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Abstract 

Cannabinoids (CBs) are compounds that activate the CB1 and CB2 receptors. 
CB receptors mediate many different physiological functions, and 
cannabinoids have been reported to decrease tumor cell viability, 
proliferation, migration, as well as to modulate metastasis. 

In this thesis, the effects of cannabinoids on human colorectal carcinoma 
Caco-2 cells (Paper I) and mouse P19 embryonal carcinoma (EC) cells (Paper 
III) were studied.  In both cell lines, the compounds examined produced a 
concentration- and time-dependent decrease in cell viability. In Caco-2-cells, 
HU 210 and the pyrimidine antagonist 5-fluorouracil produced synergistic 
effects upon cell viability. The mechanisms behind the cytocidal effects of 
cannabinoids appear to be mediated by other than solely the CB receptor, 
and a common mechanism in Caco-2 and P19 EC cells was oxidative stress. 
However, in P19 EC cells the CB receptors contribute to the cytocidal effects 
possibly via ceramide production.  

In paper II, the association between CB1 receptor immunoreactivity (CB1IR) 
and different histopathological variables and disease-specific survival of 
colorectal cancer (CRC) was investigated. In microsatellite stable (MSS) 
cases there was a significant positive association of the tumor grade with the 
CB1IR intensity. A high CB1IR is indicative of a poorer prognosis in MSS with 
stage II CRC patients.  

Paper IV focused on the cytotoxic effects of cannabinoids during neuronal 
differentiation. HU 210 affected the cell viability, neurite formation and 
produced a decreased intracellular AChE activity. The effects of 
cannabinoids on embryonic development and survival were examined in 
Paper V, by repeated injection of cannabinoids in fertilized chicken eggs. 
After 10 days of incubation, HU 210 and cannabidiol (without CB receptor 
affinity), decreased the viability of chick embryos, in a manner that could be 
blocked by α-tocopherol (antioxidant) and attenuated by AM251 (CB1 
receptor antagonist). 

In conclusion, based on these studies, the cannabinoid system may provide a 
new target for the development of drugs to treat cancer such as CRC. 
However, the CBs also produce seemingly unspecific cytotoxic effects, and 
may have negative effects on the neuronal differentiation process. This may 
be responsible for, at least some of, the embryotoxic effects found in ovo, but 
also for the cognitive and neurotoxic effects of cannabinoids in the 
developing and adult nervous system.  
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Key abbreviations and explanations  

2-AG  2-arachidonoyl-glycerol 

AA arachidonic acid 

AEA  anandamide, N-arachidonoylethanolamide  

AM251 CB1 receptor antagonist/inverse agonist 

AM630 CB2 receptor antagonist/inverse agonist 

CB cannabinoid 

CB1 cannabinoid receptor type 1  

CB2 cannabinoid receptor type 2  

CBD cannabidiol 

CIMP  CpG island methylator phenotype 

CNR1 gene encoding cannabinoid receptor type 1 

COX  cyclooxygenase 

CRC colorectal cancer 

EPA eicosapentaenoic acid 

ERK  extracellular signal-regulated kinase 

FAAH fatty acid amide hydrolase 

HU 210 CB receptor agonist 

LOX  lipooxygenase 

MAPK  mitogen-activated protein kinase 

meth-AEA  R-(+)-methanandamide, synthetic anandamide analogue 

MSI  microsatellite instability 

MSS  microsatellite stable 

PKA  protein kinase A  

PKB/Akt  protein kinase B 

ROS  reactive oxygen species 

THC  ∆9-tetrahydrocannabinol 

WIN55,212-2 CB receptor agonist 
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Populärvetenskaplig sammanfattning 

Forskning kring biologiskt aktiva fetter är ett snabbt växande forskningsfält, 
delvis beroende på upptäckten av kroppens egna signaleringssystem för 
cannabisliknande ämnen. Detta signaleringssystem består av 
mottagarmolekyler (CB1 och CB2–receptorer), kroppsegna signalsubstanser 
(“endocannabinoider”), samt enzymer ansvariga för syntes och inaktivering 
av endocannabinoider. Endocannabinoider förmedlar en mängd olika 
funktioner i det centrala nervsystemet samt immunsystemet och påverkar 
funktioner såsom motorisk rörelse, belöningseffekter, inlärnings- och 
minnesprocesser. Cannabinoider från växtriket (t.ex. Δ9-tetrahydro-
cannabinol, Δ9-THC) och syntetiskt framställda cannabinoider påverkar 
också dessa funktioner som förmedlas via CB receptorer. Dessutom har 
cannabinoider visats ha betydelsefull inverkan på cellers livsöde. 
Cannabinoider besitter skyddande egenskaper i hjärnans celler medan celler 
i vissa typer av hjärntumörer t.ex. gliom stimuleras att genomgå kontrollerad 
celldöd (apoptos) vid exponering för cannabinoider. Den mesta forskningen 
kring cannabinoiders effekter i nervsystemet har fokuserats på det vuxna, 
färdigutvecklade nervsystemet, medan relativt lite kunskap finns kring 
effekter på nervsystem under utveckling. 
 
Undersökningarna av cannabinoidsystemet i denna avhandling har en 
klinisk relevans eftersom: 
1) Missbruket av cannabis ökar inom hela Europa (cannabis är idag den 
vanligaste olagliga missbruksdrogen i Sverige) och farhågor finns att fler 
kvinnor kommer att konsumera cannabis under graviditet och därmed 
påverka barnets neurobiologiska utveckling. De psykoaktiva föreningarna i 
cannabis är mycket fettlösliga och kan enkelt passera från modern över 
placentabarriären till fostret.  
2) Cannabinoidbaserade läkemedel kommer troligtvis att legaliseras, varför 
det är viktigt ha kunskap om hur aktiva beståndsdelar påverkar CNS, både 
akut och vid långvarig exponering. 
3) Om cannabinoider kan påverka tumörceller och därmed minska 
tumörtillväxt, bör fler studier kring verkningsmekanismer utföras. 
Eftersom cannabinoidsystemet uttrycks i frisk vävnad i tjock- och ändtarm 
men även vid kolorektal cancer (KRC, cancer i tjock- och ändtarm), är det 
relevant att undersöka om det finns en koppling mellan cellöverlevnad och 
aktivitet i cannabinoidsystemet.  
 
I studie I och III undersöktes hur livsdugligheten hos två olika typer av 
cancerceller (Caco-2 och P19 celler) påverkas av syntetiska och kroppsegna 
cannabinoider. Resultaten från dessa studier visar att både syntetiska (HU 
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210) och kroppsegna (AEA) cannabinoider påverkar cellöverlevnaden i de 
båda cellinjerna, på ett tid- och koncentrationsberoende sätt. AEA är baserad 
på arakidonsyra och de fettsyror som har denna AEA-liknande komponent 
påverkar också cellöverlevnaden. Mekanismen bakom den cannabinoid-
inducerade celldöden verkar vara ospecifik, eftersom hämning av CB-
receptorerna inte skyddar cellerna från celldöd. P19 celler (studie III) 
skyddas dock delvis genom att hämma CB-receptorer. Slutsatsen att det är 
en generell skademekanism baseras på att cannabinoider orsakar en oxidativ 
stress, samt att cannabinoid-liknande substanser som inte aktiverar 
receptorer också orsakar celldöd. I Caco-2 celler ses en samverkande effekt 
mellan en syntetisk cannabinoid (HU 210) och 5-flurouracil, ett cytostatikum 
som används som tilläggsbehandling vid kolorektal cancer (studie I). Detta 
betyder att dessa två substanser tillsammans orsakar en lägre cellöverlevnad 
än vad förväntats om man summerar ihop deras enskilda effekter.  
 
Kolorektal cancer har hög dödlighet, det finns därför ett behov att hitta fler 
markörer för att kunna bestämma adekvat behandling för dessa patienter. I 
studie II undersökte vi om det finns någon koppling mellan uttrycket av CB1-
receptorn och sjukdomsspecifik överlevnad hos KRC patienter. Det fanns en 
koppling mellan högt uttryck av CB1-receptorn och lägre överlevnad hos 
patienter i tumörstadium II med en specifik tumörform (MSS; mikrosatellit 
stabila, mutationer på vissa gener).  
 
Målet med studie IV var att undersöka om det fanns någon skillnad i 
känslighet för cannabinoider mellan P19 celler i odifferentierat stadium och 
när dessa celler mognat till nerver. Vi analyserade även om cannabinoider 
påverkar tillväxt av nervcellsutskott (neuriter). HU 210 gav både en tids- och 
koncentrationsberoende minskning av antalet celler, procentuell andel celler 
som uttrycker neuriter, antalet neuriter per cell, samt total neuritlängd. 
Kycklingembryon påverkas också av HU 210, embryon som i ägget har varit 
exponerade för HU 210 i tio dagar dör i mycket större utsträckning än de 
som har varit utsatta för kroppsegna cannabinoiden AEA (studie V). 
 
