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tetrahydrocannabinol (thc) is the most well-known active compound 
from cannabis and is generally held responsible for the well-known effects 
such as ‘the munchies’, a term used for hunger pangs after cannabis use, 
and central effects on consciousness, such as feeling high and altered time 
perception (Zuurman et al., 2009; Zuurman et al., 2008; Mathew et al., 
1998; Plasse et al., 1991; Foltin et al., 1988). As a pharmaceutical substance, 
thc is mostly referred to as dronabinol, which is the generic name. Can-
nabis also contains many other cannabinoids such as cannabidiol, but for 
most of these compounds the pharmacologically activity is still unclear. 

functions of the endocannabinoid system

Currently, two cannabinoid receptors have been identified: cb™ and cb™ 
receptors, which have different functions and localisation patterns. cb¡ 
receptors are abundantly present in the nervous system, mostly located 
in cortical and limbic regions of the brain, as well as the cerebellum 
(Herkenham et al., 1991). In addition to the nervous system, cb™ receptor 
mrna has been found in the adrenal gland, bone marrow, heart, liver, 
kidney lung, prostate, ovary, and testicles of different species including 
humans (for review, see Pertwee (1997)). The cb™ receptor is less widely 
expressed than the cb™ receptor, and its mrna is mainly present in 
various parts of the immune system, such as tonsils, spleen, thymus, 
bone marrow, and in B lymphocytes, monocytes, macrophages, mast 
cells and microglia in several species, including humans (for review, see 
Pertwee (1997)). cb™ receptors are also expressed at lower densities in the 
brain, mainly on microglia (Gong et al., 2006; Nunez et al., 2004) (for an 
overview of the distribution of cb™ and cb™ receptors, see Figure 1).
The cannabinoid system mainly has a modulatory role in the regulation 
of complex physiological systems, such as metabolism (including diges-
tive and endocrine systems), and the nervous system and immune system 
(for a review, see Melamede (2005)). Under normal physiological condi-
tions, the endocannabinoid system is thought to generally have a low 

Mechanisms and functions of the
endocannabinoid system 

evolution of the endocannabinoid system

Although a very ancient biological system, the endocannabinoid system 
was only discovered and explored over the previous five decades. Named 
after the plant Cannabis sativa L, which produces over 60 cannabinoid 
compounds, the system is widely distributed phylogenetically: it appears 
in very ancient, primitive invertebrate species, such as hydras, and in 
the most evolved mammals, such as humans. Already a few billion years 
ago the endocannabinoid precursor phosphatidylethanolamine (pea) 
was expressed by the cytoplasmic membranes of bacteria. From there, 
the first molecules with cannabinoid receptor affinity were produced 
by cyanobacteria, which diverged from eukaryotes at least 2 billion 
years ago. After the cyanobacteria, endocannabinoids were produced 
by brown algae which diverged 1.5 billion years ago, again followed by 
sponges which diverged about 930 million years ago (for a review, see 
MacPartland (2004)). In absence of specific cannabinoid receptors the 
endocannabinoids initially had various other targets including 5-ht3A 
receptors and ion channels. About 790 million years ago, the primordial 
cannabinoid specific binding place evolved. The development of 
the endocannabinoid system has accompanied the evolution from 
monocellular organisms to higher animals, which is mirrored by its 
widespread involvement in intra- and intercellular signalling.

cannabis and thc

Cannabis sativa L (or cannabis) is the most commonly illicit drug of abuse 
world-wide. Its major uses are for recreational and medicinal pur-
poses, and the earliest evidence of cannabis use go back as far as 3000 
years b.c. (World Health Organisation, 2013; Mechoulam, 1986). Δ9-
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messenger signalling pathways (Bosier et al., 2008; Prather et al., 2000; 
Su and Vo, 2007; Mackie et al., 1995; Twitchell et al., 1997). The exact 
pathway depends on the receptor subtype that is activated (Figure 3). cb¡ 
receptors in the nervous system are located on the pre-synapse. In this 
way, endocannabinoids act as retrograde synaptic messengers (Figure 4). 
The receptors are able to regulate activation and inhibition of the post-
synaptic cell by stimulating the release of neurotransmitters like gaba 
and glutamate (Twitchell et al., 1997; Guo and Ikeda, 2004; Binzen et al., 
2006). 

pathology of the endocannabinoid system

Because of its essential basic physiological functions and its widespread 
presence throughout the body, the endocannabinoid system might 
be involved with many different pathological conditions. Although 
many findings are still controversial, studies in animal models and 
patients demonstrated changes in the endocannabinoid system activity 
in certain diseases or disease models, such as increased aea levels in the 
csf of schizophrenic patients (for example, see Richardson et al. (2008)). 
However, whether a deregulated system is a cause or a result of the 
disorder remains to be investigated and only little is known about the 
pathophysiology of the cannabinoid system.

psychiatry and neurology – Due to the clear psychotomimetic effects 
of cannabis consumption, the pathophysiology of the endocannabinoid 
system in psychiatric and neurologic disorders is relatively well studied. 
Many studies have led to the theory that chronic cannabis consumption 
can contribute to schizophrenia (for a review, see Ferretjans, Moreira, 
Teixeira, & Salgado (2012)). Several labs studied the endocannabinoid 
system in schizophrenia pathology, however, no consistency could 
be found regarding cb¡ expression in the brain, or blood and tissue 
concentrations of the major endocannabinoids as outlined in a review 

activity, whereas the system can become overactive in pathological con-
ditions or during stress. As earlier suggested by the late Ester Fride, this 
could be related to the numerous observations of biphasic cannabinoid 
effects (Fride, 2002). A clear example of biphasic characteristics follow-
ing pharmacological intervention, include effects on anxiety (Rey et al., 
2012): high doses of thc can induce panic attacks, whereas lower levels 
generally have a relaxing effect. This widespread involvement of endo-
cannabinoids provides numerous opportunities for the development of 
new medicines for metabolic, neural or immune disorders, including Al-
zheimer’s disease, multiple sclerosis, rheumatoid arthritis, diabetes mel-
litus, dyslipidemia and movement disorders.

