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Fentanyl is a potent mu-opioid receptor agonist. It has been widely used to relieve chronic 

pain, which is the most costly health problem in the U.S. Most research on this drug has been 

conducted in naïve patients, but for those patients who have been exposed to the drug 

continuously, drug dependence and drug tolerance are significant concerns that require very 

careful dose adjustments.  

The aims of these studies were to verify and characterize the correlations among fentanyl 

pharmacokinetics, physical dependence and analgesic tolerance. From these studies, we expected 

to derive a clearer explanation of drug-effect relationships and a more efficient therapeutic 

design based on the administration route and dose regimen to minimize dependence and 

tolerance. 

In order to study the concentration-effect relationship, animal experiments were chosen 

and conducted in lab. Three doses (0.02, 0.04, and 0.08 mg/kg) of fentanyl were tested through 

subcutaneous administration for pharmacokinetic (PK) assessment. In the dependence studies, 

four doses (0.6, 0.3, 0.06, and 0.006 mg/kg/day) of fentanyl or saline vehicle were chronically 

administered via osmotic minipumps. A discrete-trial intracranial self-stimulation procedure was 
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used to measure the brain reward threshold. Somatic signs were recorded from an opioid 

abstinence sign checklist. In analgesic tolerance studies, a tail-flick assay was employed to assess 

the nociceptive response.  

The PK of fentanyl could be well described with a linear two-compartment model.  For 

dependence studies: 1) fentanyl dose-dependent physical dependence was verified; 2) the 

correlation between fentanyl PK and physical dependence was characterized by PK/PD models; 

and 3) intermittent dosing strategies were evaluated by simulation studies and found not to be 

suitable for chronic drug application. For analgesic tolerance studies: 1) a fentanyl dose-

dependent, rapid development of analgesic tolerance and a fentanyl-induced hyperalgesia 

rebound after discontinuation of fentanyl were observed; and 2) the correlation between fentanyl 

PK and analgesic tolerance was well characterized by a counter response PK/PD model.  

These studies provided new insights to explain the drug-effect relationships of fentanyl 

physical dependence and analgesic tolerance. We expect our studies to improve fentanyl 

therapeutic design with respect to selection of the appropriate patient, product, and dosing 

regimen.  
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CHAPTER 1 
INTRODUCTION 

Background 

Chronic pain is one of the most underestimated health care problems in the world.  It has 

been reported to be the most costly health problem in America.  More than one-quarter of adult 

Americans have had a problem with pain of some sort that persisted for more than 24 hours.  

Estimated annual costs, including direct medical expenses, lost income, lost productivity, 

compensation payments, and legal charges, sum up to over $100 billion.  Statistics also reveal 

that pain is one of the most common symptoms in ambulatory persons with cancer/AIDS (NIH, 

1998; NCHS, 2006).   

Opium, the dried juice of the seedpod of the opium poppy, has been used for the relief of 

pain and suffering for several thousand years. Opioids, chemical compounds have a morphine-

like action in the body, generally include: a) natural opiates (e.g., morphine, codeine, and 

thebaine); b) semi-synthetic opioids (e.g., heroin and buprenorphine); c) synthetic opioids (e.g., 

fentanyl, alfentanil, remifentanil, and methadone) (Figure 1-1); and d) endogenous opioid 

peptides (e.g., endorphins, enkephalins, dynprphins, and endomorphins). These drugs have 

proven to provide cost-effective pain medication for the treatment of moderate to severe pain 

when the underlying cause is cancer or AIDS. These agents work by binding to opioid receptors, 

which are found principally in the central nervous system (CNS) and the gastrointestinal tract. 

Opioid receptors are a group of G-protein coupled receptors. There are four major subtypes of 

opioid receptors: mu (µ), delta (δ), kappa (κ), and opioid-receptor-like receptor 1 (ORL1) 

(Corbett et al., 2006). The effect of an opioid depends on which receptor it binds and its affinity 

for that receptor. At the cellular level, after an opioid agonist binds to the receptor, adenylyl 

cyclase (AC) activity is decreased, which leads to a less cyclic adenosine monophosphate 
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(cAMP) production. In turn, this causes a reduced Ca2+ influx and K+ efflux at ion channels.  

This is responsible for a hyperpolarization of the cell, which stops the transfer of afferent 

nociceptive signals and causes analgesia (Harrison et al., 1998a; Raith and Hochhaus, 2004). 

However, opioid drugs are commonly underutilized in chronic pain patients (Nicholson, 

2003; Auret and Schug, 2005), due primarily to concerns of physical dependence and drug 

toleran (e.g., 61% of primary care physicians concerned about dependence and tolerance 

occurring when managing chronic pain (Bhamb et al., 2006)).  

Physical Dependence is generally described as a state in which a continuous drug presence 

is required to maintain the normal physiological or behavioral processes.  Withdrawal symptoms 

(e.g., severe dysphoria, sweating, nausea, rhinorrea, depression, severe fatigue, vomiting and 

pain in humans) as well as sensitization rebound are characterized in the cessation of the drug 

use.  The potential for physical dependence can be generally thought as the opposite effects 

produced by drug withdrawal.  Clinical and laboratory observations have converged on the 

hypothesis that dependence and withdrawal represent the pathological neuroadaptive changes of 

reward- and stress-related circuitries (Bruijnzeel et al., 2004).  

Drug Tolerance is described by a decreased effect with continuous or repeated drug 

exposure such that a higher dose is required subsequently to maintain an equivalent effect 

(Figure 1-2).  The phenomenon of tolerance can be divided into “apparent tolerance” and 

“pharmacodynamic tolerance”.  Apparent tolerance may be caused by drug PK changes or 

disease progression. Pharmacodynamic tolerance, also called functional tolerance, directly links 

the reduction in effect-intensity at a given concentration to the drug exposure. Opioid 

pharmacodynamic tolerance has been related to neuroadaptive changes (e.g., desensitization, up-

regulation of cAMP, activation of N-methyl-D-aspartate (NMDA) receptors via second 



 

16 

messenger mechanisms, and down-regulation spinal glutamate transporters (Mitra and Sinatra, 

2004)). Tolerance develops to the analgesic, euphoric, sedative, ventilation depression and 

emetic effects of opioids but not to their effects on miosis and bowel motility (constipation). 

The developments of dependence and tolerance are commonly associated, i.e., physical 

dependence is always accompanied by tolerance, but not vice versa. Therefore, long-term 

administration of opioids could be associated with increased risk of abuse and addiction.  The 

past few years have seen a marked increase in abuse of prescription opioid medications in the 

United States.       

All of these problems have created a difficult situation for health care providers who are 

considering using opioids to treat their patients for pain.  On one hand, it is their goal to 

minimize suffering, and opioids in most cases are the most powerful analgesics available.  On 

the other hand, they would like to prevent or minimize the negative health consequences of 

treatment of pain with opioids, including opioid overdose, abuse and addiction.  Research is 

warranted in this area to better inform clinicians about the risks and benefits of prescribing 

opioid medications for treating pain, as well as on how to prevent or minimize abuse or addiction 

in the clinical pain population treated with opioids.   

Fentanyl 

Fentanyl (N-(1-phenethyl-4-piperidyl)-N-phenyl-propanamide) is one of the most popular 

opioid analgesics in modern anesthesia and pain therapy. Fentanyl infusion is also commonly 

used for the prolonged sedation and analgesia that is often necessary for treating critically ill 

children. Fentanyl was first introduced into medical practice by Dr. Paul Janssen, the founder of 

Janssen Pharmaceutica (currently one of the most profitable divisions of Johnson & Johnson) in 

the1960s.  There is a marked and continuing increase in the clinical use of fentanyl over the past 

twenty years (Joranson et al., 2000; Gilson et al., 2004; Novak et al., 2004).  Duragesic (the 
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fentanyl patch marked by Johnson & Johnson) has experienced remarkable growth that has 

resulted in sales of $1.2 billion in 2002 and $1.7 billion in 2003 (Stanley, 2005). It is used 

extensively as an anesthetic for out-patient operative procedures and is gaining popularity for use 

in pain management. 

Fentanyl is a potent synthetic opioid agonist with activity on µ1- and δ-opioid receptors.  It 

is 100 times more potent than morphine as an analgesic.  It is highly lipophilic, crosses the blood 

brain-barrier (BBB) easily, accumulates in fatty tissues, and causes less histamine release than 

morphine (Simons and Anand, 2006). Thus, fentanyl has minimal depressant effects on the heart 

and is frequently used in anesthetic practice for patients undergoing heart surgery or for patients 

with poor heart function. Its therapeutic range is 0.2-2.5 ng/mL for naïve patients (Dale et al., 

2002). Fentanyl has a rapid onset and short duration of effects. It is a high-extraction drug and 

primarily metabolized by the redox cytochrome P450 3A4 in the liver. Less than 8% of i.v. 

administered drug is eliminated unchanged, with approximately 6% appearing in urine and 1% 

excreted in the stool (Feierman and Lasker, 1996; Labroo et al., 1997; Palkama et al., 1998). Its 

major metabolite, norfentanyl, is inactive.  The half-life of fentanyl in humans is about 4 hours 

(Scholz et al., 1996). Fentanyl has high protein binding (80-85%) and binds mainly to α1-acid 

glycoprotein (Lotsch et al., 2002). 

Fentanyl has high stability at room temperature. Fentanyl pharmaceuticals are currently 

available in the dosage forms of oral transmucosal lozenges, commonly referred to as the 

fentanyl "lollipops" (Actiq®), transdermal patches (Duragesic®) and injectable formulations.  

Oral transmucosal lozenges are used for the management of breakthrough cancer pain in patients 

who are already receiving opioid medication for their underlying persistent pain.  The 

transdermal patches are used in the management of chronic pain in patients who require 
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continuous opioid analgesia for pain that cannot be managed by lesser means.  Fentanyl citrate 

injections are administered intravenously or intramuscularly for potent narcotic analgesia.    

Fentanyl tolerance and physical dependence are common consequences of chronic 

treatment and are closely related (Adriaensen et al., 2003).  Approximately half of the cancer 

patients converted to transdermal fentanyl from other opioid agents required increased dosages 

after initial application of the patch (Muijsers and Wagstaff, 2001). Evidence indicates that there 

has been a strong increase in abuse of fentanyl over the past years (Joranson et al., 2000; Gilson 

et al., 2004; Novak et al., 2004).  Abuse of fentanyl and its analogs has been associated with a 

large number of drug overdose deaths, which might be contributed by their high potency and 

respiratory depressant effects (Kronstrand et al., 1997; Kuhlman et al., 2003; Lilleng et al., 

2004).  Meanwhile, tolerance of fentanyl has further complicated its therapeutic application.  

Recently, the FDA issued several warnings regarding the use of fentanyl after reports of deaths 

and other adverse events.  The deaths reported were the result of improper selection of patients, 

dosing, or improper product substitution (FDA, 2007a; FDA, 2007b). 

Pharmacokinetic and Pharmacodynamic Approaches 

Pharmacokinetics: Concentration vs. Time 

The term pharmacokinetics (PK) was first introduced by F. H. Dost in 1953 (DOST, 1953).  

Literally, it refers to the application of kinetics to pharmakon (the Greek word for drugs).  

Hence, it is a study of the change of drugs over time in the body.  It studies what the body does 

to drugs and often describes the concentration-time course of drugs and metabolites in different 

bodily fluids (e.g., plasma).  PK is commonly divided into several areas including the extent and 

rate of drug absorption, distribution, metabolism and excretion.  This is often referred to as the 

ADME scheme. 
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Pharmacodynamics: Effect vs. Concentration 

Pharmacodynamics (PD) is the science of drug action on the body and the relationship 

between drug concentration and effect (Lees et al., 2004).  It details what the drug does to the 

body and characterizes the intensity of desired or undesired effects resulting from certain drug 

concentrations at effect sites.  A drug effect can be defined as any drug-induced change in a 

physiological parameter when compared to the respective pre-dose or baseline value.  PD is very 

important because the change in drug effect is usually not proportional to the change in drug 

concentration. At the most fundamental level, the actions of most drugs are produced by 

mechanisms whereby drugs interact with specific receptive target molecules or ‘receptors’ (in 

general we can call all target molecules ‘receptors’). Following target attachment but preceding 

the response, there is an ensuing linkage mechanism or transduction pathway, leading to a time 

lag for the response.  The duration of the time lag depends on the nature of the transduction 

pathway varying from milliseconds to hours. The parameters that characterize the drug-receptor-

response relation include affinity, efficacy, potency and sensitivity. 

PK/PD Modeling 

PK/PD modeling uses mathematical functions to describe changes in drug concentration 

and changes in drug-effects.  PK modeling usually describes drug plasma concentration (C) as a 

mathematical function of time (t):   

1 1( ; )C f t θ=  (1-1) 

where θ1 is the set of PK parameters (e.g., for absorption, distribution, metabolism and 

elimination). PD modeling describes drug effect (E) as a mathematical function of drug 

concentration (C): 

2 2( ; )E f C θ=  (1-2) 



 

20 

where θ2 is the set of PD parameters (e.g., efficacy, potency, sensitivity). Ideally, concentrations 

should be measured at the effect site (the biophase) where the interaction with the respective 

biological receptor system takes place.  However, in most cases it is impractical to measure the 

effect site drug concentration.  Thus, plasma drug concentrations are frequently used to establish 

these relationships under the assumption that the unbound (free) drug concentration in plasma 

reflects the unbound concentration at the effect site at steady-state condition. 