Sammanfattningsvis så visar resultaten från dessa studier att cannabinoider 
kan vara celltoxiska för cancerceller, men även för nervceller och minskar 
embryonal överlevnad. 
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Introduction 

History of the cannabinoid system  

Human beings have used cannabis for thousands of years. The first 
archeological discoveries are from China around 4000 BC. In 2737 BC, Shen 
Nung, the Emperor of China, was the first known to describe the properties 
and therapeutic potential of cannabis.  In Victorian times, papers were 
published, first by O'Shaughnessy and thereafter by Reynolds, they reported 
observations of pain relief, muscle relaxation, stimulation of appetite and 
anticonvulsant effects of cannabis. It was legal to prescribe cannabis in the 
United States until 1942, but after the American authorities claimed that use 
of cannabis was responsible for insanity, moral and intellectual impairment, 
violence and crimes, the drug was banned. In 1971, after a convention by the 
United Nations, cannabis was banned in most of the European countries. For 
reviews over the early history of cannabis, (see, O’Shaugnessy, 1838–1840; 
Reynolds, 1859; McKim; 2000, Li, 1974; Fankhauser, 2002) 

The physical and pharmacological effects of cannabis are well established 
and include actions both in the central nervous system and the periphery. 
The subjective feelings of relaxation, well-being and sharpened sensory 
awareness are what drug users report and seek. The central effects that can 
be measured in man are impairment of short-term memory, impairment of 
motor coordination, catalepsy, hypothermia, analgesia, antiemetic effect and 
increased appetite. Tachycardia, vasodilatation, reduction of intraocular 
pressure and bronchodilatation are the main reported peripheral effects 
(Adams et al., 1996).  

From the hemp plant Cannabis sativa more than 400 different chemicals 
can be extracted, and more than 80 are grouped under the name 
cannabinoids or phytocannabinoids. The main psychoactive compound is ∆9-
tetrahydrocannabinol (THC). Other phytocannabinoids include cannabidiol 
(CBD) and cannabinol (CBN), but they lack the psychoactive properties of 
THC. Currently, nabilone (Cesamet®), a synthetic analogue of THC, is used 
to suppress nausea and vomiting caused by chemotherapy. Dronabinol 
(Marinol®) has also entered the market for antiemetic and stimulation of 
appetite, used by patients with AIDS and patients with extensive loss of body 
weight (Pertwee, 2009). Sativex®, a buccal extract of THC and CBD, is 
currently licensed in Sweden and some other European countries for the 
relief of spasticity in patients with multiple sclerosis (http://goo.gl/Nw4n3).  
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Two years that have become historical in the cannabinoid research field are 
1964 and 1988: in 1964 the chemical structure of THC was reported, and in 
1988, the first demonstration of cannabinoid binding sites in the rat brain 
was published (Gaoni & Mechoulam, 1964; Devane et al., 1988). Two years 
after the discovery of the binding sites, Matsuda and coworkers published 
the DNA encoding a G protein-coupled receptor, which was activated by the 
cannabinoids and thereby called cannabinoid receptor type 1 (CB1) (Matsuda 
et al., 1990). Three years later, a second G-protein coupled cannabinoid 
receptor, cannabinoid receptor type 2 (CB2), was cloned (Munro et al., 1993). 
The cloning of the receptors led to identification of the endogenous ligands, 
called endocannabinoids. The first to be discovered was anandamide (N-
arachidonoylethanolamine, AEA) (Devane et al., 1992) and thereafter 2-
arachidonoyl-glycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995). 
Other substances have been proposed to be endocannabinoids, such as 2-
arachidonyl-glycerol ether (noladin ether) (Hanus et al., 2001), and 
virodhamine (Porter et al., 2002) but these have not yet been formally 
accepted as endocannabinoids. 
 

Cannabinoid receptors 

The distribution of the cannabinoid receptors appears well conserved 
between many vertebrate species. CB1 receptors are expressed abundantly in 
the brain, predominantly on neurons. High expression levels of CB1 
receptors are seen in e.g. cerebral cortex, hippocampus, basal ganglia and 
cerebellum (Glass et al., 1997; Herkenham et al., 1991). CB1 receptors are 
also expressed in primary cortical regions, thalamus, and at lower levels in 
the brain stem and the spinal cord. This distribution of CB1 receptor 
expression correlates well with known behavioral and physiological effects of 
cannabinoids, including impairment of memory, cognition, learning and 
altered motor activity. Further studies have shown that CB1 is mainly 
expressed presynaptically on axon terminals (Katona et al., 2001). 
Comparison of ligand binding densities with functional responses across the 
brain has indicated regions with relatively low CB1 expression levels couple 
with high efficiency to the G-proteins. In other words, there is a greater 
amplification of signal transduction in some regions with lower receptor 
concentration compared to another area with high expression (Breivogel et 
al., 1997; Gifford et al., 1999). CB1 receptors are also expressed in some 
peripheral organs (including adipose tissue, the gastrointestinal tract, the 
pituitary and adrenal glands, sympathetic ganglia, heart, lung, liver, and 
urinary bladder (see e.g., Bensaid et al., 2003; Croci et al., 1998; Galiegue et 
al., 1995). Some of the physiological functions of peripheral CB1 receptors 
are listed in Table 1.  
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In this thesis, peripheral CB1 receptors in the gastrointestinal tract have been 
investigated. In vivo studies in rodents have shown many effects of CB1 
receptor agonists, including inhibition of emesis, gastric acid secretion, 
experimentally induced gastric ulcers, intestinal motility and secretion. 
Moreover, these agonists are also antiproliferative, reduce visceral pain and 
inflammation (Di Marzo et al., 2006; Izzo et al., 2008b; Storr et al., 2007). 
The basal levels of endocannabinoids in the rodent gut are sufficiently high 
to activate their targets (Di Marzo et al., 2006). The CB1-selective antagonist, 
SR141716A (rimonabant; Acomplia®), was approved in the EU for the 
treatment of obesity (Despres et al., 2006) in 2006 but was withdrawn in 
2008 due to an unacceptably high incidence of side effects such as 
depression and cardiovascular incidents. 

CB2 receptors are mainly expressed in the periphery in immune tissues, such 
as spleen, tonsils and immune cells (e.g. B-cells and natural killer cells) 
(Galiegue et al., 1995; Munro et al., 1993), although they have a limited 
central distribution (Onaivi et al., 2006), in areas such as brainstem (Van 
Sickle et al., 2005) and cerebellum (Ashton et al., 2006). Some of the 
physiological functions of peripheral CB2 receptors are listed in Table 1. 

Increasingly, functional studies suggest that some cannabinoids mediate 
certain effects independently of CB1 and CB2 receptors. Such effects include 
allosteric actions upon well defined G protein receptors such as β-adreno-
ceptors (Hillard et al., 1982), 5-hydroxytryptamine (Kimura et al., 1998), 
opioid (Vaysse et al., 1987), muscarinic acetylcholine receptors 
(Christopoulos et al., 2001) and GABAA receptors (Sigel et al., 2011). Novel 
CB receptors have also been suggested, of which the most investigated is the 
orphan G-protein coupled receptor GPR55 (Ryberg et al., 2007). However, 
this view is controversial, and the current view is that there is not sufficient 
evidence to increase the number of receptors termed CB (Pertwee et al., 
2010). The endocannabinoid AEA has a chemical similarity to capsaicin and 
can activate transient potential vanilloid 1 (TRPV1) receptors, although with 
lower efficacy at TRPV1 than capsaicin (Smart et al., 2000; Zygmunt et al., 
1999). Other targets for cannabinoids and endocannabinoids include PPARγ 
and PPARα receptors (O'Sullivan et al., 2005; Sun et al., 2007) (For review, 
see, Pertwee, 2010) . 
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Table 1. Examples of physiological functions of peripheral CB1 and CB2 
receptors. 

Organ system Agonist effects References 

CB1 receptor 
  

Cardiovascular system induces hypotension and 

bradycardia 

 

(Lake et al., 1997) 

Peripheral nervous 

system 

mediates sympathoinhibitory 

effects 

 

(Ishac et al., 1996) 

Prostate gland inhibits contraction of the gland (Tokanovic et al., 2007) 

Urinary tract affects diuresis (Sofia et al., 1977) 

Uterus affects embryo implantation (Paria et al., 1998) 

CB2 receptor 
  

Immune system immunosuppressive (Holsapple et al., 1996)  

Liver regulation of liver fibrosis (Julien et al., 2005) 

Skeletal system regulation of bone mass (Ofek et al., 2006) 

Vascular system reduces progression of 

atherosclerosis 

(Steffens et al., 2005) 

Both CB1 and CB2 agonists have demonstrated their ability to suppress pain, from 

acute to neuropathic pain in several animal models (Anand et al., 2009). 

 

Cannabinoid receptor ligands  

In addition to THC and the endocannabinoids, a large number of ligands can 
interact with CB receptors.  The ligands are divided into chemical groups. 1) 
the classical group of CB1/2 cannabinoid receptor agonists, including THC 
itself and the synthetic agonist HU 210. These ligands have a relatively high 
affinity for both CB1 and CB2 receptors. HU 210 displays much higher 
efficacy and potency at CB1 and CB2 receptors than THC. 2) The non-classical 
group of CB1/2 cannabinoid receptor agonists, such as CP55,940. CP55,940 
possesses HU 210-like CB1 and CB2 receptor efficacy. Structurally different to 
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all mentioned are WIN55,212-2, which is included in 3) the aminoalkylindole 
group of CB1/2 cannabinoid receptor agonists. This compound is 
enantioselective, in that its stereoisomer WIN55,212-3 is inactive towards CB 
receptors, a property that has been used to determine CB-receptor and non-
CB receptor-mediated effects of WIN55,212 (Fowler, 2007). The members of 
4) the eicosanoid group have different structures compared to the above-
mentioned groups. The endocannabinoids AEA and 2-AG are included in 
this group. AEA has a slightly higher affinity to CB1 than to CB2 receptors, 
and acts as a partial agonist on the receptors. 2-AG displays a higher efficacy 
to the two types of cannabinoid receptors than AEA (Gonsiorek et al., 2000). 
The synthetic anandamide analogue, R-(+)-methanandamide (meth-AEA), 
can be used to investigate the long term effects of AEA, since it is not easily 
hydrolyzed by the anandamide-metabolizing enzyme, fatty acid amide 
hydrolase (FAAH, see below). Meth-AEA possesses higher affinity towards 
the CB1 receptor than towards the CB2 receptor.  