pharmacology of the endocannabinoid 
system

In various mammal species, including humans, the endocannabinoid 
system includes two subtypes of G protein coupled cannabinoid 
receptors (cb¡ and cb™) and endogenous messengers. The two most 
important messengers are anandamide (aea) and 2-arachidonoyl 
glycerol (2-ag) (Figure 2) (Matsuda et al., 1990; Munro et al., 1993). aea 
acts as a partial agonist with stronger binding affinity (Ki) and efficacy 
at the cb¡ receptor (Ki = 61-543 nM) compared to cb™ (Ki = 279-1940 nM) 
(Pertwee, 2005). 2-ag has shown higher efficacy with similar affinities, 
and acts as a full agonist on both cb¡ and cb™ receptors (Ki = 58-472 
nM and 145-1400 nM respectively) (Pertwee, 2005). aea and 2-ag are 
synthesised by membrane components (arachidonic acid) and released 
‘on demand’ (Di Marzo et al., 1994). aea and 2-ag are broken down by 
the enzymes fatty acid amidohydrolase (faah) and monoglyceride lipase 
(magl) respectively (Cravatt et al., 1996; Dinh et al., 2002).

Endocannabinoids regulate a variety of cellular effects via inter- (para-
crine) and intracellular (autocrine) communication. The endogenous li-
gands bind to the v or cb™ receptor, which affects ion channels or second 
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cial effects of cannabinoids on symptoms of Alzheimer’s disease, includ-
ing mood, sleep and cognitive decline, and on neuroprotection, the exact 
role of the endocannabinoid system in Alzheimer’s disease is unknown 
(for review, see Orgado, Fernandez-Ruiz, & Romero (2009)). The endocan-
nabinoid system is involved in the majority of the processes that occur 
before, during and after ischemia, and result in vasodilatation, neuro-
protection, immunomodulation and antioxidation (Orgado et al., 2009; 
Martinez-Org et al., 2007). Also, the endocannabinoid system is involved 
in nociception, chronic inflammatory and neuropathic pain (Zogopoulos 
et al., 2013). Recently, it has come to light that some metabolites of aea 
and 2-ag can either exacerbate or inhibit nociceptive signalling (Rani et 
al., 2012). The exact role of the endocannabinoid system in ischemia and 
pain modulation is still under investigation at several labs.

The major function of the endocannabinoid system is believed to 
be the regulation of the feeding system (De Petrocellis et al., 1999). This 
applies to both the feeling of hunger and the direct involvement in en-
ergy regulation. An obvious example includes getting ‘the munchies’ or 
a craving for high caloric food after cannabis use. Also, endocannabinoid 
activity directs towards energy storage, for example by stimulating adi-
pogenesis and gluconeogenesis (for review, see Silvestri & Di Marzo (Sil-
vestri and Di Marzo, 2013) and Osei-Hyiaman et al. (2008)). This inspired 
academy and industry to investigate the possibilities of the endocannabi-
noid system in the light of eating disorders such as obesity and anorexia. 
However, studies on the potential therapeutic validity of cannabinoids 
in eating disorders are scarce and inconclusive. The same counts for sub-
stance abuse, in which no conclusions can be drawn on the exact mech-
anisms. However, it has been found that cb¡ contributes to the motiva-
tional and reinforcing properties of ethanol, and chronic consumption 
alters endocannabinoid transmitter levels and cb¡ expression in brain 
addiction pathways (Pava and Woodward, 2012). Also, several studies as-
sociated polymorphisms in the cnr1 and faah genes with drug-related 
behaviours (Lopez-Moreno et al., 2012). 

by Ferretjans, Moreira, Teixeira, & Salgado (2012). It has been suggested, 
however, that schizophrenia is associated with polymorphisms of the 
cnr1 gene, which is responsible for encoding the cb¡ receptor (Ujike 
et al., 2002), although many other genes have also been implicated. 
Variations of the cnr1 gene are also associated with major depression 
and with the mediation of antidepressant drug effects (Mitjans et al., 
2013). 

Other evidence regarding the pathophysiology of the endocannabi-
noid system in minor and major depression and suicide is contradictory 
(as outlined in a review by Micale, Di Marzo, Sulcova, Wotjak & Drago 
(2013)). It is more certain, however, that the endocannabinoid system 
plays a gate-keeper role with regard to activation of the hormonal hypo-
thalamic-pituitary-adrenal (hpa) axis, which has a major role in control-
ling reactions to stress. Stress has a large influence on cognition, anxiety 
and mood, and chronic stress can lead to depression-like symptoms. En-
docannabinoids regulate the neurotransmitter release leading to hor-
monal release by retrograde messaging, which is mostly related to down-
regulation of excitatory, glutamatergic transmission. 

Also for other brain regions, there are possible relationships between 
the endocannabinoid system and pathology. However, the exact role in 
pathological states remains still unclear. For example, in a rat model of 
autism the endocannabinoid system showed downregulation of 2-ag 
degrading enzymes in certain brain areas and higher tissue concentra-
tions of endocannabinoids following social exposure (Kerr et al., 2013), 
but no conclusions can be drawn regarding the pathophysiology of the 
endocannabinoid system in autism. Also, due to the expression of cb¡ re-
ceptors on inhibitory gabaergic as well as excitatory glutamatergic neu-
rons, cannabinoids can be both pro- and anti-convulsive, but their role in 
epilepsy is not well studied. A study by Sagredo et al. (2007) found that 
the cb¡ receptor is downregulated in early stages of Parkinson’s disease, 
and the cannabinoid system becomes overactive in advanced stages of the 
disease (Sagredo et al., 2007). Although previous studies reported benefi-
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nephropathy and in mice, suggested that cb™ signalling was impaired 
(Barutta et al., 2011). The exact role of the endocannabinoid system in the 
pathophysiology of diabetes, however, still needs to be investigated.

cardiovascular – The endocannabinoid system affects heart and 
arterial performance in pathological conditions, including regulation of 
vessel contractility and atherogenesis. This happens directly or indirectly 
via alteration of cardiometabolic risk factors and cb¡ and cb™ receptors 
often seem to act in opposing ways (for a review, see Montecucco & Di 
Marzo (2012)).

glaucoma – A study in patients showed lower cox-2 expression and 
lower pge2 concentration in aqueous humor compared to healthy 
individuals (Maihofner et al., 2001). As cox-2 and pge2 can be increased 
by cannabinoids and glaucoma can be treated by cannabinoids, it has 
been suggested that the endocannabinoid system might contribute to 
the control of processes leading to glaucoma (for review, see Nucci et al. 
(2008)).

oncology – Endocannabinoids might represent one of the many adap-
tive responses aimed at counteracting tumour cell growth. Several stud-
ies demonstrated that cannabinoids exert anti-proliferative and apop-
totic effects (for review, see Hermanson & Marnett (2011)). Also, increased 
endocannabinoid signalling is found in some human malignancies com-
pared with the corresponding healthy tissues, as well as in human cancer 
cells with a high degree of invasiveness (see review by Di Marzo, Bifulco, 
& De Petrocellis (2004)). However, over-expression of cb™ receptors on 
haematopoietic precursor cells has been suggested to be associated with, 
and possibly a causative factor of, human acute myeloid leukaemia. 