PK/PD modeling links the change in concentration over time as assessed by PK to the 

intensity of the observed response, regarding a certain concentration at the effect site, as 

quantified by PD.  Thus, it allows descriptions of the complete time course (e.g., onset, 

magnitude, duration) of the effects in response to a dosage regimen: 

2 2 2 1 1 2( ; ) ( ( ; ); ,) ( ; )E f C f f t f tθ θ θ θ= = =  (1-3) 

where 1 2( , )f f f= is the combination of PK functions and PD function and 1 2, )θ θ θ  = (  is 

the set of combined PK/PD parameters.  This approach has proven to be effective in explaining 

the drug-response relation, and to help dose optimization to improve drug efficiencies and reduce 

the risk of undesired effects (Figure 1-3) (Derendorf and Meibohm, 1999; Derendorf et al., 

2000). For instance, Porchet et al. (Porchet et al., 1988), Heinzen et al.  (Heinzen and Pollack, 

2004), and Fung et al. (Bauer et al., 1997b) have successfully applied PK/PD approaches in 

nicotine, morphine, and nitroglycerin therapeutic studies to help the design of dosage regimens 

that avoid tolerance development while elucidating factors that influence the development or 

regression of tolerance, as well as mechanisms of disease and drug action. 

Overview of PK/PD of Drug Dependence and Tolerance 

As shown in Figure 1-2, drug tolerance and dependence are classical PK/PD topics 

characterized by a time-variant dose-response pattern, and these generally have indirect-link (i.e., 
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the time dissociation between the plasma concentration and the biological response is caused by 

a distributional delay of drug to the effect site), indirect-response (i.e., the temporal dissociation 

between the plasma concentration and the biological response is characterized by describing the 

observed effects as a secondary result from a previous, time-consuming synthesis or degradation 

of an endogenous substance), and time-invariant attributes (i.e., the effect regarding to drug 

concentrations is a function of exposure time).  Much evidence has shown that drug dose, 

exposure duration, frequency of dosing, previous/current use of cross dependent/tolerant drugs, 

and the physiological condition of the subject are the PK/PD factors that determine the severity 

of dependence and tolerance (Lau and Sun, 2002; Liu et al., 2008).  Theoretically, both tolerance 

and physical dependence are predictable pharmacological effects in response to a drug 

administration.  However, the predictive power of current models is limited since they are 

commonly derived on empirical grounds, because of a lack of knowledge about the mechanisms 

underlying tolerance and dependence, and because of the difficulties in appropriately simplifying 

complex physiological processes (Gårdmark et al., 1999). 

Mechanisms of Tolerance and Withdrawal  

Research of opioid tolerance and dependence has been undertaken for decades. The first 

popular hypothesis suggested cellular opioid receptor adaptation in the CNS was responsible for 

both opioid tolerance and the drug withdrawal syndrome (Collier, 1965). In vivo studies show 

conflicting data of receptor regulation (Bhargava and Gulati, 1990a; Bhargava and Gulati, 

1990b; Abdelhamid and Takemori, 1991; Rothman et al., 1991).  Now we see receptor regulation 

as an oversimplification to explain drug dependence and tolerance, and neuroadaptive changes 

involving many pathways of CNS became recognized (Harrison et al., 1998b; Bruijnzeel et al., 

2004; Raith and Hochhaus, 2004). The mechanisms can be classified into three major sets: 
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• Cellular receptor regulation: may involve receptor down- or up-regulation from the 
synthesis of messenger RNA and protein levels (Gies et al., 1997), receptor 
oligomerization (He et al., 2002)  and receptor trafficking (desensitization) from receptor 
decoupling/coupling, phosphorylation, and internalization levels (Crain and Shen, 1996; 
Chakrabarti et al., 1997; Harrison et al., 1998b). This may change the number of receptors 
at the effect site, and affect the efficacy and potency of drugs. 

• Feedback regulation via depletion/production of endogenous modulators: in the 
indirect drug-response, certain endogenous molecules may be involved.  Those 
endogenous compounds may include cofactors/enzymes, second messages, or certain 
receptor modulators (e.g., the vasoconstrictive effect of nitroglycerin (Wang et al., 2004; 
Visser et al., 2006) and the clomethiazole-induced hypothermia (Sallstrom et al., 2005; 
Visser et al., 2006)).   

• Counter-response: may involve the opposite effects of drugs (e.g., the biphasic effects of 
alfentanil, alprazolam, midazolam, and clozapine (Usune et al., 1988; Mandema and Wada, 
1995; Lau and Heatherington, 1997; Lau et al., 1998) or affecting/producing the 
endogenous inhibitor, antagonist, partial agonist, and inverse agonist (e.g., up-regulation of 
the cAMP pathway; activation of NMDA receptors via second messenger mechanisms, 
and down-regulation spinal glutamate transporters; elevations in neuronal nitric oxide, NO) 
(Liu and Anand, 2001; Heinzen and Pollack, 2004; Mitra and Sinatra, 2004; Heinzen et al., 
2005).   

Overview of PK/PD Modeling of Tolerance and Withdrawal  

PK/PD models of dependence or dependence-progression models associated with addictive 

substances suffer from the lack of reliable and quantifiable biomarkers of dependence. C. E. Lau 

and colleagues successfully applied PK/PD approaches to study the effects of cocaine on 

reinforcement behavior (Lau et al., 2000) and later elucidated that the minimum plasma 

concentration (Cmin) was the PK determinant of the frequency and pattern of intravenous cocaine 

self-administration in rats by PK modeling (Lau and Sun, 2002).  Moreover, cytokines such as 

IL-6, CRP and TNF-alpha may serve as potential biomarkers of stress, a known predictor of 

relapse and addiction, in preclinical and clinical studies. 

The detailed mechanism of tolerance involved in a specific drug situation is drug and 

response dependent.   Differences in tolerance to distinct drug-effects during the same drug 

treatment suggest differences in mechanisms of tolerance and receptor subtypes involved for 
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various drug effects (Fattinger et al., 1997).  Moreover, the development of tolerance for a 

specific effect depends on drug route, dosage, and dose regimen.  Currently, all of the models are 

considered empirical or semi-physiological.  They have proven to be useful in some specific 

situations, but none is general enough to describe every situation even for the same given drug 

(Gårdmark et al., 1999).  Therefore, any extrapolations and predictions from models require 

special caution and validation.  Since most models are developed from animal data and the 

interspecies differences in tolerance-development can be significant, the application of a 

tolerance-model to human situations also must be verified. 

The first generation of tolerance models simply modifies the PD parameters as a function 

of time (e.g., by including a time-dependent exponential decrease in Emax (e.g., max
KtE e−• ) or 

increase in EC50 (e.g., 50
KtEC e• ) (Chow et al., 1985)).  Similar approaches were also developed 

to overcome the disadvantage of the predicted full tolerance of the above models.  They 

incorporated a maximum allowed change in Emax or EC50 (e.g., max max

50

[ (1 )]
X Y

Kt n

n n

E E e C
E

EC C

−− −
=

+
 or 

max

50 50[ (1 )]
X Y

n

Kt n n

E CE
EC EC e C−=

+ − +
).  However, those kinds of models cleave the association 

between the tolerance development and the dose exposure extent. 

Semi-mechanistic models have been proposed in recent years.  Figure 1-4 describes the 

general scheme of this modeling.  Generally speaking, the effect site concentration affects the 

response directly or indirectly through a modulator or tolerance compartment.  The development 

of tolerance is dependent on both exposure time and drug concentration; it may be represented as 

a hypothetical or real noncompetitive antagonist, competitive antagonist, partial agonist, inverse 

agonist, or direct/indirect modulator.  Morphine is an example of a drug whose tolerance models 
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have been studied in detail during the last ten years.  Heinzen and Pollack established the 

temporal relationship between morphine-induced elevations in neuronal nitric oxide (NO) and 

the development of antinociceptive tolerance in rats (Heinzen and Pollack, 2004).  As shown in 

Figure 1-5, the stimulating effect of morphine on NO production was treated as an indirect 

response; a hypothetical effect compartment was incorporated to account for an evident delay in 

both NO production and the NO-associated decrease in antinociceptive effect.  Not only did this 

model not only correctly predicted the time course of the development of tolerance at various 

dosages, but also helped in elucidating a strong, time-dependent relationship between morphine-

induced stimulation of NO production and tolerance development.  Their work suggested that 

NO is a key mediator of antinociceptive tolerance development, which is consistent with their 

later investigation that NO altered in the µ-opioid receptor function (Heinzen et al., 2005).  

 “While tolerance phenomena are well established, relatively few attempts to model the 

time course of tolerance and its subsequent decay have appeared in the literature” (Gabrielsson 

and Weiner, 2006).  Table 1-1 summarizes some of the exciting work over the last two decades 

along this line. 

Hypothesis and Objectives 

Considering the importance, the representative, and the good PK properties of fentanyl 

accordingly, a dose optimization study focusing on fentanyl dependence and tolerance is likely:  

to provide important information about the drug’s clinical application, perhaps leading to 

mechanisms underlying its physiological actions, and serve as a useful reference for other 

opioids. 

According to the FDA, the fatal accidents involving fentanyl were the results of improper 

selection of patients, dosing, or improper product substitution (FDA, 2007a; FDA, 2007b). 

Selection of dosing and products mainly depends on the drug’s PK/PD properties which in this 
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case are highly affected by the subject’s dependence/tolerance profile.  As mentioned before, 

most research on this drug has been conducted in naïve patients, but the drug is mainly used in 

chronic treatment. For this special population, drug dependence and drug tolerance are 

significant concerns that require very careful dose adjustments.  Due to the powerful abilities of 

PK/PD modeling to explain the drug-response relationships and to optimize treatment regimens 

to improve drug efficiencies and reduce undesired effects, our research hypothesis is that 

rigorous PK/PD studies targeting physical dependence and analgesic tolerance will benefit 

selection of patients, products, and dosing during fentanyl treatments. 

The PK and PD properties of physical dependence and analgesic tolerance of fentanyl have 

never been studied together.  The goals of these studies are to: 1) investigate the impacts of 

fentanyl dosing and exposure duration on the developments of physical dependence and 

analgesic tolerance; and 2) design and simulate a more efficient therapeutic strategy based on the 

administration route and dose regimen to minimize dependence and tolerance. These studies will 

investigate and model the PK profile of this drug and its dose-dependent development of 

dependence and tolerance over time in rats.  Through the construction of the PK/PD models of 

physical dependence and analgesic tolerance, it is expected that the results will lead to a clearer 

explanation of drug-effect relationships which will contribute to improve fentanyl therapeutic 

design with respect to selection of the appropriate patient, product, and dosing regimen.   

To achieve our study goals, the following specific aims were investigated: 

Specific Aim 1: Investigate the PK profile of fentanyl following subcutaneous 

administration in rats.  This will allow us to confirm the linear pharmacokinetics of fentanyl and 

develop a PK structure model in this species.  With this quantitative information, drug 

concentrations will be predictable over time for any desired dose regimen. 
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Specific Aim 2: Investigate the impacts of fentanyl-dose and exposure duration on the 

development of physical dependence in rats.  Quantitative measures of the deficit in brain reward 

function and in somatic syndrome associated with precipitated and spontaneous fentanyl 

withdrawal in rats will be conducted.  

Specific Aim 3: Investigate the impacts of fentanyl-dose and exposure duration on the 

development of analgesic tolerance in rats.  Quantitative measures will be determined for the 

attenuation in analgesic effect over time with different doses of fentanyl exposure. 

Specific Aim 4: Develop PK/PD models to describe physical dependence and analgesic 

tolerance following fentanyl exposure in rats.  Mechanism-based PK/PD structure models will 

link the PK and PD information and enable us to predict the dependence and tolerance over time 

for any designed dose regimen. Simulation studies will be conducted with the constructed PK/PD 

models to optimize the drug application.  
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Table 1-1.  Summary of approaches in modeling tolerance and rebound 
Mechanism base PD formula Drug PD endpoints Subject Dose 

protocol 
Reference 

Receptor regulation 

Desensitization 
Receptor down-
regulation 

_ _
50_

_ _

_ _

_ _

(1 )

(1 )

m n
in Rm out Rm m

Rm n

in R m f re n on p out R

n
on p N N re n

m
in Em n out Em m

in E m out E

dR DRk k R
dt IC DR

dR k R R k DR k C R k R
dt

dDRdDR k C R k DR k DR k DR
dt dt

dE k S DR k
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dE k E k
dt

γ

= • − − •
+

= • + • • − • • − •

= • • − •    = • − •

= • + • − • Ε

= • − • Ε

 

Methylprednisolone Tyrosine 
aminotransferase 
(TAT) Induction 

Male rat Long i.v. 
Infusion 

(Ramakrishnan 
et al., 2002) 

Tolerance compartment 

Noncompetitive 
Antagonist 

0
5 01 /

p

T

S C
E E

C T C
•

= +
+  

Nicotine 
Caffeine 

Heart rate 
Mean arterial 
Pressure 

Healthy 
men 

Constant 
i.v. 
Infusion 
(multiple 
dose) 
P.O., i.v. 
Infusion 

(Porchet et al., 
1988) 
(Shi et al., 
1993) 

50 50
max

50 50

/ /1 1
1 / 1 /

p T

T T

C EC C ECE E
C TC TC C

⎛ ⎞ ⎛ ⎞
= • − • −⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

ARA 
(adenosine receptor 
agonist) 

Antilipolytic 
Effects 
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men 

I.v. 
Infusion 

(Zannikos et 
al., 2001) 

Competitive 
Antagonist 

m a x

5 0
5 0

(1 )

p

T
p

E C
E

CE C C
T C

γ

γ
γ γ

γ

•
=
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Morphine Antinociception  
(Tail-flick 
latencies) 

Male rat Long i.v. 
Infusion 

(Ouellet, 1995)
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Table 1-1.  Continued 
Mechanism base PD formula Drug PD endpoints Subject Dose 

protocol 
Reference 

Tolerance compartment 

Partial agonist 
max 50 max 50

50 50 50 50

E T T E

E T E T T E

p T

T p

E C TC T C EC
E

EC TC EC C TC C

γ γ γ γ

γ γ γ γ γ γ
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=

• + • + •
 

Morphine Antinociception  
(Tail-flick 
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Male rat Long 
infusion 

(Ouellet, 1995)

Inverse agonist 
m a x m a x
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0

5 0 5 0

1

E T

E T

p T

p T

C CE T
E C T C

E E
C C

E C T C
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Benzodiazepine EEG Young and 
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infusion 

(Ihmsen et al., 
2004) 
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Nicotine Systolic blood 
pressure, Diastolic 
blood pressure, 
Heart rate, Plasma 
epinephrine, 
Engergy 
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Plasma free fatty 
acids 
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Constant 
infusion 
(single 
dose) 

(Fattinger et 
al., 1997) 

max max

50 50

E T

E E T T

p T

p T

E C T CE
EC C TC C

γ γ
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• •
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Ephedrine Systolic blood 
pressure 

Overweig
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Oral (Persky et al., 
2004) 

Counter-
response 

max max
0
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E E T T
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E C T CE E
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γ γ
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Alprazolam 
Midazolam 

Shorter response Male rat I.V. bolus 
S.C. 