Two CB1 receptor antagonists that are widely used are diarylpyrazole 
rimonabant (SR141716A), and its structural analogue, AM251. AM251 also 
acts as an agonist at the GPR55 receptor (Kapur et al., 2009). 6-Iodo-
pravadoline (AM630) and the diarylpyrazole SR144528 are CB2 receptor 
antagonists (Pertwee et al., 2010). 
 

Synthesis and degradation of endocannabinoids 

Endocannabinoids are not stored preformed, but are synthesized on demand 
(Freund et al., 2003). AEA in cells can be formed by several pathways, of 
which an important (but not sole) synthetic route is via the cleavage of a cell 
membrane phospholipid precursor, N-arachidonylphosphatidylethanol-
amine (NAPE), by phospholipase D (PLD). 2-AG can be formed from several 
membrane phospholipids containing an arachidonic acid-moiety. 
Biosynthesis of 2-AG includes hydrolysis of the phospholipids by 
phospholipase C and DAG lipase (Ueda et al., 2011). Once formed, the 
endocannabinoids are released from the membrane and can interact with 
their target receptors (Di Marzo et al., 1994). Extracellular 
endocannabinoids are removed by a process of cellular uptake into the 
intracellular compartment followed by metabolism (Fowler, 2006). In the 
case of AEA, the main metabolic enzyme is FAAH, which hydrolyzes AEA to 
arachidonic acid and ethanolamine (Cravatt et al., 1996; Deutsch et al., 
1993). 2-AG is metabolized mainly by the enzyme monoacylglycerol lipase 
(MGL) but also by FAAH (Goparaju et al., 1999) and by serine hydrolase α-β-
hydrolase domain 6 (ABHD6) (Marrs et al., 2010). Both FAAH and MAGL 
are intracellular enzymes and their selective inhibition has been shown to 
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increase intracellular levels of the appropriate endocannabinoid (Kathuria et 
al., 2003; Long et al., 2009). Other metabolic enzymes are involved in the 
degradation of endocannabinoids, such as cyclooxygenase-2 (COX-2), 
lipooxygenase (LOX) and cytochrome P450 enzymes (Fowler et al., 1997; 
Kozak et al., 2002; Snider et al., 2007; Ueda et al., 1995; Yu et al., 1997).  

 

Cannabinoid signaling 

CB receptors were first suggested to exist on the basis of the ability of 
cannabinoid ligands to inhibit adenylyl cyclase activity in cultured cells 
(Howlett et al., 1986). However, CB receptors produce a number of different 
intracellular signaling responses that are dependent upon the cell type and 
situation investigated. Two examples are considered here: 

Retrograde signaling in the brain. In glutamatergic synapses, release of 
glutamate results in activation of postsynaptic ionotropic glutamate and the 
endocannabinoid system is not engaged. However, excessive glutamate 
signaling leads to activation of metabotropic receptors that are localized 
postsynaptically. Activation of these receptor lead to the synthesis of 
endocannabinoids, which then diffuse back across the synapse and bind to 
CB1 receptors on presynaptic terminals of neurons, where they inhibit 
release of glutamate, see Fig. 1 (Katona et al., 2008). This is achieved as a 
result of the inhibition of voltage-activated Ca2+ channels (Caulfield et al., 
1992), and activation of inwardly rectifying K+ channels (Henry et al., 1995; 
Piomelli, 2003). GABAergic neurons are also modulated by 
endocannabinoids, and retrograde endocannabinoid signaling has been 
demonstrated to be involved in electrophysiological processes such as 
depolarization-induced suppression of excitation, depolarization-induced 
suppression of inhibition, and long-term potentiation. In most cases, the use 
of selective inhibitors of endocannabinoid inhibition and/or knockout mouse 
models have indicated that 2-AG is the main endocannabinoid involved in 
these processes (Alger et al., 2011; Alger et al., 1996; Freund et al., 2003).  

Multiple pathways in cancer cells. In addition to the inhibition of cyclic 
AMP production and hence attenuation of protein kinase A (PKA), 
cannabinoids induce a number of signaling pathways in cultured tumour 
cells. These include stimulation of mitogen-activated protein kinase (MAPK) 
including activation of extracellular signal-regulated kinase (ERK) 
(Wartmann et al., 1995), of c-Jun N-terminal kinase (JNK) and p38 
mitogen-activated protein kinase (Liu et al., 2000). The CB1 receptor is also 
coupled to the activation of protein kinase B (PKB/Akt) (Gomez del Pulgar et 
al., 2000). Additionally, cannabinoids modulate metabolizing pathways of 
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sphingolipids by inducing sphingomyelin (SM) breakdown and by acutely 
increasing the levels of the second messenger ceramide (Sanchez et al., 
1998b). This effect, although mediated by CB receptors, seems to be 
independent of G-proteins and is probably instead mediated by a protein 
(FAN, factor associated with neutral SMase activation) associated with 
SMase activation (Sanchez et al., 2001). 

 

Fig. 1. Endocannabinoid retrograde signaling in glutamatergic neurons (CB1). The 

endocannabinoid system is engaged when glutamate reaches the metabotropic glutamate 

receptors located perisynaptically, and their stimulus induces endocannabinoid synthesis 

secondary to an increase in intracellular calcium levels. The released endocannabinoids then 

activate presynaptic CB1 receptors, which reduce presynaptic Ca2+ ion channel activity. K+ influx 

is also affected. Thereby, CB1 receptors reduce the amount of neurotransmitter released and 

hence act to normalize the excessive glutamate signaling. After release, a reuptake of the 

endocannabinoids occurs and the degradation process takes place.  

In susceptible tumour cells, cannabinoid receptor activation can also 
generate a sustained peak of ceramide accumulation via enhanced de novo 
synthesis that plays an important role in the induction of apoptosis (Guzman 
et al., 2001). 
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In common with CB1 receptors, CB2 receptors can modulate, via Gi/o 
proteins, adenylyl cyclase, MAPK activity, PI3K, ceramide production and 
gene transcription (Bouaboula et al., 1999; Felder et al., 1995; Herrera et al., 
2006). The main difference between CB1 and CB2 receptors is that the latter 
are poor modulators of calcium and potassium channels (Felder et al., 1995). 

Cannabinoids in modulation of cell fate  

Cannabinoids and endocannabinoids have been shown to modulate the fate 
of cells in both normal and cancerous tissues and cells. With respect to the 
brain, Nagayama and collaborators showed that injection of a cannabinoid 
agonist reduces infarct volume caused by focal cerebral ischemia. This 
resulted in an improved neuronal survival of penumbral cortical tissue 
(Nagayama et al., 1999). Further studies have demonstrated that activation 
of cannabinoid receptors can result in neuroprotection in a variety of models 
of neurodegeneration. However, the CB1 receptor antagonist rimonabant is 
also neuroprotective in some situations (Berger et al., 2004), and AEA can 
produce cell death in rat primary neuronal cultures (Cernak et al., 2004). 
This is perhaps to be expected given the role of CB1 receptors in controlling 
the release of GABA as well as glutamate, although other effects, such as 
oxidative stress and actions upon TRPV1 receptors, may underlie the 
deleterious effects of endocannabinoids upon cell survival (Fowler et al., 
2010).  

Since the first evidence that THC produces cytotoxic effects on lung 
adenocarcinoma cells (Munson et al., 1975), there has been much evidence 
that cannabinoids can affect the viability of proliferating cells, such as 
glioma, breast and prostate cancer cells both in vitro (De Petrocellis et al., 
1998; Melck et al., 2000; Sanchez et al., 1998a) and in vivo in xenograft 
models (Carracedo et al., 2006; Galve-Roperh et al., 2000). Since activation 
of CB receptors activates several kinases (see above), there are several 
pathways that can induce apoptosis, for example sustained ERK1/2 and 
ceramide production (Galve-Roperh et al., 2000). In line with these findings, 
Cianchi et al. demonstrated that stimulation of the CB receptors in colon 
cancer cells induced apoptosis through de novo ceramide synthesis, and the 
apoptosis could be prevented by CB receptor antagonism (Cianchi et al., 
2008). Ceramide is a common lipid in the cell membrane and a signaling 
molecule involved in inducing apoptosis and differentiation. Angiogenesis 
and metastasis are key factors governing cancer development and outcome. 
These two important steps seem to be inhibited by cannabinoids in some 
conditions, through decrease in the expression of proangiogenic factor VEGF 
and matrix metalloproteinase-2 both in vitro and in vivo (Blazquez et al., 
2003; Blazquez et al., 2008; Portella et al., 2003; Thapa et al., 2011). Some 
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of the pathways involved in the CB receptor-mediated effects of 
cannabinoids are shown in Fig. 2.  
 