In summary, we can conclude that endocannabinoid changes accom-
pany a wide variety of disorders, although many changes are still contro-
versial. This is largely due to the physiological complexity of the endo-

immunology – Immunologic disorders for which the endocannabinoid 
system has been investigated include multiple sclerosis, arthritis, sepsis, 
inflammatory bowel disease, pancreatitis, uveitis and peridontitis. 
Studies performed in vitro, preclinically and in humans showed 
an upregulation of the endocannabinoid system in inflammation 
(Richardson et al., 2008) (for an overview of the studies in multiple 
sclerosis, see the review by Pertwee (2007)). For example, aea and 
2-ag have been found in synovial fluid of arthritic patients, whereas 
in the synovial fluid of healthy volunteers, no cannabinoids were 
detected (Richardson et al., 2008). In post-mortem lesioned brain tissue 
from patients with chronic multiple sclerosis, the concentration of 
anandamide was significantly elevated compared to brain tissue from 
healthy controls (Eljaschewitsch et al., 2006). These examples suggest a 
protective role of the endocannabinoid system in inflammation.

endocrinology – Several studies demonstrated that the upregulation 
of endocannabinoids and cb¡ and cb™ stimulation increases food 
intake, obesity-related inflammation and adipogenesis (Gamage and 
Lichtman, 2012) (for an overview, see review by Cluny, Reimer, & Sharkey 
(2012) and Faurholt Bennetzen (2010)). Clinical studies found that obese 
subjects have a decreased subcutaneous cb¡ expression compared to lean 
subjects, and that the endocannabinoid system reduction is normalised 
with weight loss (Faurholt Bennetzen, 2010). This could imply a reactive 
compensation in obese patients.

In line with these observations, mice lacking the cb¡ receptor in 
hepatocytes, although still susceptible to diet-induced obesity, are 
protected against liver steatosis, hyperglycemia, dyslipidemia, and 
insulin resistance (Osei-Hyiaman et al., 2008). Blocking cb¡ function is 
associated with alleviation of hyperglycemia and dyslipidemia. In line 
with these findings, several studies indicate that endocannabinoids 
have negative effects on glucose tolerance and insulin secretion (for 
review, see Doyle (2011)). Studies in patients with advanced diabetic 
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that are involved in endocannabinoid synthesis and degradation is also 
limited. Consequently, there is a shortage of good pharmacological inter-
ventions to manipulate the endogenous cannabinoids, such as inhibitors 
of degradation but also of reuptake or transport.

widespread distribution

The endocannabinoid system is one of the most widely distributed phar-
macological systems in the body (for review, see Pertwee (1997)). This 
complicates systemic or organ-specific targeting. By trying to target a 
specific location, the ubiquitous presence of the system easily causes 
unnecessary or undesirable effects elsewhere, which limits the develop-
ment of therapeutically specific drugs. 

high lipophilicity

To optimise specific targeting of cannabinoids to those parts of the body 
that are involved in a disease, pharmacokinetics of endogenous and ex-
ogenous cannabinoids can be modified, for example by changing admin-
istration routes, dosing quantity and time intervals, or by differentiating 
peripheral and central drug distribution. However, pharmacokinetic 
optimisation is limited by the strong lipophilic character of exogenous 
and endogenous cannabinoids (e.g. Log P values for anandamide and 
2-ag are 6.31 and 8.01 respectively (Stanton et al., 2005). Although lipo-
philic compounds are generally well absorbed gastro-intestinally, they 
carry the risk not to be optimally distributed systemically, due to the rap-
id diffusion from the blood to fatty organs, such as adipose tissue, liver 
and brain. As a consequence, a relatively large concentration is located at 
specific sites, whereas other sites are much less exposed to the compound. 
Also, very lipophilic compounds are often only slowly redistributed from 
fatty organs back into the blood, as a result of which the compounds ac-
cumulate and remain detectable in the blood for long time periods after 

cannabinoid system, which often involves feedback mechanisms at a lo-
cal tissue level, or indirect influences on processes that are also regulated 
by other systems. Changes in signalling sometimes represent an attempt 
to counteract a pathological process, and in other instances could be one 
of the causative factors underlying the disease or its symptoms. Although 
it is premature to view endocannabinoids as markers of pathological 
states, a general conclusion from previous studies is that, endocannabi-
noids seem to have a protective or ameliorating role in many cases. 

Complexities of cannabinoid drug development

Endocannabinoids are involved in complex physiological systems that 
play an important role in a huge number of diseases in almost all areas 
of medicine. In principle, this makes them appealing targets for drug de-
velopment. However, because of this complexity and the relatively recent 
discovery of the endocannabinoid system, endocannabinoid research is 
still in a premature stage. Cannabinoid research and drug development 
is complicated further by a number of factors which are summarised in 
the following paragraphs.

limited subtype specificity

The limited number of receptor subtypes and the limited number of 
endogenous ligands and their ubiquitous presence makes it difficult to 
identify the exact local steering processes. For example, in contrast, the 
gaba-a receptor has at least half a dozen subtypes and the serotonin-
system has over a dozen of 5-ht receptor subtypes. This creates ample 
opportunities for the development of highly selective compounds as re-
search tools or potential drugs, or to develop genetic knock-in or knock-
out models to study the functional role of a specific receptor subtype. In 
the case of the endocannabinoid system, such models and interventions 
generally affect many systems at the same time. The number of enzymes 
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induced changes. Therefore, it is easy to miss relevant effects. This can 
be the case in acute single dosing studies, where the, very often subtle, 
changes in homeostasis can be easily overlooked.