(Lau and 
Heatherington, 
1997; Lau et 
al., 1998) 
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Table 1-1.  Continued 
Mechanism base PD formula Drug PD endpoints Subject Dose 

protocol 
Reference 

Hypothetical counteracting metabolite 
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Pollack, 2004)
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Nitroglycerin Left ventricular end 
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heart 
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Infusion (Bauer et al., 
1997a) 
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Indirect 
moderator max
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Furosemide Diuresis  
Natriuresis 
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Multiple 
short 
infusion 

(Wakelkamp et 
al., 1996) 
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Table 1-1.  Continued 
Mechanism base PD formula Drug PD endpoints Subject Dose 

protocol 
Reference 
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secretion 
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(Abelo et al., 
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Morphine Codeine

Heroin Buprenorphine

Fentanyl Methadone

A.

B.

C.

Morphine Codeine

Heroin Buprenorphine

Fentanyl Methadone

A.

B.

C.

 
 
Figure 1-1.  Chemical structures of the opioids: natural opiates (morphine and codeine) (A), 

semi-synthetic opioids (heroin and buprenorphine) (B), and synthetic opioids 
(fentanyl and methadone) (C)  
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Figure 1-2.  The scheme of the development of tolerance and dependence to the chronic 

administration of a drug 
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Figure 1-3.  The scheme of the drug-response process in the body (A) and interrelationship 

among PK, PD and PK/PD modeling (B) 

 

 

B. 
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Figure 1-4.  The general scheme of PK/PD tolerance modeling. The effect site concentration 

affects the response directly or indirectly through a modulator or tolerance 
compartment. 
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Figure 1-5.  The scheme of morphine-NO tolerance PK/PD model. A temporal relationship 

between morphine-induced increases in neuronal NO and loss of the antinociceptive 
effect is indicated (Heinzen and Pollack, 2004). 
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CHAPTER 2 
PHARMACOKINETICS OF FENTANYL FOLLOWING SUBCUTANEOUS 

ADMINISTRATION IN RATS 

Introduction 

Fentanyl is a high-extraction drug and primarily metabolized by the redox cytochrome 

P450 3A4 in the liver. Its major metabolite, norfentanyl, is inactive. The pharmacokinetics (PK) 

of fentanyl was well studied in humans (Willens and Myslinski, 1993; Scholz et al., 1996; 

Ariano et al., 2001; Foster et al., 2008) and mainly reflected a linear two-compartment kinetics 

following intravenous (i.v.) administration. The terminal elimination half-life is about four hours 

in humans (Scholz et al., 1996). The PK of fentanyl in rats has also been investigated, either 

through intravenous bolus or infusion administration.  The PK models have varied from one- to 

two-compartment among those studies. The volume of distribution (Vd) values varied from 

several hundred to three thousand mL/kg, the clearance (CL) varied from 16 to 42 mL/min/kg, 

and the terminal elimination half-life (T1/2) from ~ 40 to 75 minutes (Cox et al., 1998; Yassen et 

al., 2005; Yassen et al., 2006; Ohtsuka et al., 2007; Yassen et al., 2008).  The purpose of this 

study was to investigate the PK profile of fentanyl with subcutaneous administration in rats.  

This allowed us to confirm the linear PK property of fentanyl and to develop a PK structure 

model in this species.  With this quantitative information, drug concentrations can be predicted 

over time for any desired dose regimen. 

Materials and Methods 

Subjects 

Male Wistar rats (Charles River, Raleigh, NC) weighing 300-350 g at the beginning of the 

experiments were used. The rats were shipped to the UF Animal Care Services (ACS) center a 

week before the study started in order to reduce stress and to allow them adapt to the research 

environment. Animals were socially housed (2 per cage) in a temperature- and humidity-
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controlled vivarium and maintained on a 12 hour light-dark cycle (lights off at 6 p.m.). All 

experiments were performed during the light phase of the cycle. Food and water were available 

ad libitum in the home cages. All subjects were treated in accordance with the National Institutes 

of Health guidelines regarding the principles of animal care. Animal facilities and experimental 

protocols were in accordance with the Association for the Assessment and Accreditation of 

Laboratory Animal Care (AAALAC) and approved by the University of Florida Institutional 

Animal Care and Use Committee. 

Drugs  

Fentanyl citrate was purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA) and 

dissolved in sterile saline (0.9% sodium chloride). The doses and concentrations of fentanyl are 

expressed as the free base. Fentanyl-d5 (100 ug/mL in methanol) was from Cerilliant (Pound 

Rock, TX, USA). Isoflurane (USP) was distributed by Webster Veterinary Supply, Charlotte, NC 

Jugular Vein Cannulation Surgery 

Two days before the PK experiment, indwelling cannulae were implanted surgically. The 

cannulae were made from pyrogen-free, nonsterile polyethylene tubing (inner diameter of 0.3 

mm and outer diameter of 0.7 mm). One day before surgery, cannulae were disinfected in a 1% 

benzalkonium chloride solution. Surgery was carried out under anesthesia. A rodent anesthesia 

machine (Isotec-4 isoflurane vaporizer: SurgiVet/ Smiths Medical, Waukesha, WI), with an 

induction chamber using an isoflurane vaporizer at an induction rate of 5% isoflurane with 2 

l/min flow of O2 was used. Anesthesia was maintained by using a nose cone at a rate between 

2.5% to 3% isoflurane with 1 l/min flow of O2. Before the surgery, the hair at the surgical area 

was shaved to prevent contamination at the surgical site. The surgical site was disinfected with 

betadine and 70% alcohol. The rat was kept normothermic on a “circulating water” heating pad. 

The cannulae inserted in the right jugular vein were tunneled subcutaneously and fixed at the 
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back of the neck with a rubber ring. The skin in the neck and throat was stitched with normal 

suture. To prevent clotting and cannula obstruction, the cannulae were filled with physiological 

saline containing 40 IU/mL heparin (Baxter Healthcare Corporation, Deerfield, IL, USA). 

Drug Analysis  

Fentanyl plasma concentrations were analyzed using HPLC coupled to tandem mass 

spectrometer (LC/MS/MS) (Quattro, Micromass, Manchester, UK) (Day et al., 2003; Huynh et 

al., 2005).  

Sample preparation 

Standards and quality control samples: Working solutions were prepared in methanol at 10, 

1.0, and 0.1 ng/µL of fentanyl. Calibration curves were prepared daily in drug-free plasma 

containing heparin from working solution. The calibration curve was fortified with fentanyl at 

0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, and 25 ng/mL. Each calibrator was analyzed in 

duplicate and quality control specimens were analyzed in triplicate. A second set of working 

solutions was prepared from separate lot numbers of reference material and used to fortify 

quality control samples.  Quality control samples were prepared at 0.1, 0.5, and 2.5 ng/mL 

concentrations. Drug-free plasma was extracted in each batch in duplicate and analyzed as 

negative controls. Working solutions were stable for up to 2 months at –20 °C. 

Sample preparation and extraction: A plasma volume of 100 µL was used for the assay of 

rat samples, standards, and quality control samples. All plasma samples were spiked with 5 uL of 

internal standard (20 ng/mL fentanyl-d5). After adding 25 µL of concentrated ammonia, the 

samples were extracted for 30 min by liquid/liquid extraction with 2.5 mL of methyl tert-butyl 

ether. After centrifugation at 1,000 g for 10 minutes, the organic phase was transferred to a clean 

silanized vial, evaporated to dryness, and reconstituted in 100 µL of 0.1% formic acid in 



 

39 

water/methanol/acetonitrile (50:25:25, v/v/v). A volume of 50 µL was injected onto the HPLC 

column. 

LC-MS/MS method 

The mobile phase consisted of 0.1% formic acid in water:methanol:acetonitrile (50:25:25, 

v/v/v). The pump was operated isocratically at 0.25 mL/min and ambient temperature. 

Chromatographic separation of analytes was achieved on a Phenomenex 30-mm × 2.00-mm 

Luna 5µ C18(2) column (Phenomenex USA, Torrance, CA).  The ESI source was operated with 

the spray voltage at 4.5 kV with 80 psi of sheath gas (high purity N2). The source and probe 

temperatures were maintained at 80 and 250 °C.  Positive precursor ions for fentanyl (m/z 337) 

and fentanyl-d5 (m/z 342) were selected to pass through the first quadrupole. In the second 

quadrupole, collision-induced dissociation (CID) was achieved using argon as the collision gas 

(at 3mTorr) and collision voltages of –30 volts for fentanyl. Product ions monitored in the third 

quadrupole were m/z 188.4 (fentanyl and fentanyl-d5) (Figure 2-1). The scan time was 0.2 

s/scan. 

Method validation 

The method was validated according to Guidance for Industry, Bioanalytical Method 

Validation from FDA (FDA, 2001). The accuracy and the precision of the proposed method were 

determined by analysis of the QC samples. The intra-day accuracy and precision were assessed 

from the results of six replicate analyses of QC samples (0.1, 0.5, and 2.5 ng/mL) on a single 

assay day. The inter-day accuracy and precision were determined from the same QC samples 

analyzed on three consecutive days. The precision is expressed as % relative standard deviation 

(%R.S.D.), while inaccuracy (%) is expressed as [(calculated amount - predicted 

amount)/predicted amount × 100]. The intraassay precisions at concentrations of 0.1, 0.5, and 2.5 

ng/mL were 6.8 %, 3.9% and 4.7%, respectively. The interassay precisions at concentrations of 
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0.1, 0.5, and 2.5 ng/mL were 9.2%, 6.8% and 7.4%, respectively. Inaccuracy was less than 

15.4% measured as the percentage difference from nominal value. The limit of detection (LOD) 

(10 pg/mL) was defined as the lowest detectable concentration, taking into consideration a 

signal-to-noise ratio of 3.  Limit of quantification (LOQ) (25 pg/mL) (Figure 2-2) was 

determined at the lowest concentration at which the precision was less than 20% and the 

inaccuracy was less than 20%. Calibration curves were linear (r2>0.990) in the measured range 

between 25 and 25,000 pg/mL, using weighted (1/x2) linear regression (Figure 2-3).   

Experimental Design 

The study was performed with the approval of the Institutional Animal Care and Use 

Committee (IACUC) of the University of Florida (Protocol # E656). To minimize the influence 

of circadian rhythms, all experiments were started between 8:30 and 10:30 AM. Animals were 

randomly assigned to the three fentanyl dose groups (0.02, 0.04, and 0.08 mg/kg, n = 6 per 

group). Fentanyl was administered through subcutaneous (s.c.) injection. Before the start of the 

drug administration, a blank blood sample (200 µL) was withdrawn. Each blood sample 

withdrawn was replaced by an equal volume of heparinized 0.9% saline (20 IU heparin/mL). 

This procedure has minimal effects on the PK (Yassen et al., 2005). Serial blood samples were 

collected in heparinized microtubes at 3, 8, 16, 30, 60, 120, 180, and 240 minutes after drug 

administration. Plasma (100 µL) was separated from the blood by centrifugation at 1,000 g for 15 

minutes and frozen at -80 °C until analysis (less than a month). 

Data Analysis 

Noncompartmental analysis (NCA) of the data was conducted with WinNonlin version 5.2 

(Pharsight Corporation, Mountain View, CA).  