 

Fig 2. CB receptor-mediated signaling and control of cell fate. Activation of the CB 

receptors give rise to many different events within the cell, including Gi/o protein-mediated 

inhibition of adenylyl cyclase (AC) activity, with its consequent decrease in cytosolic cAMP 

concentration and inhibition of protein kinase A (PKA), closure of Ca2+ channels and opening of 

K+ channels. Activation of the mitogen activated protein kinase (MAPK) family results in a 

phosphorylation and activation of ERK1/2, c-Jun N-terminal kinase (JNK) and p38. Moreover, 

the CB1 receptor also stimulates ceramide production through sphingomyelin (SM) hydrolysis 

due to activation of sphingomyelinase (SMase). Phosphatidylinositol 3-kinase (PI3K) and 

protein kinase B (PKB/Akt) are other kinases that are activated by cannabinoid agonists. All 

these events affect the cell fate due to alteration in gene expression. The right hand in the figure 

includes a schematic of the metabolic pathways for AEA, including the hydrolysis to form 

arachidonic acid (AA) and ethanolamine (EA). Compounds that can interfere with the various 

processes and enzymes are shown. These compounds have been used in the thesis. Their 

mechanisms of actions are as follows: PTX (pertussis toxin), blocks Gi-protein coupled receptor 

signaling; FB1 (fumonisin B1) inhibits ceramide synthase; ISP-1 (myriocin) inhibits serine 

palmitoyltransferase; PD98059 inhibits the MAPK pathway; URB597, inhibits FAAH; Nim 

(nimesulide) and Indo (indomethacin), inhibit COX; CDC (cinnamyl-3,4-dihydroxy-alpha-

cyanocinnamate), inhibits LOX.  

Endocannabinoids also show antiproliferative effects on cultured cell lines. 
AEA at submicromolar concentrations inhibits human colorectal carcinoma 

!"#$%&'()(*+,'&

-.$,&

/!&
/01& )/21&

!"#$%&'()(*+,'&34,5.6+&

17/&

897#$%&
:;7$*<=&

1><?7&&
17"$/@+&

A236(&

!('3B.C(&

A2&

!,5+',D&,E&)(DD&E3+(&

2/17&

F//G&

8/&//&

10H&
>A1?#&
F"#&

;.B$>5C,&

1IJ=KLJ&

/2%L#$/2M<K&
!"9#$%&35+34,5.6+&

/8/&C(4'3C3+.,5&

N9"LJO&

!PH?%&

1',6+34D35C.5&(+Q35,D3B.C(&

!I!&RPH&

G808&&
(+Q35,D3B.C(&



 

10 

cell (Caco-2) proliferation (Ligresti et al., 2003) in a manner blocked by the 
CB1 receptor antagonist SR141716A. AEA and other CB1 agonists also inhibit 
migration of a human colon carcinoma SW 480 cell line (Joseph et al., 
2004). Results from in vivo studies support the anti-tumor properties in the 
GI tract by AEA. By introducing cannabinoids or inhibiting degradation of 
endocannabinoids and thereby increasing their levels, protection against 
formation of azoxymethane-induced aberrant crypt foci (pre-neoplastic 
lesions) in mouse colon was seen (Izzo et al., 2008a). AEA also produces 
effects upon cell viability via actions not mediated by CB receptors. For 
example, in human neuroblastoma and lymphoma cells, AEA increased the 
rate of apoptosis by activation of TRPV1 receptors and a cascade of events 
involving rise in intracellular Ca2+, activation of cyclooxygenase and 
lipoxygenase, cytochrome c release and caspase activation (Maccarrone et 
al., 2000). TRPV1 receptor involvement has also been reported in C6 glioma 
cells (Jacobsson et al., 2001). Arachidonic acid and analogues affect cell 
viability as a result of oxidative stress (De Lago et al., 2006; Winkler et al., 
2000). Given that AEA has an arachidonoyl side chain, it is not surprising 
that AEA can induce superoxide that can trigger downstream signal that 
ends in a caspase-3 activation and thereby apoptosis of the PC-12 
pheochromocytoma cells. This apoptosis could be prevented by treatment 
with the antioxidant N-acetylcysteine (Sarker et al., 2000). 

From the above discussion, it is clear that cannabinoids represent an 
interesting approach to the treatment of cancer. However, there are 
important gaps in our knowledge.  

1) Can compounds affecting endocannabinoid signalling be used clinically? 
Guzman and colleagues undertook a small human clinical trial in patients 
with glioblastoma multiforme where THC was administered intracranially.  
The trial was primarily a safety study, but it was noted that in some of the 
patients, the administration resulted in a lower proliferation of the cancer 
cells. Although the study was too small to conclude about the efficacy of THC 
in these patients, but it is a good start for more extensive studies (Guzman et 
al., 2006). One important question is whether the tumors themselves 
express cannabinoid receptors and whether their expression is related to the 
severity of the disease. Studies have showed that human breast cancer 
tumors have an overexpression of the two CB-receptors and treatment with 
cannabinoids, in a mouse model system of breast cancer, induces 
antiproliferative effects and apoptosis (Qamri et al., 2009). Additionally, CB2 
receptor expression seems to correlate with histologic grade and other 
prognostic markers in breast cancer (Caffarel et al., 2006). Furthermore, 
increased expression of CB1 and CB2 has been reported in mantle cell 
lymphoma and the growth suppressive effects of cannabinoids decreased by 
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CB-receptor antagonists (Flygare et al., 2005). In hepatocellular carcinoma, 
Xu et al. showed that high CB-receptor expression correlates with an 
improved prognosis (Xu et al., 2006). On the other hand, Chung and 
coworkers showed that in prostate cancer a high CB1 expression is associated 
with a lower disease-specific survival (Chung et al., 2009). This has also 
been noticed in patients with pancreatic cancer (Michalski et al., 2008). In 
colorectal cancer, patients with a mutation in the gene encoding the CB1 
receptor (CNR1) showed shorter survival time than patients without this 
mutation (Bedoya et al., 2009). Furthermore, a hypermethylation in the 
promotor region of CNR1 was seen in biopsies from a small series of cases 
with colorectal cancer (Wang et al., 2008). This led to a loss of CB1 receptor 
expression and could be associated with cancer progression. However, the 
sample size in that study was small, and it is not known whether the absolute 
level of CB1 receptor expression in colorectal cancer is associated with 
survival rates. 

2) How important are the CB receptor-independent effects of cannabinoids? 
As with AEA (see above), synthetic and phytocannabinoids have effects upon 
cell viability that are not mediated by CB receptors. In this respect, the non-
psychotropic phytocannabinoid CBD has provided useful information. 
Although cannabinoids have been shown to have antioxidant properties 
(Hampson et al., 1998; Marsicano et al., 2002), they can increase the level of 
oxidative species in tumour cells. Mato and colleagues showed that CBD 
increased the production of reactive oxygen species (ROS) in 
oligodendrocytes and this resulted in cytotoxic cell death (Mato et al., 2010). 
CBD also induce apoptosis and autophagy in breast cancer cells, inhibit the 
survival ERK pathway, induce ROS and reduce mitochondrial membrane 
potential (Shrivastava et al., 2011).  

3) Do cannabinoids impact the effectiveness of treatments currently used 
clinically? Almost all studies on the effects of cannabinoids upon cancer cell 
viability investigate cannabinoids alone, rather than in combination with 
drugs used in the clinic. A study from Spain displayed that combined 
administration of THC and temozolomide (chemotherapy agent for the 
management of glioblastoma multiforme) exerts a strong antitumoral action 
in glioma xenografts, even when the tumors were resistant to TMZ 
treatment. These authors also reported that they observed the same results 
with CBD (Torres et al., 2011). Similar results have been noticed in 
xenographs of pancreatic adenocarcinoma cells in nude mice, treated with 
standard chemotherapy agents and different CB agonists (Donadelli et al., 
2011). Another study in human hepatocellular carcinoma cells showed that 
cannabinoids together with tumor necrosis-related apoptosis inducing ligand 
(TRAIL) increase the sensitivity of the cells leading to apoptosis (Pellerito et 
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al., 2010). A related question is whether CBD can affect the actions of THC. 
This appears to be the case: In two glioblastoma cell lines, a synergistic effect 
between THC and CBD was noted. These compounds acted together and 
inhibit cell proliferation, moreover they modulated the cell cycle, induced 
reactive oxygen species and apoptosis. Changes in signaling pathways, 
including extracellular signal-regulated kinase and caspase activities, were 
also detected. The overall conclusion from this study seems to be that CBD 
improved the effect of THC in glioblastoma cells and may be a good 
complement in a future THC treatment of glioblastoma (Marcu et al., 2010). 
 

Cannabinoids and neuronal development 

The effects of cannabinoids upon cell survival and cell proliferation raise the 
issue as to whether they affect normal cell development. The vulnerability of 
the central nervous system to damage extends throughout fetal development, 
including all parts of nervous system development (e.g., neurogenesis, 
neuronal differentiation, synaptogenesis, myelination). Compounds acting at 
CB receptors, endogenous or synthetic, are very lipophilic and can easily 
cross barriers, including the placenta barrier and the blood-brain barrier. 
Thus, cannabinoids may directly affect the fetus and increase the risk of 
neurobehavioural changes of the young infant. Indeed, growing evidence 
suggest that use of cannabis during pregnancy can have a long-lasting 
negative impact on the fetal nervous system, resulting in deficits in attention, 
visual analysis, hypothesis testing and executive function in the offspring 
(Fried et al., 2001a; Fried et al., 2001b; Fried et al., 2003). Other studies 
have demonstrated an increased risk for hyperactivity, impulsivity and 
inattention symptoms in these children (Goldschmidt et al., 2000). 
Furthermore, intrauterine cannabis exposure also change the uterine blood 
flow to the fetus (El Marroun et al., 2010) and prenatal cannabis contact is 
associated with fetal growth reduction (Gray et al., 2010) and may cause 
withdrawal symptoms in the neonate (Keegan et al., 2010). Other authors 
have used magnetic resonance techniques to detect white matter pathology, 
suggestive of impaired myelination, in adolescent and young adult cannabis 
consumers (Arnone et al., 2008; Bava et al., 2009; Smith et al., 2004). 
These data indicates that cannabis might disrupt the mechanisms involved 
in formation and maintenance of the myelin sheath, and impact on the 
oligodendrocytes. 