Optimisation of early cannabinoid development

In spite of the complexity of endocannabinoids, many efforts have been 
made to develop drugs that are targeted on this system. In general, 
several options are available to overcome the pharmacologic limitations 
and the problems with effect measurements that are described in the 
previous sections. This section deals with these options, and how they 
were approached in this thesis.

drug design optimisation

pharmacological optimisation – To act on pathological conditions, 
which are often very local or limited to a single physiological system, 
receptor subtypes should be targeted as specifically as possible. thc is the 
most well-known cannabinoid and is generally used as an experimental 
compound in cb¡ agonist studies and thc-challenge studies and is 
a major compound in various registered and experimental medical 
formulations, including medicinal cannabis, Sativex® and Marinol®. 
However, thc lacks cannabinoid receptor specificity and exhibits its 
effects as a partial agonist on both the cb¡ and the cb™ receptor (for a 
review, see Pertwee (2008)). Also, thc is very lipophilic (log P = 6.97) and 
accordingly, after administration, thc is very quickly distributed to the 
peripheral fatty tissues including lungs, adipose tissue and the brain 
(Thomas et al., 1990; Lemberger et al., 1970; Ryrfeldt et al., 1973; Brunet et 
al., 2010). Besides the option of exogenous targeting of the cannabinoid 
receptors, the endogenous cannabinoid levels could be manipulated. 

Options for manipulation of the endogenous cannabinoid levels in-
clude influencing synthesis, transport, release, and degradation. The 

dosing. Furthermore, lipophilic compounds can be rapidly metabolised, 
resulting in fast metabolite exposure. They generally have a high protein 
binding, resulting in a low free drug fraction and thereby more variable 
drug exposure. Also lipophilic compounds generally have a somewhat 
limited specificity, i.e. ‘pharmacological promiscuity’. Consequently, the 
lipophilicity of cannabinoids creates a large complexity for specific dos-
ing in terms of target and time frame.

complex physiological integration 

Due to the ancient phylogeny of the endocannabinoid system and its in-
volvement in primitive systems, it is deeply embedded in basic functions 
and complex physiological systems. Locally, these systems can have very 
diverse signalling pathways, cellular messaging and functions (Figure 
3). Most systems in which endocannabinoids are involved, such as the 
central nervous system or immune system) form highly integrated net-
works, with many layers of feedback and regulation. This makes it enor-
mously difficult for pharmacology to precisely interfere with one specific 
signalling pathway. For the same reasons there are also many uncertain-
ties regarding the exact role of endocannabinoids in pathophysiology, 
which in most diseases has not been unequivocally demonstrated. For 
the few diseases in which consistent involvement of the endocannabi-
noid system has been found, it is still unclear to what extent a deregula-
tion is part of the cause or merely a consequence or sign of dysfunction.

complicated effect measurements

The integration of the endocannabinoid system at subcellular levels of 
complex multicascadic physiological mechanisms and the wide range 
of effects create a major challenge for measurement of changes in their 
activity, which is essential in drug development. The methodology 
currently used in clinical research is unable to track all drug- or disease-
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In order to avoid gut- and liver metabolism, drugs can be administered 
intravenously, directly into the blood stream (i.e. 100% bioavailability). 
This administration route is limited by its invasiveness. Non-invasive 
ways of avoiding hepatic metabolism are for example intrapulmonal, 
sublingual and transdermal administrations. These routes are not suit-
able for each compound. They may give less variable pharmacokinetics 
compared to oral administration, but the administration routes are less 
practical. Another way to enhance the bioavailability of a compound is 
by galenic manipulation. Changing the formulation can improve the re-
sorption of a compound and affect the exposure profile.

In this thesis, we investigated the pharmacokinetics and pharmaco-
dynamics of several different administration routes of thc. In previous 
studies by Zuurman et al. we have optimized the intrapulmonary admin-
istration of thc, using a vaporizer and pure thc rather than the more 
usual method of smoking cannabis extracts (Zuurman et al., 2008). Al-
though inhalation of vaporized pure thc produces reliable pharmacoki-
netic profiles, it is a less convenient mode of administration, which gives 
little control over the exposure profile. This can be improved by the so 
called repeated paced puffing protocol, which uses predetermined dos-
ages and times to achieve a desired exposure profile, however with rela-
tively variable results (Chapter 3, 4, 5 and 6). 

In Chapter 2, we investigate different oral and sublingual administra-
tions of Namisol, a new tablet containing thc. Namisol is manufactured 
with Alitra™, a novel lipophilic compound delivery technology that has 
an improved absorption of poor water soluble compounds in the human 
blood, thereby improving bioavailability with reduced variability. Th 
most favourable administration route was chosen for further develop-
ment of Namisol for the indication of pain and spasms in multiple 
sclerosis. 

pharmacokinetic control of the therapeutic window: dosage 
and time interval – Besides the route of administration, the actual 

most well-known example of current investigation of this type of ma-
nipulation is the development of faah-inhibitors, which inhibit the 
metabolism of aea. Clinical studies with faah-inhibitors for the indica-
tions of several pain and inflammation states are still ongoing. Studies 
with inhibitors of monoacylglycerol lipase (magl) and transporters are 
still in pre-clinical in vitro phase (icrs, 2012). Despite these attempts, the 
options are very limited due to the small number of available compounds 
influencing endogenous cannabinoids and are unlikely to allow enough 
pharmacological selectivity for a wide array of disease-specific cannabi-
noid-targeted treatments. 