To determine the basic structural PK for fentanyl, both one- and two-compartment models 

were tested (Figure 2-6). The population PK parameters of fentanyl were estimated using both 
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the standard two-stage approach (Ette and Williams, 2004) with WinNonlin version 5.2 and the 

nonlinear mixed-effects modeling as implemented in the NONMEM software version VI 1.2 

(Beal and Sheiner, 1999). The population PK analysis approach in NONMEM, which takes into 

consideration both intra- and inter- subject variability, was undertaken by using the first-order 

conditional estimation method with η-ε interaction (FOCE interaction). All fitting procedures 

were performed on IBM-compatible computers running under Windows XP with the Fortran 

compiler Compaq Visual Fortan version 6.5. S-PLUS version 6.2 (Insightful Corp., Seattle, WA) 

was used for data processing and graphically presenting.  Wings for NONMEM version 614 

(WFN for NONMEM VI) was used for NONMEM running and bootstrap (Holford, 2008).  

The one-compartment model was parameterized in terms of the first-order absorption rate 

constant (ka), clearance (CL), and the volumes of distribution (V) by use of the ADVAN2 

TRANS2 subroutines in NONMEM. The two-compartment model analysis was performed by 

use of the ADVAN4 TRANS4 subroutines in NONMEM. That is, the PK parameters, the first-

order absorption rate constant (ka), clearance (CL), the inter-compartmental clearance (Q), and 

the volumes of distribution of compartments 1 and 2 (V1 and V2) were estimated. 

The inter-subject variability of all model parameters was assumed to follow a log normal 

distribution over the population. Therefore an exponential distribution model was used to 

account for inter-subject variability: 

exp( )i tv iP P η= •  (2-1) 

where Pi is the individual value of model parameter P, Ptv is the typical value (population mean 

value) of parameter P in the population, and ηi is the independent and identically distributed 

normal (i.i.d.-normal) inter-subject random variable with mean zero and variance ω2. For 
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example, the inter-subject variability of the two-compartment model parameters was modeled 

using the following exponential error model: 

exp( )
ii tv kaka ka η= •  (2-2) 

exp( )
ii tv CLCL CL η= •  (2-3) 

exp( )
ii tv QQ Q η= •  (2-4) 

exp( )
ii tv V1V1 V1 η= •  (2-5) 

exp( )
ii tv V2V2 V2 η= •  (2-6) 

Selection of an appropriate residual error model was based on inspection of the goodness-

of-fit plots. On this basis a proportional error model was proposed to describe residual error in 

the plasma drug concentration: 

, , (1 )obs ij pred ij ijC C ε= • +  (2-7) 

where Cobs,ij is the observed jth concentration of individual i, Cpred,ij is the predicted jth 

concentration of individual i, and εij is the i.i.d. normally distributed residual random variable 

with mean zero and variance σ2. The residual error term contains all the error terms which cannot 

be explained by the inter-subject PK difference and refers to, for example, measurement and 

experimental error and structural model misspecification. With the Bayesian POSTHOC option, 

NONMEM obtained the individual parameter estimates (posterior) using the population mean 

estimate of parameters (prior). From the individual parameter estimates, individual predicted 

concentrations (IPRED) were obtained. 
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To refine the stochastic model, the correlation between PK parameter estimates was tested 

by conducting covariance matrix analysis (OMEGA BLOCK option in NONMEM) and 

explorative graphical analysis with S-PLUS. 

Model selection and identification was based on the likelihood ratio test, PK parameter 

point estimates and their respective confidence intervals, parameter correlations, and goodness-

of-fit plots. For the likelihood ratio test, the significance level was set at α = 0.01, which 

corresponds to a decrease of 6.6 or 9.2 points in the objective function value (OFV, which in turn 

corresponds to the -2X log maximum likelihood value of the model) after the inclusion of one or 

two parameters respectively in the model, under the assumption that the difference in OFV 

between two nested models is χ2 distributed. Also the Akaike information criterion (AIC) value 

was calculated as: 

2AIC OFV p= + •  (2-8) 

where p = total number of parameters in the model (structural + error). For hierarchy model 

comparison, the model with lower value of AIC was considered better (Burnham and Anderson, 

1998; Wagenmakers, 2003). 

The time courses of observed fentanyl plasma concentrations and population predicted 

(PRED) concentrations of all individuals were plotted, which allowed an overall description of 

the model fitting to the data. The following goodness-of-fit plots were also subjected to visual 

inspection to detect systemic deviations from the model fits (Ette, 1998): individual observed 

concentration (DV) versus PRED or individual predicted (IPRED) values, residuals (RES) versus 

PRED, and weighted residuals (WRES) versus PRED. Ideally the observed plasma fentanyl 

concentrations would be more randomly distributed across the line of PRED, the points of DV 

versus PRED/IPRED should uniformly distribute along the identity line, the points of RES 
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versus PRED should evenly distribute along the two sides of unity line, and the points of WRES 

versus PRED should homogenously distribute along the unity line. 

To demonstrate the accuracy, precision and stability of the model, the final population PK 

model was subjected to an internal validation (Ette et al., 2003). The validation procedure 

consisted of a bootstrap validation analysis. For the bootstrap validation procedure, 1000 

bootstrap replicates were generated randomly by sampling from the original data set with 

replacement. Subsequently, the final population PK models were fitted to the bootstrap replicates 

one at a time. Finally, the mean, the standard error of the mean (S.E.M.), coefficient of variation 

(CV%), and 95% confidence intervals (C.I.) of all model parameters were calculated and 

compared with parameter values obtained from the NONMEM estimation. 

Results 

The experimental plasma concentration time courses of fentanyl following 0.02, 0.04 and 

0.08 mg/kg s.c. administration were plotted in Figure 2-4. Data were expressed as mean ± 

standard deviation (SD) (n = 6).  The drug had a fast absorption and also disappeared from 

plasma quickly. Noncompartmental PK and compartmental PK analysis results were presented in 

the following. 

Noncompartmental PK Analysis 

Noncompartmental analysis (NCA) was conducted with WinNonlin 5.2. The results were 

listed in Table 2-1.   Data were expressed as mean ± standard error of mean (S.E.M.).  The time 

of the maximum drug concentration (tmax) after dosing was approximately 20 minutes.  The 

maximum concentrations (Cmax) were 1.84 ± 0.19, 3.68 ± 0.38, and 7.07 ± 0.44 ng/mL for 0.02, 

0.04 and 0.08 mg/kg dosing respectively, which declined with a terminal elimination half-life 

(T1/2) of 65.4 ± 6.8,  61.5 ± 7.2 and 74.0 ± 10.9 minutes. The estimated total body clearances 

(CL_F) were 88.3 ± 2.8, 90.5 ± 5.0 and 88.1 ± 3.9 mL/min respectively. The respective areas 
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under the curve to the last measured time point AUCall were 207 ± 28, 401 ± 43, and 811 ± 56 

ng/mL*min respectively. The areas under the curve to infinity AUCINF (AUC∞) were 233 ± 25, 

422 ± 47, and 9241 ± 61 ng/mL*min. The dose normalized AUC∞s (AUCINF_D) were 11671 ± 

1250, 11051 ± 1175, and 11552 ± 763 ng/mL*min/mg respectively, which suggested a linear PK 

property of fentanyl together with Cmax and Cl_F (Figure 2-5). From analyses of variance 

(ANOVA), there is no significant difference among the dose normalized AUC∞s (F2,15=0.29, 

P=0.75). 

Compartmental PK Analysis 

The PK data were analyzed by both one- and two-compartment models (Figure 2-6) using 

both the standard two-stage approach (Ette and Williams, 2004) with WinNonlin5.2 and the 

nonlinear mixed-effects modeling as implemented in the NONMEM VI 1.2 (Beal and Sheiner, 

1999). The comparison of the objective function values (OFV) and Akaike information criterion 

(AIC) values of fentanyl NONMEM PK analysis between one- and two- compartment models 

were listed in Table 2-2. As shown in this table, the AIC value (-168.1) from the two-

compartment model was lower than the AIC value (-135.5) from the one-compartment model, 

and the OFV decreased from -149.5 of one-compartment model to -188.1 of two-compartment 

model. This is significant at the α = 0.01 level (~ χ2(3,0.01) = 11.4) using the likelihood ratio test 

under the assumption that the difference in OFV between two nested models is χ2 distributed. 

Therefore, the two-compartment model structure was considered to be a better model structure 

for describing the plasma fentanyl PK data in rats. Table 2-3 listed the population estimation of 

the fentanyl PK parameters by using the standard two-stage method. The simultaneous 

predictions of fentanyl concentration time courses of all three doses with the population mean 

parameters matched the observed data reasonably (Figure 2-7). Using the estimates from the 

standard two-stage method as the initial values for the nonlinear mixed-effects modeling, the 
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fitting converged quickly. Table 2-4 listed the parameter estimations from NONMEM. All 

structural parameters could be adequately estimated, and inter-subject variability was estimated 

for V1_F, Q_F, V2_F and CL_F. The model was then evaluated by the bootstrap analysis. 934 

out of 1000 bootstrap replicates minimized successfully, indicating our model was not sensitive 

to the data variation. The NONMEM estimates were in agreement with the mean values of the 

bootstrap, indicating the PK model was stable. The correlation among inter-subject variability of 

parameters (ETAS) was diagnosed via a visual predictive check (VPC) and model comparison.  

No significant correlation was detected (Figure 2-8).   So a diagonal inter-subject variance-

covariance matrix (OMEGA matrix) was accepted in the final population PK model. To examine 

the goodness of fit of the final fentanyl population PK model, the diagnostic plots were visually 

inspected. Figure 2-9 indicated the population PK model was able to describe the observed 

concentrations time courses for all three doses. In Figure 2-10, the points of observed 

concentrations vs. individual (IPRED) or population (PRED) predictions uniformly distributed 

along the identity lines (the solid line) (A), the points of residuals (RES) versus PRED evenly 

distributed along the two sides of the unity line and the points of weighted residuals (WRES) 

against PRED homogeneously distributed along the unity line. Therefore these visual plots 

further validated the final fentanyl population PK model. 

Discussion 

In this study, the PK of fentanyl in male Wistar rats with doses of 0.02, 0.04 and 0.08 

mg/kg administrated subcutaneously were investigated. A population two-compartment linear 

PK model was proposed. PK model validation demonstrated the accurateness and precision of 

the developed population PK model. All PK parameters, including the estimated stochastic 

model parameters, were estimated precisely as indicated by the obtained S.E.M.s. The terminal 

elimination half-life values calculated from NCA for fentanyl were 65.4 minutes for 0.02 mg/kg 
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dose, 61.5 minutes for 0.04 mg/kg dose and 74.0 minutes for 0.08 mg/kg dose, which were 

consistent with what had been reported 40 to 75 minutes for rats (Cox et al., 1998; Yassen et al., 

2005; Yassen et al., 2006; Ohtsuka et al., 2007; Yassen et al., 2008). Fentanyl is a high-

extraction drug and primarily metabolized by the cytochrome P450 3A4 in the liver. Its reported 

clearance via i.v. bolus or infusion varied from 16 to 42 mL/min/kg, which approximated the rat 

liver blood flow of 13.8 mL/min/0.25kg (Davies and Morris, 1993; Bjorkman and Redke, 2000). 

In this study, the estimated apparent clearance (clearance over bioavailability, CL/F) was 90 

mL/min/kg, which was approximately two times of the reported clearance values and the rat liver 

blood flow. Fentanyl is a highly lipophilic compound. A high steady state tissue/blood partition 

ratio was reported which indicated that fentanyl was extensively distributed to tissues (Bjorkman 

et al., 1990). The estimated apparent volume of distribution (Vss/F) 5.5 l/kg was approximately 

one fold higher than the estimates from Cox’s and Ohtsuka’s studies (Cox et al., 1998; Ohtsuka 

et al., 2007). These indicated the drug substance, fentanyl citrate, administrated subcutaneously 

had not been fully absorbed into blood circulation. The estimation in this study is comparable 

with the reported approximately 30% transdermal absorption of tritiated fentanyl citrate in man 

(Sebel et al., 1987). Therefore, the final two-compartment linear PK model constructed in this 

study is reasonably powerful with respect to predicting fentanyl drug concentrations over time 

for any desired dose regimen and further will help to explain the drug-response relationship and 

design a more efficient therapeutic application. 
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Table 2-1.  Noncompartmental analysis (NCA) of the observed fentanyl plasma concentration 
data with WinNonlin v5.2 

Dose 
(mg/kg)  

Tmax (min) Cmax (ng/mL) T1/2_z 
(min) 

Cl_F (mL/min) AUCall 
(ng/mL*min) 

AUCINF 
(ng/mL*min) 

AUCINF_D 
(ng/mL*min/mg) 

0.02 25.6±7.2 1.84±0.19  65.4±6.8 88.3±2.8 207±28  233±25 11671±1250  

0.04 17.6±4.9 3.68±0.38  61.5±7.2  90.5±5.0 401±43  422±47 11051±1175 

0.08 23.1±8.1 7.07±0.44  74.0±10.9  88.1±3.9  811±56  924±61 11552±763 

Data are expressed as means (± S.E.M.). 
 
 
 
 
Table 2-2.  Comparison of objective function values (OFV) and Akaike information criterion 

(AIC) values of fentanyl NONMEM PK analysis between one- and two- 
compartment models. 