The clinical studies are supported by observations in experimental animals 
indicating that the cannabinoid system is a key player in the regulation of the 
development of the central nervous system. When female rats have been fed 
cannabinoids during pregnancy, the maturation of various neurotransmitter 
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systems during embryonic development have been modified (Fernandez-
Ruiz et al., 2000; Ramos et al., 2002). For example, when rats were exposed 
prenatally to the synthetic CB1 receptor agonist WIN 55,212-2, at doses that 
did not cause malformation or signs of toxicity, a deficit in cortical 
glutamatergic neurotransmission was observed, including a reduction in 
NMDA receptor activity and alterations in neuronal development (Antonelli 
et al., 2004; Antonelli et al., 2005). This suggests that abnormal stimulation 
of the CB receptors during development may cause permanent alterations in 
neurotransmission and thereby results in cognitive deficits. In this respect, 
the CB receptor system actively regulates cell proliferation and 
differentiation both in vitro and in vivo. Endocannabinoids have been 
identified as a class of signaling molecules that regulate axon guidance and 
play a fundamental role in neuritogenesis (Berghuis et al., 2007; Keimpema 
et al., 2010). Furthermore, it has been suggested that endocannabinoids are 
also important in pyramidal cell development during corticogenesis (Mulder 
et al., 2008). Moreover, Aguado and colleagues showed that 
endocannabinoids could regulate neural progenitor cell proliferation both in 
vitro and in vivo (Aguado et al., 2005). 

While the above studies provide clear evidence of the importance of the 
endocannabinoid system, in vivo models are by nature complex. What is 
lacking are simple in vitro models whereby effects of cannabinoids upon 
neuronal development and survival can be compared with effects upon the 
viability of undifferentiated cells from the same lineage. The P19 mouse 
embryonal carcinoma cell line has proven to be a good cell line model for 
investigation of the effects of the cannabinoid system on neuronal 
development and proliferation of cancer cells, due to the finding of the native 
expression of functional CB receptors in these cells (Svensson et al., 2006) 
coupled to the fact that these cells can be differentiated into neurons. The 
differentiation capacity makes this cell line even more suitable for research 
since comparisons between effects of cannabinoids on undifferentiated high 
proliferative cells and differentiated cells can easily be performed.  

Another relatively simple approach is the investigation of neuronal 
development in ovo. The chick embryo, including its extraembryonic 
membranes, has long been used as a developmental model (Stern, 2005) as 
well as a model for potentially teratogenic agents (Kotwani, 1998). With 
respect to the cannabinoids, CB1 receptors have been well characterized 
pharmacologically in the chick and show similar properties to their rodent 
counterparts (Fowler et al., 2001). Thus in ovo experiments are a useful 
model for research into the developmental effects of cannabinoids.  
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Aims 

From the above discussion, it is clear that although much work has been 
done upon the antitumor and neurodevelopmental effects of cannabinoids, 
there are gaps in our knowledge. The aims of the present thesis are to fill in 
some of those gaps. 

Paper I: Investigate whether there is any difference in the effects of synthetic 
(HU 210) and endogenous (AEA) cannabinoids and related polyunsaturated 
fatty acids (arachidonic acid (AA), eicosapentaenoic acid (EPA) and N-
arachidonoyl glycine (NAGly) upon cell proliferation of human colorectal 
cancer (CRC) cells. Furthermore, if there is a synergistic action with 
cannabinoids and standard chemotherapy (5-FU) used as adjuvant 
treatment of CRC. Additionally, examine whether the CB receptors, the 
ceramide pathway or other pathways involving FAAH-, COX-, or LOX-
metabolites mediate the effects of the cannabinoids. 

Paper II: Determine the level of CB1 receptor expression in human CRC. 
Moreover, the association of the CB1 immunoreactivity with key molecular 
components of CRC, such as stage, tumor grade, buds at the tumor front, 
microsatellite instability/microsatellite stabile (MSI/MSS) and CpG island 
methylator phenotype (CIMP). 

Paper III: Study the concentration-dependent effects of synthetic and 
endogenous cannabinoids on the viability of mouse P19 embryonal 
carcinoma (EC) cells using various assays of cell viability, including 
membrane integrity, cell proliferation, oxidative stress, and detection of 
apoptosis and necrosis. Furthermore, determine whether or not the effects 
are CB receptor-mediated by using a pharmacological approach. 

Paper IV: Examine the effects of synthetic and endogenous cannabinoids 
and related polyunsaturated fatty acids upon mouse embryonal carcinoma 
P19 stem cell viability - before, during and after retinoic acid (RA)-induced 
neuronal differentiation. Investigate whether the cannabinoids affect the 
differentiation of P19-derived neurons by measuring the development and 
growth of neurites and intracellular acetylcholinesterase activity. 

Paper V: Study the effects of the synthetic cannabinoids HU 210 and  
HU 211, the plant-derived cannabidiol and the endogenous cannabinoid 
anandamide on the viability and development of chick embryos. 
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Methodological considerations  

In this section, the main methods used are presented briefly. Details of each 
method are to be found in the original papers. 

Cell lines (papers I, III and IV) 

P19 mouse teratocarcinoma cell line has as mentioned above a native 
expression of functional CB receptors (Svensson et al., 2006). P19 cells are 
embryonal carcinoma cells (EC) and were isolated from a teratocarcinoma in 
C3H/He mice (McBurney et al., 1982). These cells are pluripotent by nature 
and, therefore, possess the ability to differentiate into many different types 
of tissues, see Fig. 3. 
 

 
Fig. 3. A Light microscopy images of the differentiation process of the P19 mouse embryonal 

carcinoma cell line. The differentiation into neurons is initiated by inducing the aggregated P19 

cells for four days with all-trans retinoic acid (at-RA), followed by plating in poly-D-lysine-

coated culture dishes in serum-free B27-supplemented Neurobasal medium. B The 

differentiated P19 neurons have a higher expression of the CB1 receptor according to fluorescent 

staining with CB1 receptor antibody purchased from Santa Cruz, a result in line with previous 

data using Western blotting and functional assay (inhibition of forskolin-stimulated cAMP 

production) techniques (Svensson et al., 2006). C Differentiated P19 neuron co-stained with 

antibodies against the CB1 receptor and neuron-specific β-tubulin class III. 
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P19 EC cells treated with all-trans retinoic acid (at-RA) differentiate and 
show the phenotypes of neurons and glial cells (Jones-Villeneuve et al., 
1982),  

The human colorectal carcinoma Caco-2 cells were originally isolated in the 
1970s from a 72 year old Caucasian male with colorectal carcinoma (Fogh et 
al., 1977). This cell line is commonly used for colorectal cancer research. 
These cells were chosen for our studies since they had been reported in 2003 
to express the components of the endocannabinoid system, including 
endocannabinoids, AEA and 2-AG, CB1 and CB2 receptors and FAAH 
enzymes (Ligresti et al., 2003).  
 

White Leghorn chicken embryo (Gallus gallus) (paper V) 

Chick embryo in ovo was used to monitor the neuronal development during 
exposure to cannabinoids. The early chick embryo is an ideal model, which 
corresponds to the initial months of embryonic development in mammals 
and is therefore suitable for studies of how chemicals affect the development 
of the embryo. By using chick embryos, any drug-induced changes in the 
physiology of the mother and the placenta are eliminated, and this model is 
especially useful for studies focused on the molecular mechanisms by which 
drugs alter fetal development. It has been demonstrated that the expression 
of CB1 receptors spatially and temporally follows neuronal differentiation in 
the early chick embryo (Begbie et al., 2004). Fertilized eggs are incubated in 
an egg incubator for 10 days (the total gestation time is approximately 21 
days). In the present study, measurements of embryonic survival, 
developmental stage (Hamburger-Hamilton scale), total weight, length and 
brain weight were taken. The analysis was performed at day 10 after three 
cannabinoid-injections at days 1, 4 and 7.  

Human colorectal cancer tissue (paper II) 

At the Department of Medical Biosciences, Umeå University, Prof. Richard 
Palmqvist and colleagues have collected a large series of surgical specimens 
taken from patients undergoing tumor surgical resection of colorectal 
cancer. This sample series (termed CRUMS, colorectal cancer in Umeå 
study) has been well characterized with respect to disease pathology and 
outcome during a long (up to 113 month) follow-up. In addition, Palmqvist 
and colleagues have determined the microsatellite stability/instability 
screening status, incidence of buds at the tumor front and the CpG island 
methylator phenotype (CIMP) status of the cases (Dahlin et al., 2010; 
Forssell et al., 2007)  
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Measurement of cell viability, apoptosis, necrosis and 
oxidative stress 

Calcein-AM (papers I, III and IV) 
Fluorescent-based analysis has many applications in the field of toxicology. 
Thus, for example, mechanisms and cell responses to potential toxic 
substances can be studied, as can potential toxic or protective effects of novel 
or known drugs. By using microplate fluorescence spectrophotometry, the 
quite stressful step (to the cells) of detachment of adherent cells is avoided. 
Therefore, a direct analysis on living and adherent cell population can be 
performed with the fluorescent spectrophotometer.  

The use of fluorescent probes as a marker of cell survival relies on the 
function of the cell and on cell plasma membrane integrity. In the case of 
calcein-AM, the probe is cell permeable and is transported through the cell 
membrane. Intracellular esterases present in viable cells hydrolyze the 
esterase substrate, calcein-AM, to calcein, which is not cell permeable and 
thus trapped in the cell. Calcein is visualized as a green color. The active 
cellular action taken to convert to calcein is limited to cells able to perform 
the hydrolysis of the substrate. However, cells that are damaged but have 
residual esterase activity will retain the ability to hydrolyze the calcein-AM. 
Thus, a limitation of the method is that it may underestimate the effects of 
compounds upon cell viability. 