Another way to improve the therapeutic window of drugs with limit-
ed pharmacological selectivity is to control their action site penetration. 
This can be achieved by pharmacokinetic optimisation of drug levels and 
tissue penetration. 

pharmacokinetic optimisation

reducing systemic variability: administration route – The ad-
ministration route can influence pharmacokinetic aspects such as time 
of drug absorption or peak concentration and distribution, and thereby 
time of effect onset, and the number and magnitude of concentration-
related therapeutic and undesirable effects. The most common adminis-
tration route is the oral route. Oral administration is generally very easy 
and convenient, however, pharmacokinetically, there are some risks with 
this administration route. Oral administration could result in variable 
plasma concentrations, as absorption to the blood is dependent on gi 
tract activity, pH variations and food interactions. Also, the compounds 
reach the liver before they reach the systemic blood circulation, resulting 
in metabolism and possible modification of the activity of compounds 
that are metabolised by cyp450 enzymes. These enzymes are also situ-
ated in the gut wall, and their activity can vary due to genetic variations 
and interactions with foods and drugs.



chapter i – introduction to the endocannabinoid system

– 23 –

novel approaches in clinical development of cannabinoid drugs

– 22 –

Another option to improve specificity for a specific target or location 
would be to improve the delivery of the compound to a specific location. 
For example, manipulation of the compound’s permeability for the 
blood brain barrier could keep a compound outside of the central 
nervous system. In Chapter 5, we actually tested tm38837, a compound 
that showed peripheral restriction in preclinical studies with the aim to 
demonstrate peripheral activity without central activity. In this study, we 
compared tm38837 with the centrally and peripherally active antagonist 
rimonabant, using biomarkers of peripheral and central cb¡-activity 
that have been previously identified (i.e. feeling high and heart rate) 
(Zuurman et al., 2009). tm38837 is under development for treatment 
of peripherally associated disorders (including hepatic disorders and 
obesity) with reduced central side-effects.

methodological optimisation

General challenges in drug development are to precisely and accurately 
detect and measure relevant (side) effects, and to ensure translatability 
of drug responses from preclinical animals and healthy volunteers 
to patients and vice versa. These challenges particularly apply to the 
development of cannabinoid drugs.

accurate effect measurements – The endocannabinoid system 
is deeply embedded within a variety of physiological networks. When 
endocannabinoid changes are induced in the network, these changes 
can be quickly modified by other homeostatic processes. The complex 
interactions between the networks and their eventual results are not 
always immediately measurable. Consequently, results from acute 
dosing studies cannot always be extrapolated to multiple dose studies in 
which more chronic effects are studied.

Cannabinoids can induce a wide palette of effects which makes 
measuring the relevant effects related to various physiological networks 

dose given and the time interval between multiple doses are essential 
factors to maintain drug concentrations within the therapeutic window 
for the required time periods. Overdosing could lead to unwanted (side) 
effect profiles and even to toxicological effects. It is essential therefore to 
accurately predict the optimal therapeutic window for a new drug. This 
may be problematic if the effects are difficult to measure; either because 
they are part of an integrated system with many homeostatic mecha-
nisms; or because specific tests are lacking; or because the beneficial ef-
fects are chronic (e.g. weight reduction or cardiovascular risk) or infre-
quent (e.g. epileptic seizures or exacerbations of multiple sclerosis). This 
was a problem with the first cannabinoid antagonists like rimonabant, 
where traditional methods like preclinical dose predictions and maxi-
mum tolerability levels in healthy subjects were used to determine the 
doses for clinical trials (Cohen, 2010). Although this approach led to the 
registration of rimonabant for obesity, the drug was withdrawn soon 
after launch because of unacceptable psychiatric side effects in a minor-
ity of patients. It is important therefore to determine the concentration 
range that has an optimal effect on the right pharmacological target: not 
too much or too little inhibition or stimulation; and not at action sites 
that are not involved in the disease. The determination of dose- or con-
centration-effect relationships for different mechanisms of action of can-
nabinoids is an important part of this thesis. In Chapter 2 a first in human 
study with the novel thc tablet Namisol aimed to find the optimal dos-
age for single dose administration by evaluating pharmacokinetics and 
pharmacodynamic effects. In Chapters 4-6 we try to establish the concen-
tration-effect relationships for different cannabinoid agonists and an-
tagonists, with the aim of establishing a dosing regimen with an optimal 
pharmacological effect. 

target specificity – Options for improving specificity in drug 
development are limited due to the limited number of cannabinoid 
receptor subtypes (i.e. two) and their presence all throughout the body. 
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provide sensitive indications for a wide range of cns effects. In Chapter 
3, we examined the novel technique of pharmacological resting state 
functional magnetic resonance imaging (rs-fmri). This technique 
seems very valuable for clinical phases of drug development; however, it 
has not yet been applied for this purpose. Besides better understanding 
the pharmacodynamics of thc, we aimed to bring rs-fmri one step 
closer towards application in drug development. 

optimal study designs

Pharmacological therapies try to achieve a correction of homeostasis 
(i.e. healthy state) by artificially interfering with the disturbed elements 
in a disordered biological system (e.g. stress or pathology). Since early 
phase clinical research investigates cannabinoids in healthy humans, 
one should find possibilities for translating the effects seen in healthy 
volunteers to clinically relevant outcomes in patients. The latter is a 
specific challenge if the acute effects of a pharmacological manipulation 
are not measurable in healthy subjects. It is difficult for instance to 
show the effects of a pharmacological stimulus (e.g. a receptor agonist), 
if the target system is already maximally active. Such ceiling effects 
are well-known for cognitive enhancers in healthy students. It is 
also challenging to show effects of pharmacological inhibition (e.g. 
a receptor antagonist) in case of ‘floor effects’, when the endogenous 
system is dormant under physiological conditions. The low basic activity 
of the endocannabinoid system may be the reason why cannabinoid 
antagonists do not show any effect in healthy volunteers at doses that 
are clearly effective in various disease states (Rodriguez de Fonseca et 
al., 1999). In such cases, pharmacological or functional challenge tests 
can be used to perturb the target system in such a way, that it is possible 
to show correction by the drug. For example, a scopolamine-challenge 
causes cognitive deterioration, which can be improved by procognitive 
drugs (Snyder et al., 2005). To enable detection and quantification of 

quite challenging. It should be tested whether the compound reaches 
the target site and other sites and to what magnitude and in what time 
frame the effects take place. With the availability of a broad range of tests, 
especially of the central nervous system (cns), an adequate set of tests 
should be chosen in order not to miss any relevant effects. 

test selection – Zuurman et al. performed a systematic literature 
review on biomarkers for the effects of cannabis and thc in healthy 
volunteers (Zuurman et al., 2009). Consistently, she found increases of 
heart rate frequency and feeling high, and decreases of motor control. 
This trio of consistent effect measurements are considered as the basic 
cannabinoid responses that were measurable in a consistent way, and 
were therefore applied in all studies in this thesis.