Model number of parameters OFV AIC 
1-compartment model 7 -149.5 -135.5 
2-compartment model 10 -188.1* -168.1 
*Significant decreased in OFV compared with 1-compartment model using the likelihood ratio 
test at α = 0.01 level (~ χ2(3,0.01) = 11.4). 
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Table 2-3.  Population parameter estimates of the 2-compartment PK model using the standard 
two-stage approach 

Parameter  mean CV% 
ka (/min) 0.03 47 
V1_F (mL/kg) 1096 89 
Q_F (mL/min/kg) 323 117 
V2_F (mL/kg) 4215 56 
CL_F (mL/min/kg) 89 11 

 

 

 

 

 
Table 2-4.  Parameter estimates of the final population 2-compartment PK model using 

NONMEM and the stability of the parameters using the bootstrap resampling 
procedure 

Original data 1,000 bootstrap replicates Parameter 
Structural model 
estimate 
(θ,(CV%)) 

Inter-individual 
variability 
(ω,(CV%)) 

Structural model 
estimate 
(θ,(CV%)) 

Inter-individual 
variability 
(ω,(CV%)) 

ka  (/min)  0.024 (50.4) 0 (Fixed) 0.022 (35.3) 0 (Fixed) 
V1_F   (mL/kg) 995 (47.5) 0.159 (99.2) 947 (34.4) 0.123 (73.7) 
Q_F  (mL/min/kg) 158 (79.7) 0.352 (76.5) 152 (57.5) 0.421 (51.9) 
V2_F  (mL/kg)  4450 (35.5) 0.312 (70.3) 3798 (36.0)  0.389 (52.1) 
CL_F  (mL/min/kg) 90 (2.7) 0.084 (47.6) 88 (2.4) 0.077 (29.6) 
Residual Proportional error   
σ,(95% CI ) 0.132 (0.090, 0.174) 0.127 (0.104, 0.150) 
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Figure 2-1.  Mass spectrum product ions for fentanyl. Inset in each spectrum is the structure of 

fentanyl and the proposed fragmentation (Day et al., 2003). 
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Figure 2-2.  Chromatograms of plasma spiked with 0.025 ng/mL fentanyl and 1 ng/mL I.S. 
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Figure 2-3.  The calibration curve of fentanyl rat plasma samples in the range of 0.025 – 25 

ng/mL 

 

Compound 2 name: Fentanyl     Method File: 12-05-07
Coefficient of Determination: 0.997729
Calibration curve: 0.172581 * x + 0.00965366
Response type: Internal Std ( Ref 1 ), Area * ( IS Conc. / IS Area )
Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure 2-4.  The observed fentanyl plasma concentration time courses of three doses (0.02, 0.04, 

and 0.08 mg/kg) administered subcutaneously.  Data were expressed as mean ± 
standard deviation (SD) (n = 6). 
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Figure 2-5.  The linear regression of AUCinf (from NCA analysis) vs. dose.  Data were 

expressed as mean ± standard error of the mean (S.E.M.) (n = 6). 
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Figure 2-6.  The schemes of one-compartment PK model (A) and two-compartment PK model 

(B) with first-order drug absorption 
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Figure 2-7.  The time courses of observed fentanyl plasma concentrations of all individuals and 

the population 2-compartment PK model predictions using the standard two-stage 
approach 
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Figure 2-8.  The diagnostic plot of the correlation among ETAs of the population 2-compartment 

PK model 
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Figure 2-9.  The time courses of observed fentanyl plasma concentrations of all individuals and 

the population 2-compartment PK model predictions using NONMEM 
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Figure 2-10.  The diagnostic plots of goodness of fit of the population 2-compartment PK model: 

A) observed concentration vs. population/individual prediction, B) residual vs. 
population prediction, and C) weighted residual vs. population prediction 
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CHAPTER 3 
EFFECTS OF FENTANYL DOSE AND EXPOSURE DURATION ON THE AFFECTIVE 

AND SOMATIC SIGNS OF FENTANYL WITHDRAWAL IN RATS1 

Introduction 

Fentanyl is a synthetic narcotic analgesic that is used as preanesthetic medication, 

anesthetic adjunct during general anesthesia, and as an analgesic for the treatment of severe 

chronic pain (Linneman et al., 2000; Muijsers and Wagstaff, 2001; Twite et al., 2004). Fentanyl 

is a specific mu-opioid receptor agonist and is part of a class of compounds known as the 

phenylpiperidines (Skaer, 2006). Fentanyl is approximately 200 times more potent than 

morphine in rodent analgesia tests and 100 times more potent in drug discrimination procedures 

(Meert and Vermeirsch, 2005). Evidence indicates that there has been a strong increase in the 

medical use and abuse of fentanyl over the past twenty years (Joranson et al., 2000; Gilson et al., 

2004; Novak et al., 2004). Abuse of fentanyl and its analogs has been associated with a large 

number of drug overdose deaths, which might be due to their high potency and respiratory 

depressant effects (Kronstrand et al., 1997; Kuhlman et al., 2003; Lilleng et al., 2004). Clinical 

and preclinical studies indicate that the discontinuation of fentanyl administration induces a 

withdrawal syndrome, and a delayed discharge from the hospital compared to when other 

analgesic narcotics are used (Franck et al., 1998; Dominguez et al., 2003; Franck et al., 2004). A 

large body of clinical evidence indicates that discontinuation of chronic fentanyl administration 

results in a severe somatic withdrawal syndrome (Arnold et al., 1990; Franck and Vilardi, 1995; 

Franck et al., 1998; Dominguez et al., 2003; Franck et al., 2004). In addition, we demonstrated 

that fentanyl withdrawal is associated with elevations in brain reward thresholds in a rat 

                                                 
1 This chapter is a rewritten of our published paper (Neuropharmacology 55 (2008) 812–818) with permission from 
Elsevier  

http://www.elsevier.com/copyright  
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intracranial self-stimulation (ICSS) procedure (Bruijnzeel et al., 2006), and these elevations in 

brain reward thresholds can be prevented by pretreatment with the partial mu-opioid receptor 

agonist buprenorphine (Bruijnzeel et al., 2007a). Elevations in brain reward thresholds are 

interpreted as a deficit in brain reward function (e.g., anhedonic-state) as higher current 

intensities are required to maintain responding for rewarding electrical stimuli (Barr and Markou, 

2005). Elevations in brain reward thresholds have also been reported after the discontinuation of 

the administration of drugs of abuse such as cocaine, amphetamine, alcohol, and nicotine 

(Kokkinidis and McCarter, 1990; Schulteis et al., 1995; Epping-Jordan et al., 1998; Cryan et al., 

2003). The positive reinforcing effects of drugs of abuse play an important role in the initiating 

of drug taking behavior, however, it has been suggested that the negative affective state 

associated with drug withdrawal provides a major motivational force for the continuation of drug 

abuse (Koob et al., 1997; Bruijnzeel and Gold, 2005). Therefore studies that investigate the 

effect of fentanyl dose and exposure duration on the negative affective aspects of fentanyl 

withdrawal are warranted. Based on previous studies by Easterling and Holtzman (Easterling and 

Holtzman, 1997), it was hypothesized that the deficit in brain reward function depends on the 

dose of fentanyl administered and not on the exposure duration. The aim of the first experiment 

was to investigate the effect of the dose of fentanyl on the affective and somatic signs of 

naloxone-precipitated and spontaneous fentanyl withdrawal. The aim of the second experiment 

was to investigate the effect of the fentanyl administration period on the affective and somatic 

signs of precipitated fentanyl withdrawal. Studies that provide information about the effects of 

fentanyl dose and exposure duration on affective and somatic withdrawal signs may aid in the 

development of treatment regimen that provide maximal pain relief and minimal opioid 

withdrawal symptoms after the discontinuation of the treatment. 
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Materials and Methods 

Subjects 

Male Wistar rats (Charles River, Raleigh, NC) weighing 300-350 g at the beginning of the 

experiments were used. Animals were socially housed (2 per cage) in a temperature- and 

humidity-controlled vivarium and maintained on a 12 hour light-dark cycle (lights off at 6 p.m.). 

All testing occurred during the light phase of the cycle. Food and water were available ad libitum 

in the home cages. All subjects were treated in accordance with the National Institutes of Health 

guidelines regarding the principles of animal care. Animal facilities and experimental protocols 

were in accordance with the Association for the Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) and approved by the University of Florida Institutional Animal Care 

and Use Committee. 

Drugs  

Naloxone hydrochloride and fentanyl citrate were purchased from Sigma (Sigma-Aldrich, 

St. Louis, MO, USA) and dissolved in sterile saline (0.9% sodium chloride). Fentanyl was 

administered subcutaneously (sc) using osmotic minipumps (Durect Corporation, Cupertino, 

CA) for 14 days. Naloxone and fentanyl doses are expressed as the salt. 

Cranial Electrode Implantation Surgery 

For the electrode implantations, the rats were anesthetized with an isoflurane / oxygen 

vapor mixture (1-3% isoflurane), and placed in the surgery area and secured in a Kopf 

stereotaxic frame (David Kopf Instruments, Tujunga, CA) with the incisor bar set 5 mm above 

the interaural line. Core body temperature was maintained at 35°C by placing an adjustable 

temperature controlled heating pad beneath the rat. The incision area of the cranium was given 

final prepping using 70% alcohol and betadine in succession 2 more times then a small sterile 

drape is placed over the incision site. A 1cm midline incision was made through the skin; the 
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skin was then retracted, allowing adequate exposure of the bone surface. Using a micro drill, 4 - 

0.5mm holes were drilled through the cranial surface; sterile micro screws were then threaded 

into the holes, (these screws were necessary to help anchor the electrode and only penetrated the 

thickness of the bone, approximately 1mm). An additional hole (AP -0.5 mm; ML ±1.7 mm) was 

drilled for the electrode. The 11 mm stainless steel bipolar electrode (model MS303/2 Plastics 

One, Roanoke, VA) was implanted in the medial forebrain bundle at the level of the posterior 

lateral hypothalamus (anterior-posterior - 0.5 mm; medial-lateral ± 1.7 mm; dorsal-ventral - 8.3 

mm from dura). After the implantation of the electrode, dental cement (Pharmaceutical grade 

Dental Acrylic Cement, CO-Oral-Ite Dental Mfg. Co.), was carefully applied around the 

electrode and screws to permanently secure the electrode to the skull. The dental cement 

hardened and created a mushroom like lip for the skin to be sutured with sterile non-absorbable 

monofilament thread.  Following completion of surgery, betadine ointment (10% povidone-

iodine) and local pain reliever ointment (betacaine gel, contains 5% lidocaine) were applied to 

the incision areas. The rat was then placed in a recovery cage and closely monitored for at least 1 

hour. Heating pads placed under the recovery cages were maintained at ~25°C. In addition, 

Flunixin (non-steroidal anti-inflammatory drug (NSAID), 1.25 mg/kg) was administered every 

12 hours for the first 48 hours after the surgery to relief postoperative pain. 

Minipump Implantation Surgery 

In order to induce dependence, rats were prepared with osmotic minipumps (Alzet model 

2ML2, 14 day pumps) that delivered fentanyl. The control rats were prepared with pumps that 

delivered vehicle (saline). A rodent anesthesia machine, with an induction chamber using an 

isoflurane vaporizer at an induction rate of 5% isoflurane with 2L/min flow of O2 was used. 

Maintaining anesthesia using a nose cone was at a rate between 2.5% to 3% isoflurane with 

1L/min flow of O2.  The pumps were implanted subcutaneously in an aseptic manner. One side 
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of the flank of the rats was clipped and then surgically prepped using 70% alcohol and a betadine 

solution. A 1.5 cm skin incision was made posterior of the ribcage. Using a sterile blunt tissue 

forceps, a small pocket was created by separating the muscle and subcutaneous layer for ease of 

the insertion of the sterile minipump. The minipumps was implanted under the skin and the 

incision was closed with a non-absorbable, simple interrupted suture. Following completion of 

surgery, betadine ointment (10% povidone-iodine) and local pain reliever ointment (betacaine 

gel, contains 5% lidocaine) were applied to the incision area. 

Apparatus and Assessing Brain Reward Function  

The experimental apparatus consisted of twelve Plexiglas chambers (30.5 x 30 x 17 cm; 

Med Associates, Georgia, VT), each housed in a sound-attenuating melamine chamber (Med 

Associates, Georgia, VT). The operant chambers consisted of a metal grid floor and a metal 

wheel (5 cm wide) centered on a sidewall. A photobeam detector was attached next to the 

response wheel and recorded every 90 degrees of rotation. Brain stimulation was delivered by 

constant current stimulators (Model 1200C, Stimtek, Acton, MA). Subjects were connected to 

the stimulation circuit through bipolar leads (Plastics One, Roanoke, VA) attached to gold-

contact swivel commutators (model SL2C Plastics One, Roanoke, VA). A computer controlled 

the stimulation parameters, data collection, and all test session functions. 

Intracranial Self-Stimulation Procedure 

Rats were trained on a modified discrete-trial ICSS procedure (Kornetsky and Esposito, 

1979), as described previously (Bruijnzeel et al., 2007b). The subjects were trained initially to 

turn the wheel on a fixed ratio 1 (FR1) schedule of reinforcement. Each quarter turn resulted in 

the delivery of a 0.5 second train of 0.1 millisecond cathodal square-wave pulses at a frequency 

of 100 Hz. After the successful acquisition of responding, defined as 100 reinforcements within 

10 minutes, the rats were gradually trained on a discrete-trial current-threshold procedure. Each 
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trial began with the delivery of a non-contingent electrical stimulus, followed by a 7.5 second 

response window within which the animal could respond to receive a second contingent stimulus 

identical to the initial non-contingent stimulus. A response during this 7.5 second response 

window was labeled a positive response, while the lack of a response was labeled a negative 

response. During a 2-second period immediately after a positive response, additional responses 

had no consequence. The inter-trial interval (ITI), which followed either a positive response or 

the end of the response window, had an average duration of 10 seconds (7.5 - 12.5 seconds). 