[3H]-thymidine incorporation and CyQUANT assays (papers I and III) 
To investigate if the cannabinoids are antiproliferative, proliferative or 
cytotoxic we used the thymidine incorporation assay, where radiolabeled 3H-
thymidine is incorporated into new strands of DNA during mitotic cell 
division. The more cell division, the higher the incorporation of thymidine, 
and hence tritium content, which can be measured by liquid scintillation 
spectroscopy. This method is regarded as a "golden standard" for measuring 
cell proliferation, since only proliferating cells will incorporate tritium into 
their DNA. A faster and easier method that measures total nucleic acid 
content is the CyQUANT cell proliferation assay. The active component of 
the assay, which is available as a kit, exhibits fluorescence enhancement 
when bound to cellular nucleic acids, with a linear correlation between 
fluorescence and cell number (Jones et al., 2001). 

Apoptosis-necrosis – YO-PRO-1, propidium iodide (PI) (paper III) 
The YO-PRO-1 / PI methodology can distinguish cells undergoing apoptosis 
from those undergoing necrosis and is designed for use with a fluorescent 
microscope (Choucroun et al., 2001; Plantin-Carrenard et al., 2003). YO-
PRO-1 is a cyanine dye and enters the cell and the increase in fluorescence 
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results from the binding of the dye to intracellular nucleic acids. YO-PRO-1 
cell penetration is directly linked with P2X7 pore opening, which is specific 
to apoptosis (Ferrari et al., 1999; Le Feuvre et al., 2002). Thus, uptake of 
YO-PRO-1 occurs in an apoptotic cell, while the uptake of the necrosis probe, 
propidium iodide (PI), is very low in these cells, since PI is excluded by cells 
with an intact membrane (Plantin-Carrenard et al., 2003). Necrosis, on the 
other hand, is a pathological pathway to cell death whereby the cells lose the 
integrity of the plasma membrane, and thereby are able to accumulate PI. A 
combination of Yo-PRO-1 and PI can thus yield a ratio between apoptosis 
and necrosis. Ideally this should be undertaken in the same cell population, 
although this is not always practical. 

Oxidative stress - H2DCFDA (paper III) 
H2DCFDA (2’,7’-dichlorofluorescein diacetate), is a probe that is an indicator 
for reactive oxygen species (ROS). The probe is cell permeable and is trapped 
inside the cell after intracellular esterases have removed the acetate groups. 
The probe becomes fluorescent when it comes in contact with ROS and 
oxidation occurs within the cell (Gunasekar et al., 1995; Possel et al., 1997). 
Whilst the method is simple to use, a potential drawback is a cell leakage of 
the fluorophore that can occur (Jakubowski et al., 1997). 

Immunofluorescence (papers II, IV and V) 

A variety of immunohistochemical methods have been undertaken using a 
fluorescent microscope. Including CB1 receptor immunohistochemistry, b-
tubulin class III (exclusively expressed in neurons), GFAP (specific staining 
for glial cells) and DAPI (a marker for nuclei) staining, was performed in 
undifferentiated and differentiated P19 cells. In the study of human 
colorectal cancer tissue (paper II), the CB1 receptor staining, optimization 
and high-throughput assay of the samples were undertaken by the Palmqvist 
group, and the role of the present author was primarily the scoring of the 
staining intensity of the samples (see "Author contribution" section in Paper 
II).  
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Results and discussion 

The present thesis involves research undertaken in cell lines, chick embryos 
in ovo, and in samples from patients with colorectal cancer. The two main 
themes of the thesis concern cancer and neurogenesis. The results from 
these studies are presented below. 

Antiproliferative effects of cannabinoids in vitro (Papers I, 
III) 

One of the difficulties associated with the study of cannabinoids upon cell 
viability is that although the techniques are relatively straightforward, cell 
lines can behave differently in different laboratories. For example, Caco-2 
cells have been described as expressing CB1 receptors (Ligresti et al., 2003), 
and as lacking these receptors (Wang et al., 2008). Such differences may be 
due to the characteristics of the cells that can in a certain environment 
spontaneously change, e.g. via differentiation or spontaneous mutations 
during cell division, or different behaviors in different cell culture media 
(Fowler et al., 1990). One aim of the present thesis was to compare the 
effects of cannabinoids in different cell lines, different differentiation states 
within the same cell line, at different cell population densities and using 
different media.  

As expected from the literature (see Introduction), the cannabinoids tested 
affected cell proliferation in a time- and concentration-dependent manner. 
Among the compounds tested, HU 210 was the most potent with IC50 values 
of 1.2 µM and 1.4 µM for antiproliferative effects ([3H]-thymidine 
incorporation and CyQUANT proliferation assay, respectively) in Caco-2 and 
undifferentiated P19 cells. HU 211, an enantiomer to HU 210, has no 
reported CB receptor activity (Feigenbaum et al., 1989), but showed a similar 
pattern regarding effect upon cell survival as HU 210 in both Caco-2 and 
undifferentiated P19 cells (Paper I: Fig. 1H, Paper III: Fig.1C). When the 
relative potencies of the investigated compounds were compared in the 
different cell lines, it was found that the order of sensitivity to the 
cannabinoids was mouse undifferentiated P19 cells > rat C6 glioma > human 
Caco-2 colorectal cancer (Paper I: Fig. 2). Although this may of course be 
related to species and/or organ differences in sensitivity to cannabinoids, it 
can be noted that the sensitivity was inversely related to the doubling time of 
the cells. 

The mechanism(s) behind the actions of the cannabinoids upon cell viability 
were also investigated. Treatment with HU 210 produced both apoptosis and 
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necrosis in the P19 EC cells (Paper III: Fig. 4). In the case of Caco-2 cells 
(Paper I), a CB receptor- independent effect was observed, since CB1-, CB2 
receptor antagonists and blockade of the G-protein coupled signals could not 
block the cannabinoid-induced effects upon cell viability (Fig. 4 and Fig. 5). 
On the other hand, in P19 undifferentiated cells (Paper III), the effect of 
cannabinoid ligands was partially mediated by CB receptors (Fig. 6B). A 
contribution of oxidative stress to the effects of cannabinoids was seen in 
both cell lines, since the antioxidants, α-tocopherol and N-acetylcysteine 
could reduce (but not completely block) their effects upon cell viability 
(Paper I: Fig. 6 and Paper III: Fig. 5). In undifferentiated P19 cells, inhibition 
of cannabinoid-induced ceramide synthesis by ISP-1 (myriocin) and FB1 
(fumonisin B1) partly prevented HU 210-induced cell death (Paper III; Fig. 
6). HU 210 produced an increased level of oxidative stress in P19 EC cells 
(H2DCFDA assay, Paper III; Fig. 3), although the increase was smaller than 
seen with AEA (discussed below). 

Combined effects of cannabinoids and 5-flurouracil upon 
colorectal cell viability (Paper I) 

Given the fact that cannabinoids are unlikely to be used clinically as 
monotherapies for cancer treatment, it is important to assess whether 
cannabinoids affect the cytotoxic properties of commonly used 
chemotherapies. In Paper I, the combination of HU 210 and 5-fluorouracil 
was assessed in three colorectal carcinoma cells (Caco-2, HCT116 and HT29 
cells). Figure 3 in Paper I shows the effects of HU 210, AEA, arachidonic acid 
(AA) and 5-FU either as a combination or per se upon cell survival. Both 
substances per se produced a significant concentration-dependent reduction 
in cell survival in all three cell lines. HU 210 has a synergistic effect, i.e. a 
greater than additive effect, with 5-FU upon Caco-2 cell survival, measured 
with calcein-AM fluorescence (Fig. 3A and confirmed by the CyQUANT 
assay, Fig. 3D). No synergism could be detected either with AEA or AA 
together with 5-FU. Obvious synergism between the effects of HU 210 and 5-
FU was not seen in the HCT116 and HT29 cells, although some synergy was 
noticed with 1µM HU 210 and 1µM 5-FU in both cell lines (data not shown). 
However, it can be difficult to demonstrate modest degrees of synergism 
because the dose response curves are very steep. Ideally, multiple 
concentration-response curves should be constructed for HU 210, one for 
each 5-FU concentration, to determine more precisely the degree of synergy 
between the compounds in the cell line under study.  

Regardless as to the level of synergy, it is clear that HU 210 does not reduce 
the effects of 5-flurouracil upon cell viability. Given that cannabinoids have 
useful anti-emetic properties (nabilone is used for the treatment of 
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chemotherapy-induced nausea), the present data raises the possibility that 
cannabinoids may not only be useful in this regard, but may also reduce the 
dose of 5-fluorouracil required for cytotoxic effect. Such a conclusion, 
however, requires validation first in animal models before being tested 
clinically.   