For the detection of these effects in healthy volunteers, the Centre for 
Human Drug Research (chdr) developed the NeuroCart test battery. 
This test battery includes all of the functions mentioned, using non-
invasive tests with a short duration and limited learning effect, which 
allows for repeated measures. The NeuroCart battery include visual 
analogue scales of mood, alertness and calmness by Bond & Lader (1974), 
psychedelic effects by Bowdle et al. (1998), and body sway measurement, 
and was applied to the studies reported in Chapters 2, 4, 5 and 6 and 
partially in Chapter 3.

Even with a battery of tests, effects of the endocannabinoid system 
can be easily missed. There is a need therefore, for methods that provide 
integrated representations of functional activities, which are highly 
sensitive and specific to pharmacological effects. For the immune system 
and metabolism, biochemical analyses have been developed to examine 
specific functional arrays (immunoarrays and metabolic arrays), and the 
more general ‘omic’ approaches (proteomics, metabolomics) can provide 
broad screens of functional changes on an individual level (Powanda and 
Beisel, 2003; Ahmed et al., 2013). Biochemical effects are more difficult 
to determine in the central nervous system, but network analysis could 
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and dynamical systems analysis, which takes into account the specific 
physiological characteristics of a body system (such as blood flow and 
lipophilicity). Also, statistical and technical improvements led to the 
more widespread application of visual predictive checks and objective 
assessments of model complexity (minimal value of objective func-
tion), thereby improving the quality of model predictions. Previously, 
chdr developed pk-pd models for thc effects (Strougo et al., 2008). 
These models were used for the design of all thc challenge studies de-
scribed in this thesis. In this thesis, we tried to expand these models with  
new pk-pd models for the cb¡ antagonists drinabant (ave1625), suri
nabant (sr147778) and tm38837 and cb¡ inverse agonist rimonabant 
(sr141716) based on inhibition of thc-induced effects (Chapter 6). 

In summary, the aim of this thesis is to improve cannabinoid drug de-
velopment in early phase clinical research, by investigating new canna-
binoid compounds and new formulations to improve pharmacological 
effects, experimenting with new methodologies to optimise effect mea-
surement, and applying new concentration-effect models to improve the 
simulation and prediction of optimal dosing regimens of cannabinoid 
agents for future studies.

effects of cannabinoid antagonists, chdr developed the thc challenge 
test (Zuurman et al., 2008; Zuurman et al., 2010). This test allows indirect 
quantification of agonistic effects by measuring the antagonistic 
inhibition of thc-induced effects. In practice, this means that on one 
study occasion an agonist is used to induce acute effects (e.g. feeling 
high), whereas on another occasion the agonist is dosed together with 
an antagonist, which can now be shown to reduce the agonistic effects. 
This provides unequivocal proof that the antagonist has reached 
pharmacologically active concentrations in relevant parts of the body, 
which is an essential prerequisite for therapeutic activity. Obviously, 
these relevant body parts need to be represented by the measurements 
that are used in the study.

The thc challenge test has been developed as a standard method 
that has been applied in over ten studies, including both antagonist 
studies and studies investigating thc effects only (Zuurman et al., 2008; 
Zuurman et al., 2010) and it was applied for Chapters 4, 5 and 6.

concentration-effect modelling 

Modelling is a very powerful tool to simulate and predict pharmacoki-
netics (pk) and pharmacodynamic effects (pd). These models allow the 
optimisation of a study design by predicting effective dosages and con-
centrations and relevant effects, but they can also be applied to ’trans-
late’ data from experimental animals and healthy volunteers to patient 
groups. 
The mathematical models that relate pk and pd are referred to as pk-
pd models. These models are data driven mathematical models that 
best describe the relationship between the plasma concentration and 
a particular pharmacodynamic effect, based on a relatively simple un-
derlying function (usually an Emax-model). During recent years, the 
field of modelling underwent major improvements with the devel-
opment of new theoretical concepts, including the receptor theory 
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box - thc pharmacokinetics 

As the most well known constituent of cannabis, thc is often used as a 
cannabinoid (partial) agonist in pharmacological studies (Pijlman et al., 
2005). Also, thc is only one of the few cannabinoid agonists available 
for clinical use. Therefore, we chose thc as the agonist of preference in 
this thesis. thc is very lipophilic and its pharmacokinetics are complex. 
In this box, we give an overview of the most important aspects of thc 
pharmacokinetics in clinical trials. 

administration 	
intravenous – Intravenous thc administration is a very uncommon 
and merely experimental administration route that was only applied 
in a limited number of clinical experiments (Bhattacharyya et al., 2010; 
Carbuto et al., 2011; Lemberger et al., 1973). Intravenous administration 
has a bioavailability of 100%, and it thereby allows assessment of absolute 
bioavailablity when compared to other formulations.

inhalation – One of the most common administration routes of thc 
is via smoking cannabis. This has several methodological disadvantages 
in addition to the problems of smoking. Cannabis is usually smoked in 
combination with tobacco, resulting in the inhalation of a varied mixture 
of (noxious) compounds which could influence the thc-induced effects. 
When smoked as pure cannabis, the mixture of cannabinoids could as 
well influence the thc-induced effects. For example, cannabidiol (cbd) 
abolishes the well-known thc-induced ‘feeling high’ effect (Dalton 
et al., 1976). Moreover, the lack of dosage control makes smoking less 
suitable for clinical research; the exact amount of thc that is inhaled 
cannot be controlled due to partial combustion of the thc at times when 
the cigarette smoke is not inhaled. Moreover, efficiency of smoking is 
dependent on the experience of cannabis users.