Responses that occurred during the ITI resulted in a further 12.5 second delay of the onset of the 

next trial. During training on the discrete-trial procedure, the duration of the ITI and delay 

periods induced by time-out responses were gradually increased until animals performed 

consistently at standard test parameters. The rats were subsequently tested on the current-

threshold procedure in which stimulation intensities varied according to the classical 

psychophysical method of limits. A test session consisted of four alternating series of descending 

and ascending current intensities starting with a descending series. Blocks of three trials were 

presented to the subject at a given stimulation intensity, and the intensity was altered 

systematically between blocks by 5 µA steps. The initial stimulus intensity was set 40 µA above 

the baseline current-threshold for each animal. Each test session typically lasted 30-40 minutes 

and provided two variables: brain reward thresholds and response latencies. The brain reward 

threshold for a descending series was defined as the midpoint between stimulation intensities that 

supported responding (i.e., positive responses on at least two of the three trials), and current 

intensities that failed to support responding (i.e., positive responses on fewer than two of the 

three trials for two consecutive blocks of trials). The threshold for an ascending series was 

defined as the midpoint between stimulation intensities that did not support responding and 
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current intensities that supported responding for two consecutive blocks of trials. Four threshold 

estimates were recorded and the mean of these values was taken as the brain reward threshold for 

a specific subject. The response latency was defined as the time interval between the beginning 

of the non-contingent stimulus and a positive response. The response latency for each test 

session was defined as the mean response latency on all trials during which a positive response 

occurred. 

Somatic Withdrawal Signs  

The rats were habituated to the Plexiglas observation chambers (10" x 10" x 18"; L x W x 

H) for 5 minutes per day on three consecutive days prior to the test sessions. During the test 

sessions the individual somatic withdrawal signs were recorded for 10 minutes. A total 

withdrawal score was calculated using the modified Gellert and Holtzman rating scale (Gellert 

and Holtzman, 1978; Bruijnzeel et al., 2006). This scale consists of graded signs (score 

dependent on frequency of appearance) and checked signs (score independent of frequency of 

appearance). Graded signs included escape attempts (n = 2 - 4, score 1; n = 5 - 9, score 2; n = 10 

or more, score 3) and abdominal constrictions (a score of 1 per 2 constrictions). Checked signs 

included diarrhea (score 3), facial fasciculations or teeth chattering (score 2 if n > 5), ptosis 

(score 2 if n > 5), eye blinks (score 2 if n > 10), wet dog shakes (score 2 if n > 2), swallowing 

(score 2 if n > 2), abnormal posture (score 3 if n > 2), erection or ejaculation (score 3 if n > 2) 

and irritability (score 3). 

Blood Sample Collection  

The rat was completely anesthetized by putting in an isoflurance induction chamber for 5 

minutes before the collection procedure.  The tongue was extended in front with a cotton-tipped 

applicator stick and was carefully pulled forward with a forceps. One of the sublingual veins was 

punctured with a 23 gauge needle. After successfully puncturing, the rat was turned back into a 
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prone position and the blood was allowed to drop into a plasma collection tube. As soon as the 

required volume (~450 µl) of blood had been collected successfully, potential hemorrhaging 

from the needle puncture was stopped by applying a cotton-tipped applicator soaked with a 50% 

solution of iron chloride (Zeller et al., 1998; Mahl et al., 2000). 

Plasma Fentanyl Levels  

A validated liquid chromatography–tandem mass spectrometry (LC/MS/MS) method was 

used to determine plasma fentanyl levels. First, 6 µl of internal standard (25 ng/mL, fentanyl-d5) 

was added to 200 µl plasma aliquots. Fifty µl of concentrated ammonia was added to the samples 

and subsequently the samples were extracted by liquid / liquid extraction using 3 mL of methyl 

tertiary-butyl ether. Then the samples were reconstituted in 200 µl of 0.1% formic acid in a 

water/methanol/acetonitrile (50:25:25, v/v/v) solution. Fifty µl was injected into a high-

performance liquid chromatography (HPLC) system that was connected to a Quattro mass 

spectrometer (Micromass, Manchester, UK). The pump was operated isocratically at 0.25 

mL/min at ambient temperature. Chromatographic separation of the analytes was achieved on an 

30 mm × 2.00 mm Luna 5µ C18(2) column (Phenomenex, USA, Torrance, CA). The minimal 

limit of quantification (LOQ) was 25 pg of fentanyl per milliliter. 

Experimental Design 

The study was performed with the approval of the Institutional Animal Care and Use 

Committee (IACUC) of the University of Florida (Protocol # E613).  

Experiment 1: Effect of fentanyl dose on precipitated and spontaneous fentanyl withdrawal  

After implantation of the electrodes and a 7-day recovery period the rats were trained on 

the ICSS procedure. After stable baseline brain reward thresholds were achieved (defined as less 

than 10% variation within a 5 day period), the rats were prepared with 14-day osmotic 

minipumps that contained either saline or fentanyl (0.006, 0.06, 0.3, 0.6 mg/kg/day, n = 6 per 
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group) dissolved in saline. For all experiments, brain reward thresholds, response latencies, and 

body weights were measured daily between 9:00 am and 12:00 noon. Naloxone (0.003–0.03 

mg/kg, sc) injections were administered according to a within-subjects Latin square design and 

started at least 6 days after the implantation of the minipumps. After the administration of 

naloxone, the rats were returned to their home cage for 5 minutes. Then the rats were placed in 

the observation cages and somatic withdrawal signs were recorded for 10 minutes by an 

experienced observer who was blind to the treatment conditions. Immediately after the 

observation period the rats were placed in the ICSS test chambers and brain reward thresholds 

and response latencies were assessed. After 14 days, the minipumps were removed and somatic 

signs, reward thresholds, and response latencies were assessed 6, 12, 24, 36, 48, 72, 96, and 120 

hours after explantation of the minipumps. Blood samples were collected from the sublingual 

vein 7 and 14 days after the implantation of the fentanyl pumps. The plasma fentanyl levels were 

determined using quantitative LC/MS/MS.  

Experiment 2: Effect of fentanyl exposure duration on precipitated fentanyl withdrawal  

Electrodes were implanted in the medial forebrain bundle and the rats were stabilized 

(defined as less than 10% variation within a 5 day period) on the ICSS procedure. The rats were 

then prepared with 14-day minipumps that contained saline (n = 5) or fentanyl (0.6 mg/kg/day, 

n=5; 0.3 mg/kg/day, n = 6 per group). In order to investigate the development of opioid 

dependence, naloxone (0.03 mg/kg, sc) was administered 8, 24, 48, 72, 120, and 168 hours after 

the implantation of the minipumps. After the administration of naloxone, the rats were returned 

to their home cages for 5 minutes and then somatic withdrawal signs were recorded for 10 

minutes in the observation cages. Immediately after recording the somatic signs, the rats were 

placed in the ICSS test chambers and brain reward thresholds and response latencies were 

assessed. Blood samples were collected from the sublingual vein immediately after ICSS testing 
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at the 8, 24, 48, 72, and 120 hour time-points. The plasma fentanyl levels were determined using 

quantitative LC/MS/MS. 

Statistical Analyses  

For experiment 1 (precipitated withdrawal), brain reward thresholds and response latencies 

were expressed as a percentage of the pre-test day values. Somatic signs and percent changes in 

brain reward thresholds and response latencies were analyzed using two-way repeated-measures 

analyses of variance (ANOVA), with the dose of naloxone as the within-subjects factor and 

pump content (saline and various fentanyl doses) as the between-subjects factor. For experiment 

1 (spontaneous withdrawal), ICSS parameters were expressed as percentages of the values 

obtained on the day prior to minipump explantation. Somatic signs and percent changes in ICSS 

parameters were analyzed using two-way repeated-measures ANOVA with pump-content as 

between-subjects factor and time as the within-subjects factor. A two-way repeated-measures 

ANOVA was used to compare plasma fentanyl levels 7 days and 14 days after the implantation 

of the minipumps. The between-subjects factor was pump-content and the within-subjects factor 

was time. For experiment 2, somatic signs and percent changes in ICSS parameters were 

analyzed using a two-way repeated-measures ANOVA. The between-subjects factor was pump-

content and the within-subjects factor was time. A two-way repeated-measures ANOVA was 

also used to compare plasma fentanyl levels 8, 24, 48, 72 and 120 hours after the implantation of 

the minipumps. The between-subjects factor was pump-content and the within-subjects factor 

was time. For all experiments, statistically significant results in the ANOVA were followed by a 

Tukey multiple pairwise comparison test. The criterion for significance was set at 0.05. The 

statistical analyses were performed using SAS for Windows software, version 9.13. 
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Results 

Experiment 1: Effect of Fentanyl Dose on Precipitated and Spontaneous Fentanyl 
Withdrawal  

Mean (± S.E.M.) absolute brain reward thresholds before pump-implantation for saline- 

and fentanyl-treated (0.006, 0.06, 0.3, 0.6 mg/kg/day) rats were 101.53 ± 3.88, 101.29 ± 3.12, 

110.80 ± 3.19, 100.88 ± 5.31, and 100.00 ± 4.38 µA, respectively [F4,25=0.19, n.s.]. Mean (± 

S.E.M.) absolute response latencies for saline- and fentanyl-treated (0.006, 0.06, 0.3, 0.6 

mg/kg/day) rats were 3.12 ± 0.05, 3.14 ± 0.04, 3.23 ± 0.04, 3.06 ± 0.04, and 3.13 ± 0.03 seconds, 

respectively [F4,25=0.39, n.s.]. Statistical analyses indicated that there was an effect of the dose 

of fentanyl on plasma fentanyl levels (Table 3-1; Treatment: F3,20=508.78, P<0.001). The 

plasma fentanyl levels were the same at day 7 and day 14 after minipump implantation (Time: 

F1,20=3.26, n.s.).   

Statistical analyses indicated that naloxone induced an elevation in brain reward thresholds 

in the rats treated with fentanyl and naloxone induced greater elevations in brain reward 

thresholds in rats treated with high doses of fentanyl than in rats treated with low doses of 

fentanyl (Figure 3-1A; Dose x Treatment interaction: F12,75=8.59, P<0.001). Posthoc analyses 

indicated that fentanyl had a dose-dependent effect on the naloxone (0.03 mg/kg) induced 

elevations in brain reward thresholds. The brain reward thresholds of the rats chronically treated 

with 0.6 mg/kg of fentanyl and acutely treated with treated with 0.03 mg/kg of naloxone were 

elevated compared to those of the rats chronically treated with 0.3 mg/kg of fentanyl and acutely 

treated with the same dose of naloxone. In addition, the brain reward thresholds of the rats 

chronically treated with 0.3 mg/kg of fentanyl and acutely treated with treated with 0.03 mg/kg 

of naloxone were elevated compared to those of all other fentanyl groups (0.0, 0.006, 0.06 

mg/kg) acutely treated with the same dose of naloxone. Naloxone (0.03 mg/kg) did not elevate 
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the brain reward thresholds of the rats treated with the lowest doses of fentanyl (0, 0.06, 0.06 

mg/kg/day). Statistical analyses indicated that naloxone increased somatic signs in the rats 

treated with fentanyl and naloxone induced a greater increase in somatic signs in rats treated with 

high doses of fentanyl than in rats treated with low doses of fentanyl (Figure 3-1B; Dose x 

Treatment interaction: F12,75=15.24, P<0.001). Posthoc analyses indicated that fentanyl had a 

dose-dependent effect on the naloxone (0.01 and 0.03 mg/kg) induced increases in somatic 

withdrawal signs. The administration of naloxone did not affect the response latencies of the 

fentanyl or saline-treated rats (Table 3-2; Dose: F4,25=1.31, n.s.; Treatment: F3,75=0.73, n.s.; 

Dose x Treatment interaction: F12,75=0.46, n.s.). This indicates that naloxone did not induce 

motor impairments in the fentanyl dependent rats. 

Explantation of the minipumps induced an elevation in the brain reward thresholds in the 

fentanyl-treated rats. Discontinuation of fentanyl administration induced higher and more 

prolonged elevations in brain reward thresholds in rats treated with high doses of fentanyl than in 

rats treated with low doses of fentanyl (Figure 3-2A; Dose x Time interaction: F28,175=4.94, 

P<0.001). Posthoc analyses indicated that explantation of the minipumps induced a dose-

dependent elevation in brain reward thresholds. Discontinuation of fentanyl administration 

induced elevations in brain reward thresholds in rats treated with high doses of fentanyl (0.3 and 

0.6 mg/kg/day), but not in the rats treated with low doses of fentanyl (0.0, 0.006, 0.06 

mg/kg/day). In addition, posthoc analyses indicated that the elevations in brain reward thresholds 

lasted 36 hours in the rats chronically treated with 0.6 mg/kg of fentanyl per day and only 12 

hours in rats chronically treated with 0.3 mg/kg of fentanyl per day. The dose of fentanyl did not 

affect the response latencies associated with spontaneous fentanyl withdrawal (Table 3-3; Dose: 

F4,25=1.83, n.s.;). There was an effect of time on the response latencies (Time: F7,175=3.79, 
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P=0.0007), but this effect was not dependent on the treatment conditions (Dose x Time 

interaction: F28,175=0.99, n.s.). Discontinuation of fentanyl administration induced more 

somatic signs that lasted for a longer duration in rats treated with high doses of fentanyl than in 

rats treated with low doses of fentanyl (Figure 3-2B; Dose x Time interaction: F28,175=13.98, 

P<0.001). Posthoc analyses (level of significance, P<0.05) indicated that the discontinuation of 

fentanyl administration increased somatic symptoms in rats treated with the high doses of 

fentanyl (0.06, 0.3, 0.6 mg/kg/day) but not in the rats treated with a low dose of fentanyl (0.0 and 

0.006 mg/kg/day). The increases in somatic symptoms lasted 72 hours in the rats that were 

chronically treated with 0.6 mg/kg of fentanyl per day, 48 hours in rats treated with 0.3 mg/kg of 

fentanyl per day, and only 12 hours in rats treated with 0.06 mg/kg of fentanyl per day.  