Cytotoxic effects of AEA and related polyunsaturated fatty 
acids in Caco-2 and P19 cells (Papers I, III) 

AEA and its analogue meth-AEA (which is resistant to hydrolysis) produced 
both apoptosis and necrosis of P19 EC cells, but with a greater proportion of 
apoptosis (Paper III: Fig. 4). Given that AEA is a polyunsaturated fatty acid 
derivative, it is important to assess whether its effects upon cell proliferation 
are distinct from those seen with polyunsaturated fatty acids such as 
arachidonic acid (AA) and eicosapentaenoic acid (EPA). In both Caco-2 and 
P19 cells, AEA showed similar potency and efficacy as AA and EPA, 
compounds that have no reported activity at the CB receptors. Similarly, N-
arachidonoyl glycine (NAGly), an endogenous lipid and a structural analogue 
of anandamide but without any CB receptor activity (Huang et al., 2001) 
showed a similar effects as anandamide and the related fatty acids upon cell 
survival in both cell lines (Paper I: Fig. 1C,D,E,F,G and Paper III: Fig. 1C). 
The similarity of the effects of anandamide and AA raise the possibility that 
the metabolites of anandamide rather than the parent compound may be 
toxic to cells, but this was not the case, since inhibition of the enzymes 
responsible for hydrolysis of anandamide could not completely protect cells 
against the toxicity in either cell line (Paper I: Fig. 6F). We have previously 
shown that AEA and the synthetic AEA analogues N-(4-hydroxyphenyl) 
arachidonylamide (AM404), N-(4-hydroxy-2-methylphenyl) arachidonoyl 
amide (VDM11), (5Z,8Z,11Z,14Z)-N-(3-furanylmethyl)-5,8,11,14-
eicosatetraenamide (UCM707) and arvanil, as well as arachidonic acid 
methyl ester and NAGly affect the cell viability of C6 glioma cells with rather 
similar potencies (De Lago et al., 2006), suggesting that the toxicity is 
primarily derived from the arachidonic side chain of these molecules. Both 
anandamide and AA are substrates for COX-2, and overexpression of this 
enzyme is a common feature in colorectal cancer (Wang et al., 2010). In our 
hands, the COX inhibitors nimesulide and indomethacin could partly 
prevent the AEA-induced cytocidal effect in P19 EC cells (Paper III: Fig. 7) 
suggesting that cyclooxygenated product(s) of either AEA itself (or of 
arachidonic acid, given that FAAH was not blocked), contribute to the 
cytotoxic effects of AEA. 

In Caco-2 cells, oxidative stress may play part in the cytocidal actions of 
AEA, since both α- tocopherol, which is an antioxidant, and L-NAME, which 
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is a NOS-inhibitor, could partly block the effects of this endocannabinoid 
(Paper I: Fig. 6B). This was also seen in undifferentiated P19 cells (Paper III: 
Fig. 5). Consistent with these findings, AEA, meth-AEA and AA induce a high 
level of oxidative stress (H2DCFDA assay, Paper III: Fig. 3). These results are 
in line with data from C6 glioma cells, where N-acetylcysteine reduced (but 
did not completely block) the effects of the AEA analogues AM404 and 
VDM11 upon cell viability (De Lago et al., 2006). Taken together, the results 
suggest that the non-cannabinoid receptor-mediated actions of AEA upon 
cell viability include oxidative stress emanating from the polyunsaturated 
fatty acid side-chain of the molecule.  

CB1 receptor expression in colorectal cancer (Paper II) 

From the literature and the above studies, it can be concluded that both 
synthetic and endogenous cannabinoids can affect cancer cell viability by 
both CB receptor-dependent and -independent mechanisms. CB1 receptor 
dependent mechanisms are, however, only useful if the target cancer tissue 
expresses the receptor in question.  

In colon cancer, three pathways of genomic instability have been described, 
the microsatellite stable (MSS), microsatellite instability (MSI), and CpG 
island methylator phenotype (CIMP) pathways. MSS is the major underlying 
cause of CRC and is described as chromosomal instability, such as mutations 
in tumor suppressor genes and oncogenes. Another known pathway of CRC 
tumorgenesis is MSI, which is defined by inactivation of mismatch repair 
genes. CIMP is characterized by an extensive promoter hypermethylation 
and consequent epigenic inactivation of tumor suppressor genes. In 2008, 
Wang et al. reported that the expression of the CB1 receptor was reduced in 
CRC and the low expression was correlated to a poorer disease prognosis 
(Wang et al., 2008). Wang et al. also reported a hypermethylation of the 
transcription start site of CNR1 in CRC cell lines as well as in patients with 
CRC. This hypermethylation was measured in 39 CpG (cytosine nucleotide – 
phosphate – guanine) sites in the promotor region of CNR1 (Wang et al., 
2008). Furthermore, treatment of colorectal cancer cells with 5-aza-2-
deoxycytidine, which reduces the level of hypermethylation in cells, 
increased CB1 receptor expression. On the basis of these data, together with 
studies in wild-type and CB-/- mice, the authors argued that a loss of CB1 
receptors secondary to abnormal methylation of the CB1 promotor region led 
to a loss of endocannabinoid protection against tumour growth (Wang et al., 
2008). The loss of CB1 receptors is at variance with findings in other tumor 
types, such as prostate cancer, lymphoma and pancreatic cancer, where 
increased CB1 receptor expression has been coupled to disease incidence, 
severity and/or outcome (Chung et al., 2009; Flygare et al., 2005; Michalski 



 

23 

et al., 2008). Additionally, the number of cases investigated in the study of 
Wang et al. (2008) was rather small. This motivates investigation of the 
expression of CB1 receptors in a large clinically well characterized patient 
sample. In Paper II, we have undertaken such a study using tissue obtained 
during primary tumour surgical resection of colorectal cancer. The large 
sample size, together with the availability in the database of previous 
research results with these specimens (see Table 2 for details), has allowed 
the relationship between CB1 receptor expression with different 
histopathological and clinical variables, including methylation status to be 
assessed.  

It has been shown that normal colonic tissue CB1 receptors are expressed in 
absorptive epithelial cells of the crypts, facing the lumen, in smooth muscle 
of blood vessels and in muscularis mucosae, including submucosal nerve 
bundle (Wright et al., 2005). Although in Paper II, no quantitative analysis 
was performed on non-malignant tissue, preliminary data indicated that 
epithelial cells of the crypts and subepithelial inflammatory cells were 
positively stained for CB1 receptor (Paper II: Fig S1A). The CB1 receptor 
immunoreactivity was scored in both tumor front and center (see Fig. 4 for 
examples with different scores). The CB1IR scoring was divided into two 
groups based on a simple median split: CB1IR 0 + CB1IR 1 = CB1IR<2 and 
CB1IR 2 + CB1IR 3 = CB1IR≥2.  

Each stained preparation of colorectal cancer was scored on two separate 
occasions, with the second scoring being undertaken without access to the 
first score. In the cases where scores differed, a third analysis was conducted. 
For the 503 tumor front samples scored, there were 53 occasions where the 
first and second scores disagreed, of which 39 were from the first 100 cases 
and only one in the last 100 cases. Furthermore, every third score was the 
same as in the second round. This indicates a good reliability of scoring after 
the initial learning phase. 
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Table 2. Characteristics of the samples that were scored for either tumor 
center or front CB1 receptor immunoreactivity in Paper II. 

 

Clinical / histopathological 
variable 

no. of 
casesa 

Distribution  
(% unless otherwise shown) 

Age (median [range]), years 487 71 [26-96] 

Gender 487 female 44.8% 
male    55.2% 

Cancer location 482 right colon 31.1% 
left colon   31.1% 
rectum       37.8% 

Disease stage 476 I    15.5% 
II    39.3% 
III   21.0% 
IV   24.2% 

Tumor grade 480 well / well-moderately differentiated  
48.75% 

moderate-poor / poorly 
differentiated 51.25% 

Tumor type 480 mucinous     15.8% 
non-mucinous  84.2% 

Microsatellite stability 473 MSS   85.0% 
MSI   15.0% 

CIMP status 484 negative    50.4% 
low           37.2% 
high          12.4% 

Incidence of buds at tumor front 464 none    7.8% 
1-9      41.6% 

10-19    23.9% 
≥20     26.7% 

Lymphocytes at tumor front 478 low number   55.9% 
high number  44.8% 

Preoperative radiotherapy  
(either 5x5 Gy or 25x2 Gy) 

483 no   82.4% 
yes  17.6% 

a The numbers refer to the information available in the database and published elsewhere 

(Dahlin et al., 2011; Dahlin et al., 2010; Forssell et al., 2007). The CIMP status was 

characterized from a panel of eight reporter genes, but did not include the CNR1 promotor 

region. 
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Fig. 4 The photographs represent the respective scoring of CB1 receptor immunoreactivity 

(CB1IR) in human colorectal cancer. A CB1IR 0. B CB1IR 1. C CB1IR 2. D CB1IR 3. 

In order to avoid a potentially confounding variable, only cases without 
preoperative radiotherapy were considered. Analysis of the data indicated 
that there were more cases of the phenotype; CB1IR≥2, MSS with moderate-
poor/poor tumor differentiation than with well/well-moderate 
differentiation. This difference in tumor histological grade was not seen 
within the group of MSI phenotype (Paper II: Fig. 2). MSS cases are 
predominantly CIMP negative or CIMP low, whereas CIMP high is more 
common in the MSI cases (Toyota et al., 1999). When CIMP status was 
considered, the association between CB1IR and tumor histological grade was 
seen in CIMP negative and low cases, but not CIMP-high cases (Paper II: Fig. 
3), even when only MSS cases were analyzed (Paper II: Fig. S3). It should be 
noted that a high CIMP status indicates a high frequency of hypermethylated 
genes in the tumor in general. This does not necessarily mean that the 
promotor region of the CB1 receptor is also hypermethylated in these cases, 
so our findings are not in conflict with those of Wang et al. (2008). It would 
clearly be interesting to analyze the methylation of the CNR1 gene in our 
material. 