To avoid these disadvantages, a thc inhalation method using a vaporiser 
was developed at the Centre for Human Drug Research (chdr, Leiden). 
Pure thc diluted in 100% ethanol is applied on the Volcano® device. Hot 
air from the vaporiser vaporises the thc dilution into a balloon that is 
attached to the vaporiser. The balloon is closed with a valve that opens 
when the content is inhaled. Using a paced puffing protocol, volunteers 
inhale an exactly known amount of thc from vapour in the balloon 
(Hazekamp et al., 2006; Zuurman et al., 2008). This inhalation method 
is used in several chapters of this thesis. An overview of the average loss 
of thc during the thc administration using the vaporiser, and the 
quantity of thc that is inhaled is given in Figure 5.

oral – Oral thc administration is another very commonly used method 
for both recreational and clinical usage. Cannabis could be processed into 
baked products, such as biscuits and cakes, or decocted and served as ‘tea’. 
The disadvantages of oral administration are the variation of cannabinoid 
composition and the late onset and unpredictable magnitude of effects. 
The cannabinoid composition is dependent on way the cannabis 
is processed. For example, due to the lipophilic character of some 
cannabinoids such as thc, the composition of cannabinoids in tea shifts 
to relatively lower concentrations of thc and higher concentrations of 
thc-acid (thca) (Hazekamp et al., 2007). Also, the temperature during 
processing is of relevance for cannabinoid composition due to conversion 
of cannabinoid acids (Hazekamp et al., 2007).

To avoid the problems of variable cannabinoid composition, several 
oral formulations of cannabis derived medicines (cdm) and thc have 
been developed containing predefined amounts of cannabinoids. These 
formulations include Marinol®, a capsule with a synthetic form of 
thc dissolved in sesame oil, and Cesamet®, a capsule containing thc 
analogue nabilone. 
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oromucosal and sublingual – Sativex® is a cdm that, besides its 
major compounds thc and cannabidiol (cbd), contains a mixture 
of several other cannabinoids (presented during the 20th and 21st 
Symposiums of the International Cannabinoid Research Society, 2010 
and 2011). At present, Sativex® is the only registered cdm that is applied 
for oromucosal and sublingual administration. Sativex® is administered 
by spraying into the oral cavity. 

other – Other thc and cdm administration routes such as dermal 
and rectal have been applied as well in clinical trials (Mattes et al., 1994; 
Callaway et al., 2005). These administration routes are not applied for 
currently registered cannabinoid medicines, and are beyond the scope 
of this thesis. 

absorption
Plasma concentration profiles of thc for different administration 
routes are given in Figure 6. thc profile after inhalation of pure thc is 
comparable to the profile after intravenous administration, with an 
instant time to peak plasma concentration (tmax) within 3 min and a 
steep decline of plasma concentration (Ohlsson et al., 1980). Although 
the oral administration route is more practical, thc absorption is less 
favourable compared to intravenous or intrapulmonary administration 
routes. The oral tmax lies between 60 to 90 min after eating of a 20 mg 
thc-containing chocolate cookie (Ohlsson et al., 1980) and between 2.8 to 
3 h for 5-20 mg Marinol® (Schwilke et al., 2009; Karschner et al., 2011). An 
oromucosal thc-cbd dosage, administered as a spray, gives a relatively 
late thc tmax of 4 h (Karschner et al., 2011). 

Previous pharmacokinetic studies reported that bioavailability of 
thc inhalation was between 10 and 28.7% on average. Frequent cannabis 
users had higher thc plasma levels compared to infrequent users after 
smoking (Ohlsson et al., 1982; Lindgren et al., 1981). However, a study by 
Ohlsson et al. (1982) found that intravenous thc administration resulted 

in only small plasma concentration differences between infrequent and 
frequent users. This indicates that a substantial amount of thc from 
cigarettes is not absorbed and that the amount of thc intake is relatively 
variable. However, the intrapulmonary administration route has advan-
tages over intravenous administration with regards to familiarity and its 
non-invasive character. Therefore, the Centre for Human Drug Research 
developed a standardised thc inhalation protocol that was reported by 
Zuurman et al. This protocol was applied for studies with repeated mea-
surements for the assessment of concentration-effect relationship mod-
elling, and in challenge tests (Zuurman et al., 2008; Strougo et al., 2008; 
Zuurman et al., 2008). 

Oral bioavailability is relatively small, varying on average from 6 to 
20% (Ohlsson et al., 1980; Wall et al., 1983). The relative bioavailability of 
oral thc was 87.2% when compared to sublingual thc+cbd, and 93.9% 
when compared to buccal thc+cbd administration (Guy and Robson, 
2003). A study with oromucosal thc+cbd administration (both sub-
lingual and buccal) found a 92.6 to 98.8% bioavailability of oral thc 
(Karschner et al., 2011). 

distribution
Although extensive data are available from studies in animals, only little 
is reported on the distribution of cannabinoids in humans. Due to its li-
pophilic nature, thc is distributed to peripheral tissues, such as lungs, 
adipose tissue and kidneys. This happens very quickly after central ab-
sorption, as can be seen by the steep concentration decline in Figure 6 
(Lemberger et al., 1970; Ryrfeldt et al., 1973; Brunet et al., 2010). Grone-
wold and Skopp (2011) investigated distribution of thc and its metabo-
lites in five human post mortem cases (Gronewold and Skopp, 2011). Bile 
contained high concentrations of thc and metabolites and muscle tis-
sue also contained high concentrations of thc, although metabolites 
could hardly be detected. In the liver, thc had low concentrations or was 
even undetectable, while 11-nor-9-carboxy-thc glucuronide (thc-
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cooglu) had appreciably concentrations in both liver and kidney. Fur-
thermore, thc was present in lung specimens. Metabolites were largely 
absent in brain tissue, with 11-hydroxy-thc (11-oh-thc) being com-
pletely absent. Gronewold and Skopp (2011) suggested that muscle tissue 
serves as a matrix for detection of cannabis use, and that retention from 
muscle tissue, in addition to retention in fat, could be a source of the pro-
longed elimination period of cannabinoids (Gronewold and Skopp, 2011). 
Findings from bile supported extensive enterohepatic recirculation of 
thc-cooglu (Gronewold and Skopp, 2011). The role of enterohepatic cir-
culation in the distribution pattern of thc has also been described in ani-
mal studies (Garrett and Hunt, 1977; Klausner and Dingell, 1971). In daily 
cannabis users, a previous study on cannabinoids in oral fluid described 
the abundant presence of thc-cooh in 98.2% of the samples (Milman et 
al., 2010). Conversely, 11-oh-thc was not detected in any sample, where-
as thc was present in only 20.7% of plasma samples. Previous studies also 
described the distribution and determination of thc in detail in vitreous 
humour, oral fluid, breast milk and foetuses (Jenkins and Oblock, 2008; 
Milman et al., 2011; Perez-Reyes and Wall, 1982). These aspects are beyond 
the scope of this thesis, and are therefore not described.

