB2 receptors are localized to senile plaques along with microglia activation 

markers (Ramirez et al., 2005). Additionally, cortical CB1 positive neurons are lost and 

CB1 receptor expression and function are markedly decreased in AD (Ramirez et al., 
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2005). Furthermore, in AD models, in vivo cannabinoids partially prevent cognitive 

impairment, while reducing the loss of neuronal and glial cells (Ramirez et al., 2005; van 

der Stelt et al., 2006). CB2 receptors are also implicated in AD. CB2 receptors are 

unregulated both in reactive microglia on senile plaques in individuals with AD (Benito et 

al., 2003), and in lesioned striatum in a rat model replicating human AD pathology 

(Fernandez-Ruiz and Gonzales, 2005). In PD patients endocannabinoid levels in the 

cerebrospinal fluid are increased (Pisani et al., 2005) and basal ganglia CB1 receptor 

mRNA is upregulated in a rodent model of PD. Despite this upregulation of the CB 

system that is observed at intermediate and late stages of the disease process, in the 

pre-symptomatic phase of PD, CB1 receptors are down regulated (Garcia-Arencibia et 

al., 2009) which may render the basal ganglia more vulnerable to excitotoxic injury due 

to the loss of CB1 receptor -mediated presynaptic inhibition of glutamate release (van 

der Stelt et al., 2005). Collectively, these data suggest that impairment in olfaction can 

be used as a viable clinical early indication of neuronal dysfunction, and that targeting 

the cannabinoid system for therapeutic actions could prevent the progression of the 

disease state. Therefore, olfactory-mediated endpoints of therapeutic cannabinoid 

intervention are possible. However, no work has been done to investigate the effect of 

the cannabinoid system in physiological aging in the OE, but the above data suggest a 

possible role for the cannabinoid system in olfactory restoration during aging. 
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Conclusions 

 For the first time in the mouse OE, a cannabinoid system has been identified and 

found to contribute to tissue homeostasis through the regulation of cell survival, 

proliferation, and differentiation. The studies in this thesis cohesively imply the balance 

of progenitor cell survival and proliferation in adult mouse OE is regulated by CB 

receptor signaling. Identification of signaling molecules that influence progenitor cell 

proliferation in physiological conditions will lead to investigation of the mechanisms 

responsible for initiating enhanced neuroregeneration under aging and pathological 

conditions. Most importantly, biopsied olfactory tissue for neuronal degenerative 

diseases research will contain the necessary molecular components to establish a 

functional cannabinoid system as a therapeutic target. Additionally, as new 

cannabinoid-based therapeutic become available, research using an intranasal drug 

deliver approach will advance pre-clinical safety and drug efficacy studies.  
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	Single administration of cannabinoids does not regulate differentiation
	The cannabinoid system contributes to the regulation of central neural precursors committed to a neuronal or glial lineage (Aguado et al., 2006). Therefore, to determine if cannabinoids induce the proliferation of neuronal and sustentacular progenitor cells, a new BrdU incorporation assay was performed extending the end point to 16 days following WIN or JZL/URB application in C57BL/6 adult mice (Figure 4.1C). This extended period allows for the basal cells to proliferate and differentiate into mature OSNs, a process that takes a minimum of 10 days (Schwob et al., 1995). To analyze the fate of cannabinoid-induced cell proliferation, BrdU positive cells in the apical sustentacular cell layer, the middle OSN layer, and the basal progenitor cell layer were counted. Two days after intranasal administration, cannabinoid-induced BrdU positive cells were increased in the basal layer (Figure 4.7B; 73% and 99% of the total vehicle control; p<0.01), confirming the previous results (Figure 4.4A). No increase in BrdU positive cell in the total OE was seen after intranasal instillation of either WIN (37.2 ± 1.0 vs. 34.6 ± 3.2 cell/mm OE) or JZL/URB (33.7 ± 2.8 vs. 34.6 ± 3.2 cell/mm OE) compared to vehicle control 16 day post treatment (Figure 4.7A). The number of WIN (2 day, 53.5 ± 1.7 16 day 37.2 ± 1.0 cell/mm OE; p<0.05) and JZL/URB-(2 day, 68.1 ± 5.0; 16day 33.7 ± 2.8 cell/mm OE; p<0.001) induced BrdU positive cells was significantly lower 16 days after treatment compared to 2 days, suggesting that newly generated cells at 2 days did not survive to 16 days (Figure 4.7A).
	Figure 4.7  Cannabinoid administration does not induce neurogenesis. Adult C57 wildtype mice intranasally aspirated vehicle (1% DMSO in saline), CB1/CB2 receptor agonist WIN (10µm), or a cocktail of JZL184/URB597 (10µm, 100µm, respectively). BrdU was injected (i.p.,18 mg/kg) 42 and 45 hours after administration and tissue was collected 2 or 16 days later. Quantitative analysis of BrdU incorporation in the (A) entire OE, (B) basal layer, (C) neuronal layer, or (D) apical layer 2 and 16 days following cannabinoid instillation. Data are expressed as mean (±SEM) number of BrdU positive cells per linear length of the entire OE. (* p<0.01 vs. respective 2 day vehicle, # p<0.05 vs. same treatment as 2day; one way ANOVA followed by Bonferroni multiple comparison test; n=4 mice).