Experiment 2: Effect of Fentanyl Exposure Duration on Precipitated Fentanyl Withdrawal   

Mean (± S.E.M.) absolute brain reward thresholds before minipump-implantation for 

saline- and fentanyl-treated (0.3 or 0.6 mg/kg/day) rats were 143.25 ± 20.84, 111.71 ± 14.11, and 

97.47 ± 7.21 µA, respectively [F2,13=3.45, n.s.]. Mean (± S.E.M.) absolute response latencies 

for saline- and fentanyl-treated (0.3 or 0.6 mg/kg/day) rats were 3.20 ± 0.10, 3.08 ± 0.07, and 

3.27 ± 0.13 seconds, respectively [F2,13=0.74, n.s.]. Statistical analyses indicated that there was 

an effect of fentanyl dose (Table 3-4; Treatment: F1,9=35.10, P<0.001) and time after pump 

implantation (Time: F4,36=14.17, P<0.001) on plasma fentanyl levels. Plasma fentanyl levels 

increased up to the 24 hour time point and then stabilized. Statistical analyses indicated that there 

was a significant effect of fentanyl dose and duration of exposure on naloxone-induced 

elevations in brain reward thresholds (Figure 3-3A; Time x Treatment interaction: F10,65=4.37, 

P<0.001) and increases in somatic withdrawal signs (Figure 3-3B; Time x Treatment interaction: 

F10,65=20.10, P<0.001). Posthoc analyses (level of significance, P<0.05) revealed that at the 8 

hour time point naloxone elevated the brain reward thresholds of the rats chronically treated with 
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fentanyl (0.3 and 0.6 mg/kg/day) compared to the rats chronically treated with vehicle. At this 

time point, naloxone elevated the brain reward thresholds of the rats treated with 0.3 and 0.6 

mg/kg/day of fentanyl to a similar degree. After the 8 hour time point (24 -168 hours), naloxone 

induced higher elevations in brain reward thresholds in rats treated with 0.6 mg/kg of fentanyl 

per day compared to rats treated with 0.3 mg/kg of fentanyl per day. In both fentanyl groups, 

naloxone induced higher elevations in brain reward thresholds at the 24 hour time point than at 

the 8 hour time point. The naloxone-induced elevations in brain reward thresholds did not further 

increase after the 24 hour time point. Maximum plasma fentanyl levels and maximum naloxone-

induced elevations in brain reward thresholds were achieved at the same time point (24 hours 

after pump implantation). Thus, a more prolonged exposure period did not potentiate the 

naloxone-induced elevations in brain reward thresholds. In both fentanyl groups, the number of 

naloxone-induced somatic signs gradually increased up to the 120 hour time point. Naloxone did 

not increase the somatic signs in saline- or fentanyl-treated rats at the 8 hour time point. In the 

rats treated with fentanyl, naloxone induced more somatic signs at the 24 hour time point than at 

the 8 hour time point and more signs at the 120 hour time point than at the 24 hour time point. 

From the 24 hour time point to the 168 hour time point, naloxone induced more somatic signs in 

the rats treated with 0.6 mg/kg of fentanyl per day than in the rats treated with 0.3 mg/kg of 

fentanyl per day. There was no effect of fentanyl dose and exposure period on the response 

latencies during naloxone-precipitated fentanyl withdrawal (Table 3-5; Dose: F2,13=1.42, n.s.; 

Time: F5,65=2.34, n.s.; Dose x Time interaction: F10,65=1.68, n.s.). 

Discussion 

The results presented in this study indicate that the negative affective state and somatic 

withdrawal signs associated with naloxone-precipitated and spontaneous fentanyl withdrawal are 

dose dependent. Discontinuation of the administration of high doses of fentanyl leads to a more 
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severe negative emotional state and increased somatic withdrawal signs compared to when low 

doses of fentanyl are administered. In addition, it was shown that the duration of fentanyl 

administration does not have an effect on the negative emotional state associated with 

precipitated fentanyl withdrawal. These findings suggest that the dose (or more precisely, the 

plasma concentration) of fentanyl better predicts the negative emotional state of fentanyl 

withdrawal than the administration period.   

To our knowledge, this is the first study to investigate the effect of the dose of fentanyl on 

the affective and somatic fentanyl withdrawal signs. In the first experiment, the minipumps 

delivered 0.006, 0.06, 0.3, or 0.6 mg/kg of fentanyl per day for 14 days which resulted in steady 

state plasma fentanyl levels of approximately 0.02, 0.3, 1.3, 3.2 ng/mL, respectively. Clinical 

studies indicate that the minimum effective concentration of fentanyl that reduces acute pain in 

non-dependent patients ranges from 0.2 – 1.2 ng/mL (Gourlay et al., 1988). Treatment of patients 

with a single transdermal fentanyl patch, 100 µg/hour, leads to plasma fentanyl levels of ~ 1.8 

ng/mL (Varvel et al., 1989). The development of tolerance to the analgesic effects of fentanyl 

can lead to a rapid escalation in the dose of fentanyl administered. Fentanyl levels ranging from 

20 - 170 ng/mL have been reported in patients chronically treated with fentanyl (Leuschen et al., 

1993; Bleeker et al., 2001). The plasma fentanyl levels in the present study are similar to those in 

patients who have been treated for pain with fentanyl for a short amount of time and have little to 

no tolerance to the analgesic effects of fentanyl.  

The results of the first experiment indicated that the deficit in brain reward function 

associated with precipitated and spontaneous fentanyl withdrawal is dependent on the dose of 

fentanyl administered. The highest dose of naloxone, 0.03 mg/kg, elevated the brain reward 

thresholds of the rats treated with the highest doses of fentanyl (0.3 and 0.6 mg/kg/day), but not 
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of the rats treated with lower doses of fentanyl (0.006 and 0.06 mg/kg/day) or vehicle. The same 

pattern of results was detected after the discontinuation of fentanyl administration. 

Discontinuation of the administration of the highest doses of fentanyl (0.3 and 0.6 mg/kg/day) 

elevated the brain reward thresholds and discontinuation of the administration of the lower doses 

(0.0, 0.006 and 0.06 mg/kg/day) did not elevate brain reward thresholds. It is interesting to note 

that somatic signs were detected at lower fentanyl doses than the affective withdrawal signs. 

Naloxone (0.03 mg/kg) increased somatic signs in rats treated with 0.06 mg/kg of fentanyl and 

the discontinuation of the administration of 0.06 mg/kg of fentanyl per day increased the somatic 

withdrawal signs. Affective withdrawal signs were not detected in rats treated with 0.06 mg/kg 

of fentanyl per day. This is in line with a previous study in which we reported that a very low 

dose of naloxone (0.003 mg/kg) increases somatic signs in rats treated with 1.2 mg/kg of 

fentanyl per day, but does not elevate brain reward thresholds in rats treated with the same dose 

of fentanyl (Bruijnzeel et al., 2006). However, it should be noted that Schulteis and colleagues 

reported that naloxone disrupts behavioral responses (e.g., operant responding and ICSS 

responding) in morphine dependent animals at lower doses than those at which it induces 

somatic withdrawal signs (Schulteis et al., 1994). In addition, Higgins and Sellers concluded that 

naloxone disrupts operant responding at lower doses than those at which it induces the 

expression of somatic withdrawal signs (Higgins and Sellers, 1994). This pattern of results 

suggests that there is a differentiation in the relative sensitivity of naloxone-precipitated somatic 

and behavioral withdrawal signs in morphine and fentanyl dependent animals. However, 

comparative studies that utilize morphine and fentanyl dependent animals are needed before firm 

conclusions can be drawn. 
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The duration of the affective and the somatic withdrawal signs associated with the 

discontinuation of fentanyl administration were also dependent on the dose of fentanyl. The 

deficit in brain reward function lasted 36 hours in the rats that received 0.6 mg/kg of fentanyl and 

only 12 hours in the rats that received 0.3 mg/kg of fentanyl. Higher fentanyl doses induce an 

even more prolonged fentanyl withdrawal syndrome. In a previous study we reported that the 

brain reward thresholds in rats are elevated for 48 hours after the discontinuation of the 

administration of 1.2 mg/kg of fentanyl per day for 14 days (Bruijnzeel et al., 2006). Taken 

together, the data presented here indicate that the affective and somatic fentanyl withdrawal signs 

are dose dependent; high fentanyl doses induce a more severe and prolonged withdrawal 

syndrome than low doses of fentanyl.    

The second experiment investigated the effect of the dose of fentanyl and the exposure 

duration on the development of fentanyl dependence. The results of this study confirmed that 

high doses of fentanyl mediate a more severe opioid withdrawal syndrome than low doses of 

fentanyl. Naloxone (0.03 mg/kg) induced higher elevations in brain reward thresholds and more 

somatic signs in rats treated with 0.6 mg/kg of fentanyl per day than in rats treated with 0.3 

mg/kg of fentanyl per day. The results of this study also indicated that plasma fentanyl levels 

increased during the first 24 hours and then remained stable for the remainder of the experiment. 

A similar time-course was observed for the effect of naloxone on brain reward thresholds. 

Naloxone induced maximum elevations in brain reward thresholds at the same time point as 

when maximum plasma fentanyl levels were achieved. Prolonged exposure to fentanyl did not 

further increase the naloxone-induced elevations of brain reward thresholds. This suggests that 

fentanyl induces acute dependence and that the negative affective state of fentanyl withdrawal is 

mainly determined by the dose of fentanyl and not the duration of fentanyl administration. The 
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maximum naloxone-induced deficit in brain reward function and the maximum naloxone-

induced increases in somatic signs were detected at different time points. Maximum naloxone-

induced elevations in brain reward thresholds were detected at the 24 hour time-point and the 

maximum number of naloxone-induced somatic withdrawal signs was detected at the 120 hour 

time-point. This observation is in line with the results of a study by Easterling and Holtzman that 

investigated the effects of acute versus chronic morphine administration on naloxone-

precipitated affective and somatic withdrawal signs (Easterling and Holtzman, 1997). They 

showed that naloxone induced a similar decrease in response rates in the ICSS auto-titration 

procedure in rats acutely and chronically treated with morphine. However, naloxone induced a 

more severe somatic withdrawal syndrome in rats chronically treated with morphine than in rats 

acutely treated with morphine. A possible explanation for the observation that maximum somatic 

withdrawal signs were detected 4 days after the maximum affective withdrawal signs were 

detected is that different brain areas mediate somatic and affective withdrawal signs. Evidence 

indicates that the locus coeruleus and the periaqueductal gray at least partly mediate the somatic 

opioid withdrawal signs (Bozarth and Wise, 1984; Taylor et al., 1988; Maldonado and Koob, 

1993). The affective opioid withdrawal signs have been suggested to be mediated by the central 

nucleus of the amygdala, bed nucleus of the stria terminalis, and the nucleus accumbens (Delfs et 

al., 2000; Gracy et al., 2001). The administration of opioids has been shown to result in rapid 

changes in opioid receptor levels, G-protein coupling, and intracellular changes such as the 

upregulation of the cAMP pathway (Nestler, 2004; Bailey and Connor, 2005). It might be 

possible that opioids induce brain site specific effects on opioid signaling pathways. This is for 

example supported by the observation that morphine differentially affects µ-opioid receptor 

desensitization in the locus coeruleus and pituitary cells (Bailey and Connor, 2005).  
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In conclusion, the results presented in this study indicate that the duration and the severity 

of the dysphoria associated with the discontinuation of fentanyl administration are dependent on 

the dose of fentanyl administered. In addition, it was shown that fentanyl induces acute 

dependence and increasing the exposure duration does not lead to a further increase in the 

naloxone-induced negative emotional state. These studies suggest that when fentanyl is used for 

the treatment of chronic pain the dose of fentanyl should be minimized and increasing the 

treatment period does not further increase the negative emotional state associated with fentanyl 

withdrawal. Additional studies are needed that aid in the development of pain treatment regimen 

that provide maximal pain relief and minimal dysphoria after the discontinuation of the 

treatment. 
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Table 3-1.  Effect of fentanyl dose and exposure period on plasma fentanyl levels (ng/mL). 
Fentanyl (mg/kg/day) Time (days) 

0.006 0.06 0.3 0.6 
7 0.02 ± 0.002 0.24 ± 0.02 1.27 ± 0.08 3.10 ± 0.11 
14 0.02 ± 0.003 0.24 ± 0.02 1.37 ± 0.11 3.20 ± 0.13 
Data are expressed as means (± S.E.M.). 
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Table 3-2.  Effect of fentanyl dose on the response latencies (percentage of baseline) associated 
with naloxone-precipitated fentanyl withdrawal. 