metabolism 
In humans, thc is predominantly metabolised by hydroxylation and  
oxidation via cytochrome P450 (cyp) enzymes (Yamamoto et al., 1995). 
cyp2C9 and to a lesser extend cyp2C19 play the major roles in humans 
(Watanabe et al., 2007). Metabolism mainly takes place in the liver, and 
to lesser extend in the heart and lungs, as reported from animal studies 
(Nakazawa and Costa, 1971; Widman et al., 1975). Many pre-clinical stud-
ies reported on metabolic rates, but extrapolation of the results is limited 
by interspecies differences that could be explained by differences in cyp 
profiles (Harvey and Brown, 1991). The major metabolism pathway is visu-
alised in Figure 2. The ratios at which the metabolites occur after human 
administration, is largely dependent on the administration route. 

elimination
After reaching the maximum concentration (cmax) for thc inhalation 
and right after intravenous administration, thc plasma concentration 
has a steep decline until the concentration reaches a second phase, 
resembling an equilibrium (Figure 6). This equilibrium occurs between 
approximately 20 minutes and 6 hours after thc administration. After 
6 hours a third phase is reached in which the plasma concentration 
has a flatter slope compared to the second phase. The exact course of 
elimination phases in humans is unknown, but preclinical studies 
reported up to 6 phases (Leuschner et al., 1986).	

The steep decline in the first phase, which could be attributed by a 
combination of rapid distribution and metabolism, has a half-life (ini-
tial half life or t¡/™init) of 30 min (Lemberger et al., 1970). In the second 
and third phase, equilibriums between plasma and tissue are reached 
(Chiang and Rapaka, 1987; Lemberger et al., 1970). The terminal plasma 
t¡/™term was calculated up to 57 hours (Lemberger et al., 1971). It should 
be noted that the actual t¡/™ calculation is difficult and is limited by dif-
ficulties in the quantitative analysis of very low plasma concentrations 
that are found in phase 3. The clearance of thc in the third phase is be-
tween 0.0033 and 0.06 L/h, while the maximum clearance at t = 100 min 
was reported to be 1.2 L/h (Ohlsson et al., 1982; Wall et al., 1983; Hunt and 
Jones, 1980). The slow elimination of thc from the plasma could be ex-
plained by redistribution from peripheral tissues, such as the adipose tis-
sue, into the blood compartment. 

About 15-30% of thc is excreted in urine, mainly as acid metabolites 
with less than 0.05% of unchanged thc. About 30-65% is excreted in 
faeces, less than 5% of an oral dose as unchanged drug (Lemberger et al., 
1970; Hunt and Jones, 1980; Wall et al., 1983). Most of the thc metabolites 
in urine were excreted as polar acidic metabolites during day 1. 
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figure 3 	 Complexity of intracellular cb¡ receptor signalling. As for G protein coupled receptors in general, the cb¡ 

receptor has the ability to activate multiple G proteins. Consequently, different functions are regulated by a variety of 

pathways. For example, cell survival and cell death are regulated by the mapk cascades, whereas ion currents are directly 

involved in the process of neurotransmitter release. The triggering of the variety of intracellular pathways and thereby 

functional responses elicited by cannabinoid receptors is dependent on several factors, including the type of cells or 

tissue targeted, the type of ligand and the duration of receptor activation (Sanchez et al., 2001; Galve-Roperh et al., 

2000). For example, successive activation might lead to a biphasic concentration-response profile or to tolerance by  

a molecular switch between G proteins (Asimaki and Mangoura, 2011; Sulcova et al., 1998; Paquette et al., 2007).

figure 4 	 Signalling of endocannabinoids on cb¡ receptors located at the axon terminals is via a retrograde pathway. 

Endocannabinoids, such as anandamide and 2-arachidonoyl glycerol are released post-synaptically. Via the synapse, 

the molecules migrate to the pre-synaptic cell, where they give feedback via stimulation of the cb¡ receptor. Upon 

stimulation, a second messenger pathway influences ion channels (e.g. inhibition of calcium) thereby regulating the 

release of neurotransmitters including glutamate and gaba (see inside cover for this figure in colour).
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figure 1	 Distribution of cannabinoid receptors in the body and brain. cb¡ receptors are widely distributed in areas 

related to metabolism and energy storage, such as the adipose tissue, digestive tract, liver, brain, but also in the kidney, 

lungs and reproductive organs (1a). cb™ receptors are mainly present in the immune system, such as tissues of the spleen, 

tonsils, and thymus gland, and immune cells including glia cells in the brain, monocytes, macrophages, B-cells and 

T-cells and hematopoetic stem cells (1a). figure 1b shows the location of cb¡ receptors in the brain in more detail. 

The cb¡ receptor is predominantly found in the hypothalamus (associated with appetite regulation), hippocampus 

(associated with memory and stress), amygdala (associated with emotion), basal ganglia and cerebellum (associated  

with coordination and movement), medulla (associated with basal functions, including vomiting), spinal cord 

(associated with sensations, including pain) and in the cortex (associated with higher cognitive functions). 

a  (see inside cover for this figure in colour)	 b (see inside cover for this figure in colour)

figure 2 	 Structural formulas of the endocannabinoids anandamide and 2-arachydonylglycerolamide (2a),  

and the metabolic pathway of the exogenous cannabinoid Δ9-tetrahydrocannabinol that is metabolised to  

11-nor-9-carboxy-thc glucuronide, a water soluble congener which can be more easily excreted by the body (2b). 
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figure 5 	 Overview of the different steps of the thc administration process where thc loss occurs. The given 

percentages are mean values. Eventually, 25.8% of the thc dose stays in the lungs. The exact percentage of the  

thc that actually reaches the blood stream is unknown, since thc metabolising enzymes are present in the lungs.  

The data are derived from work by Hazekamp et al. (2006).

figure 6 	 Plasma concentration profiles of 10 mg thc after inhalation, intravenous and oral absorption as simulated 

from a chdr thc model in 2012 (data on file). With this model, we are able to distinguish three elimination phases:  

a steep decline of plasma concentration (phase 1) occurs in all administrations and lasts for a few minutes. Subsequently, 

a less steep decline occurs (phase 2), which changes into a flat phase that could last for over an hour (phase 3). 
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