There was no significant effect of CB1IR upon disease-specific survival for the 
MSS cases as a group. However, in the MSS cases, a bivariate analysis with 
disease stage showed that a high CB1IR score contributes to a poorer disease-
specific survival, and subsequent Kaplan-Meier plots indicated that there 
was an association between both tumor center and front CB1IR and disease-
specific survival in the Stage II cases (Compton et al., 2004). It is desirable 
to improve the diagnosis of CRC, since there are difficulties in predicting 
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who would benefit from additional treatment apart from surgery, and this is 
especially the case for patients with stage II CRC (Rousseau et al., 2010). Our 
data indicate that CB1IR may provide additional information of the predicted 
disease-specific survival in those with stage II with MSS phenotype, and 
thereby aid identification of those who should be treated more aggressively.  

The endocannabinoid system seems in one way or another to be involved in 
CRC, but a still unanswered question is whether the dysfunctional 
endocannabinoid system participates in the development of cancer or change 
due to the cancer. There is a recent report that the shift in the expression of 
the CB receptors may change the sensitivity to cannabinoid-induced 
apoptosis. Astrocytoma cells with a low CB receptor expression showed a 
cannabinoid-induced sustained activation of ERK and the cannabinoid 
treatment resulted in apoptosis. On the other hand, a high receptor 
expression led to a activation of the prosurvival signal Akt, and the treatment 
did not cause apoptosis, unless the Akt pathway was blocked (Cudaback et 
al., 2010). This indicates the level of CB receptor expression may influence 
the cell fate. It is, however, a big step between in vitro studies and tumors in 
humans, particularly heterogeneous cancers like CRC, but one can speculate 
if this was the case, then a high receptor expression could contribute to cells 
being more resistant to apoptosis produced by local endocannabinoids, thus 
influencing disease outcome.  
 

The effects of cannabinoids on neuronal differentiation 
(Paper IV)  

The second part of the thesis is focused on the cytotoxic effects of 
cannabinoids in non-tumour cells, during neuronal differentiation and 
embryogenesis. This is important since it is likely that new therapeutic drugs 
targeting the CB receptor system will be developed but also due to the fact 
that cannabis use (and CB1 receptor agonist designer drugs) is increasing in 
the European countries and cannabis is today the most commonly used 
illegal drug in Sweden. Thus, there is a risk for increased consumption 
among pregnant women, and studies suggest that cannabinoid drugs may 
cause permanent alterations in the neurotransmission of the fetuses. In 
Paper IV, the effects of various CB receptor agonists upon neuronal 
differentiation of retinoic acid (RA)-induced P19 EC cells were investigated. 
RA-treated P19 cells were cultured in serum-free B27-supplemented 
Neurobasal medium and the neurite formation and the intracellular 
acetylcholinesterase (AChE) activity were assessed after two, four, six and 
nine days of cannabinoid exposure. HU 210 produced a time- and 
concentration-dependent decrease in cell number, percentage of cells 
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expressing neurites, number of neurites per cell and total neurite length. 
Statistically significant inhibition was seen at concentrations ≥ 3 µM. This 
was confirmed by the measurement of intracellular AChE activity, an enzyme 
that is dramatically increased during the differentiation process, where  
HU 210 (3 µM and 10 µM) significantly decreased the activity after six and 
nine days of exposure. AEA, on the other hand, had modest effects on the cell 
number but significantly decreased the fraction of neurite expressing cells 
and neurite length after nine days of exposure at a concentration ≥ 10 µM. 
No statistically significant effects on AChE activity were observed.  

To conclude, cannabinoids affect neuronal differentiation in a concentration-
dependent manner, but significant effects can only be observed at 
concentrations that also cause neuronal cell death. However, the 
cannabinoid-induced cytotoxicity is decreased upon neuronal 
differentiation, and in terminally differentiated neurons AEA and its related 
fatty acids are essentially non-toxic. 

The effects of cannabinoids on viability and development of 
chick embryos in ovo (Paper V) 

The effects of cannabinoids on embryonic development and survival were 
examined in Paper V, by repeated injection of cannabinoids in fertilized 
chicken eggs as described previously. Frozen brain sections of cannabinoid-
exposed and untreated embryos were immunhistochemically stained for 
TUJ-1 immunoreactivity, a marker of neuron specific Class III β-tubulin (all 
data are not presented in Paper V). Neither AEA (up to 50 µM), nor HU 211 
(up to 10 µM) - an enantiomer to HU 210 without CB receptor activity, had 
any effect on the development of chick embryos. On the other hand, both the 
potent CB receptor agonist HU 210 and the plant-derived cannabidiol 
(without CB receptor affinity), concentration-dependently decreased the 
viability of chick embryos, which could be blocked by 100 µM α-tocopherol 
and attenuated by 1 µM AM251. It is always difficult to translate preclinical 
results from in vitro and animal studies to the human situation, but the 
process of embryonal development is very similar between different species 
and recreational or therapeutic consumption of cannabinoids may be 
associated with increased risk of miscarriage or embryotoxicity. 
Furthermore, not presented in Paper V, brains of HU 210- and DMSO-
exposed chick embryos were prepared and stained with TUJ-1 (neuron-
specific class III beta-tubulin) antibody. The images (Fig. 5) show that in 
embryos exposed to 7 µM HU 210, a concentration where all analyzed 
embryos were viable, the brain TUJ-1 expression was significantly decreased 
and the brain tissue appeared porous or spongiform. This suggests that, in 
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chick embryos, the cannabinoid-treatment induces brain tissue damage at 
sublethal concentrations. 

 

Future directions 

This thesis has produced a number of findings that should be explored 
further. In the case of the synergistic effect of HU 210 and 5-fluorouracil, the 
obvious extension of the study would be to determine whether such synergy 
is seen in vivo in a clinically relevant model of CRC. Since cannabinoids can 
affect cell viability by both CB receptor-dependent and -independent 
pathways, it would be useful to analyze the cannabinoid effects in the same 
cell line with differential expression of CB receptors. We have, 
unsuccessfully, tried to knock-down the CB1 receptor in the P19 EC cells, but 
it may be possible to use this approach in other cell lines. CRC has a poor 
prognosis, so further diagnostic markers are needed to influence the 
treatment strategies. It would be interesting to repeat the analysis of CB1IR 
in a separate cohort of samples from CRC patients, including analysis of 
methylation status of the gene coding for the CB1 receptor. 

The effects upon viability and development of chick embryos showed that the 
synthetic cannabinoid HU 210 and the phytocannabinoid CBD are 
embryotoxic. It would be useful to follow up these results and do more 
detailed studies on the effects of cannabinoids in the developing embryo, 
including behavioral studies on chicken exposed to sublethal concentrations 
of cannabinoids in ovo. 
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Fig. 5 Fluorescence images of brain 
sections from chick embryo. The chick 
embryo was exposed to the test 
compound for 10 days in ovo. The brain 
was then fixed in OCT medium and 20 
µm sections were stained with TUJ-1 
(neuron-specific class III beta-tubulin) 
antibody (1:250). A-B DMSO, as vehicle 
control, 4x and 20x resolution, 
respectively. C-D 7 µM HU 210, 4x and 
20x resolution, respectively. White bars 
represent 200 µm.  
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Conclusions 

The main aim of this thesis was to investigate the effects of cannabinoids on 
cancer cell viability, neuronal differentiation, and embryonic development. 
The following conclusions can be drawn from the studies:  

Paper I:  

HU 210, HU 211, anandamide and the related fatty acids produce a time- and 
concentration-dependent inhibitory effect on cell proliferation in the Caco-2 
cell model. The synthetic cannabinoid, HU 210, is the most potent of the 
investigated compounds. 

A synergistic interaction between 5-FU (adjuvant chemotherapy in CRC) and 
HU 210 was seen in Caco-2 cells.  

Cannabinoids produced an unspecific toxicity in Caco-2 cells, since the CB 
receptor antagonists did not protect the cells from the cytocidal effects of the 
cannabinoids and since HU 211 (no CB receptor activity) has a similar effect 
as HU 210.  

The cytotoxicity could be reduced by antioxidants such as α-tocopherol and 
N-acetylcysteine, suggesting involvement of oxidative stress. 

Paper II:  

CB1 receptor immunoreactivity (CB1IR) varies between low and high 
intensity in colorectal cancer (CRC). 

The level of CB1 receptor expression in colorectal cancer is associated with 
the differentiation status in CRC. 

A high CB1IR associated with a poorer disease-specific survival in colorectal 
cancer patients with stage II with MSS phenotype. 

Paper III:  

All compounds investigated reduced cell viability. Cannabinoids cause 
cytocidal rather than cytostatic effects. 

HU 210 and AEA causes a rapid cell death (within hours). 

At long exposure (4 days), the related fatty acids AA and EPA are as potent 
as cannabinoids with arachidonic acid-moiety (AEA and Meth-AEA). 

Cannabinoids induces both apoptosis and necrosis. The effects are partly 
mediated by the CB receptors and by ceramide synthesis, but also by 
inducing oxidative stress. 
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Paper IV: 

Induction of neuronal differentiation of P19 EC cells reduces the sensitivity 
to the cytotoxic effects of cannabinoids and related fatty acids. 

HU 210 produced a time- and concentration-dependent decrease in cell 
number, percentage of cells expressing neurites, number of neurites per cell 
and neurite length, as well as in intracellular acetylcholinesterase activity, 
but only at concentrations that also affect neuronal viability.  

Paper V:  

HU 210 and CBD (without CB receptor affinity) decreased the viability and 
the developmental stage, according to the Hamburger-Hamilton scale, of the 
chick embryos in a concentration-dependent manner, which could be 
blocked by an antioxidant and attenuated by a CB1 receptor antagonist. 
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