Fentanyl (mg/kg/day) Naloxone (mg/kg) 

0 0.006 0.06 0.3 0.6 
0 98.9±4.5 103.1±4.6 90.5±4.7 93.1±5.5 90.5±4.2 
0.00 88.7±2.2 101.9±2.8 91.5±4.9 93.0±2.7 91.9±3.7 
0.01 95.1±3.9 97.5±7.4 91.4±3.7 93.4±4.1 95.8±3.3 
0.03 97.9±8.1 102.2±1.8 92.7±2.8 94.7±6.1 97.0±2.9 
Data are expressed as means (± S.E.M.). 
 
 
 
 
 
Table 3-3.  Effect of fentanyl dose on the response latencies (percentage of baseline) associated 

with spontaneous fentanyl withdrawal. 
Fentanyl (mg/kg/day) Time (h) 

0 0.006 0.06 0.3 0.6 
6 105.2 ± 2.4 95.2 ± 2.7 106.8 ± 2.4 101.6 ± 3.5 106.2 ± 3.2 
12 100.7 ± 3.6 95.2 ± 3.6 109.7 ± 1.6 105.2 ± 3.1 102.6 ± 2.6 
24 104.2 ± 2.8 93.3 ± 3.1 103.2 ± 4 105.7 ± 6.3 102.0 ± 4.7 
36 99.1 ± 3.4 96.4 ± 4.1 103.4 ± 1.2 102.9 ± 4.5 96.6 ± 6.1 
48 94.4 ± 3.1 91.1 ± 4.6 101.1 ± 2.1 99.0 ± 2.9 94.9 ± 2.5 
72 97.2 ± 2.8 97.4 ± 5.2 93.9 ± 5.9 99.6 ± 2.6 95.3 ± 3.0 
96 97.5 ± 2.0 105.5 ± 3.8 103.3 ± 2.1 105.0 ± 3.4 99.2 ± 1.5 
120 97.9 ± 2.5 95.0 ± 4.7 104.1 ± 1.2 103.2 ± 2.5 100.1 ± 1.8 
Data are expressed as means (± S.E.M.). The osmotic pumps were explanted after 14 days. 
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Table 3-4.  Effect of fentanyl dose and exposure period on plasma fentanyl levels (ng/mL). 
Fentanyl (mg/kg/day) Time (h) 
0.3 0.6 

8 0.34 ± 0.09 1.21 ± 0.39 
24 1.56 ± 0.36 2.62 ± 0.17 
48 1.42 ± 0.28 2.41 ± 0.11 
72 1.20 ± 0.05 2.53 ± 0.20 
120 1.26 ± 0.06 2.52 ± 0.19 
Data are expressed as means (± S.E.M.). 
 
 
 
 
 
Table 3-5.  Effect of fentanyl dose and exposure period on the response latencies (percentage of 

baseline) associated with naloxone-precipitated fentanyl withdrawal. 
Fentanyl (mg/kg/day) Time (h) 
0 0.3 0.6 

8 99.8 ± 3.9 98.3 ± 4.3 109.7 ± 3.9 
24 97.4 ± 4 95.0 ± 5.8 98.0 ± 3.7 
48 102.8 ± 1.9 94.6 ± 4.9 111.2 ± 5.4 
72 102.8 ± 4 101.4 ± 3.8 105.8 ± 5.2 
120 100.7 ± 3.4 97.6 ± 4.7 101.4 ± 3.2 
168 104.4 ± 4.1 93.8 ± 2.3 91.5 ± 7.5 
Data are expressed as means (± S.E.M.). Naloxone (0.03 mg/kg, sc) was administered 
approximately 15 minutes prior to each time point. 
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Figure 3-1.  Effect of fentanyl dose on the elevations in brain reward thresholds (A) and 

increases in somatic withdrawal signs (B) associated with naloxone-precipitated 
fentanyl withdrawal (n = 6 / group). Brain reward thresholds are expressed as a 
percentage of the pretest day values. Letter signs (A, B, C, Tukey post-hoc multiple 
pairwise comparison) indicate: A is significantly higher than B and C; B is 
significantly lower than A and significantly higher than C; C is significantly lower 
than A and B; all letters indicate a significant elevation in brain reward thresholds or 
increase in somatic signs compared to the vehicle group treated with the same dose of 
naloxone. The criterion for significance was 0.05. Data are expressed as mean 
(±S.E.M.). 
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Figure 3-2.  Effect of fentanyl dose on the elevations in brain reward thresholds (A) and 

increases in somatic withdrawal signs (B) associated with spontaneous fentanyl 
withdrawal (n = 6 / group). Brain reward thresholds are expressed as a percentage of 
the reward thresholds obtained on the day prior to minipump explantation. Letter 
signs (A, B, C, Tukey post-hoc multiple pairwise comparison) indicate: A is 
significantly higher than B and C; B is significantly lower than A and significantly 
higher than C; C is significantly lower than A and B; all letters indicate a significant 
elevation in brain reward thresholds or increase in somatic signs compared to the 
vehicle group at the same time point post pump explantation. A* indicates elevations 
in brain reward thresholds or increases in the somatic withdrawal signs compared to 
rats treated with vehicle, 0.006 mg/kg of fentanyl or 0.06 mg/kg of fentanyl. The 
criterion for significance was 0.05. Data are expressed as mean (±S.E.M.). 
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Figure 3-3.  Effect of fentanyl dose and duration of exposure on the elevations in brain reward 

thresholds (A) and increases in somatic withdrawal signs (B) associated with 
naloxone-precipitated fentanyl withdrawal (vehicle and 0.6 mg/kg of fentanyl per 
day, n = 5 per group; 0.3 mg/kg of fentanyl per day, n = 6). Brain reward thresholds 
are expressed as a percentage of the pretest day values. Letter signs (A and B, Tukey 
posthoc multiple pairwise comparison) indicate: A is significantly higher than B; both 
A and B are significantly different from the vehicle control group. Pound signs (#) 
indicate significant increases in the withdrawal signs compared to the 8 hour time 
point; asterisks (*) indicate an increase compared to the 24 and 48 hour time points 
and fewer signs compared to the 120 and 168 hour time points; plus signs (+) indicate 
an increase compared to the 24, 48 and 72 hour time points. The criterion for 
significance was 0.05. Data are expressed as mean (±S.E.M.). 
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CHAPTER 4 
EFFECTS OF DOSE AND EXPOSURE DURATION ON THE DEVELOPMENT OF 

ANALGESIC TOLERANCE OF FENTANYL IN RATS 

Introduction 

In patients who are continuously exposed to fentanyl, some level of analgesic tolerance and 

hyperalgesia  is frequently observed (Arnold et al., 1990; Anand and Arnold, 1994; Cooper et al., 

1997; Chia et al., 1999; Eilers et al., 2001; Cho et al., 2007; Dumont et al., 2007). Fentanyl 

tolerance and hyperalgesia has also been widely studied in rats (Novack et al., 1978; Paronis and 

Holtzman, 1992; Thornton et al., 1997; Carter et al., 2000; Choe and Smith, 2000; Laulin et al., 

2002) and in mice (Nakamura et al., 2008; Sirohi et al., 2008). Following seven days of fentanyl 

infusion, a dose-dependent reduction in mu-opioid receptor density was observed, which was 

shown to affect the magnitude of tolerance (Sirohi et al., 2008). Furthermore, a correlation 

between tolerance to fentanyl in animals and humans has been suggested (Choe and Smith, 

2000). 

The development of tolerance to the analgesic effects of fentanyl can lead to a rapid 

escalation in the dose of fentanyl required to achieve appropriate pain management (Milligan et 

al., 2001). Approximately half of the cancer patients converted to transdermal fentanyl from 

other opioid agents required increased dosages after initial application of the patch (Muijsers and 

Wagstaff, 2001). Fentanyl levels ranging from 20 - 170 ng/mL have been reported in patients 

chronically treated with fentanyl (Leuschen et al., 1993; Bleeker et al., 2001), which is much 

higher than the naïve therapeutic range of 0.2-2.5 ng/mL (Dale et al., 2002). Fentanyl tolerance 

and physical dependence are closely related (Adriaensen et al., 2003). They complicate 

fentanyl’s therapeutic application and may contribute to a large number of drug overdose 

accidents. 
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As expected, animal studies have suggested that the dose of fentanyl administrated and 

exposure duration of the drug played an important role on the development of tolerance. 

However, a detailed time course of tolerance development versus drug-exposure is still lacking. 

This study investigated the impact of fentanyl-dose and the duration of drug exposure on the 

development of analgesic tolerance in rats.  Based on the results obtained, there will be a clearer 

description of the analgesic response and tolerance development following fentanyl use. 

Furthermore, this study will pave the way for further research aimed at designing a more 

efficient therapeutic design to provide maximal pain relief. 

Materials and Methods 

Subjects 

Male Wistar rats (Charles River, Raleigh, NC) weighing 300-350 g at the beginning of the 

experiments were used. The rats were shipped to the Animal Care Services (ACS) center a week 

before the study started in order to reduce stress and to allow them adapt to the research 

environment. The animals were socially housed (2 per cage) in a temperature- and humidity-

controlled vivarium and maintained on a 12 hour light-dark cycle (lights off at 6 p.m.). All 

testing occurred during the light phase of the cycle. Food and water were available ad libitum in 

the home cages. All subjects were treated in accordance with the National Institutes of Health 

guidelines regarding the principles of animal care. Animal facilities and experimental protocols 

were in accordance with the Association for the Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) and approved by the University of Florida Institutional Animal Care 

and Use Committee. 

Drugs  

Fentanyl citrate was purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA) and 

dissolved in sterile saline (0.9% sodium chloride). Fentanyl was administered s.c. using osmotic 
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minipumps (Durect Corporation, Cupertino, CA) for 14 days. The doses of fentanyl are 

expressed as the salt weight. 

Thermally-Induced Response Observation Procedure 

This operant assay measures a cortically mediated response which is thought to be a better 

predictor of cerebral manifestations of pain than reflexes or neuronal firing patterns in the spinal 

dorsal horn. Thermal pain sensitivity was measured with the Thermally-Induced Response 

Observation System (TIROS) invented and constructed by Dr. Andre Mauderli in the 

Department of Prosthodontics, University of Florida (Figure 4-1).  The system consists of 

hardware (test chamber with thermally controlled floor, signal processing module, and 

temperature control modules) and software. It is a shuttle-box-like test that measures escape 

behavior induced by thermal nociceptive stimulation (Mauderli et al., 2000; Vierck et al., 2005).  

One side of the operant escape apparatus consists of a thermally controlled surface and the 

opposite side of an escape area which is at a neutral temperature.  The animals are free to move 

between the two areas.  Five minutes after each escape a bright light is turned on in the escape 

area (3000 ft-candles).  The bright light is aversive to rodents and prompts them to return to the 

darker area with the thermal floor. The light is turned off when the animals occupy the stimulus 

surface.  Previous work has shown that the animals will shuttle between the floor that provides 

the thermal stimulus and the neutral escape area under these conditions.  In this study, each of 

the individual escape latencies and the average across the entire 15 minutes trial period for each 

stimulus temperature were used as the basis for data analysis.  

It is important to assure that the measured responses are indeed escape and not avoidance 

or regular traveling behavior. Avoidance is defined as preemptive (based upon learning from 

previous experience) utilization of the neutral floor, independent of whether the thermal floor 

currently elicits pain or not. Avoidance learning is minimized by randomly changing the stimulus 
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temperature and by the frequent inclusion of non-painful stimulus temperatures. The temperature 

of the thermal floor is controlled by Peltier devices (solid state heat pumps), which is altered in a 

rapid and unpredictable pattern while the animal occupies the escape area.   The unpredictability 

of the stimulus condition and the fact that prolonged occupation of the escape area is made 

unattractive by the bright light minimize avoidance behavior. Up to four different temperatures 

can be used throughout each 15 minute trial. Therefore, each test period provides a stimulus-

intensity response function.  Absence of a stimulus-intensity-response relationship can be an 

indicator of avoidance behavior or an animal’s regular traveling behavior.  A shift of the 

stimulus-intensity-response curve is interpreted as an increase or decrease in pain sensitivity.   

Training 

The animals learned to respond in the operant test over the course of approximately 10 

training sessions. A large portion of training occurred with the stimulus surface at nociceptive 

cold temperatures (10-15 °C).  The use of cold rather than hot temperatures eliminates the risk of 

burn injuries to animals which have not yet learned to escape. Heat stimuli were introduced once 

the animals had learned how to escape the stimulus. Training was complete once the learning 

curve had flattened, i.e., escape latencies at a given temperature remained similar from session to 

session. 

Data collection 

Test sessions were 15 minutes each and included neutral (32-36 °C) and nociceptive (44-

46 °C) temperatures.  Each test included one neutral temperature and typically one nociceptive 

temperature.  The unoccupied plate was assigned to the thermal stimulus after the animal had 

settled down (i.e., there was no traveling for 30 seconds). Data were automatically collected into 

a spreadsheet file by a computer.  Each animal underwent a test session of 15 minutes.  
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Tail-Flick Measurement 

A tail-flick nociceptive assay was also employed (Tail Flick Analgesia Meter, 0570–001L, 

Columbus Instruments Int Corp, Columbus, OH) to assess the nociceptive response in the control 

and drug-treated rats (D'Amour and Smith, 1941). Radiant heat was applied using a shutter-

controlled lamp as a heat source focused on a spot located 6.5 to 7.5 cm from the tip of the tail. 

Thirty minutes before each experiment, the rats will be moved to the experimental room to 

acclimatize them to the surroundings.  

The measurement of tail-flick latency was defined as the latency for removal of the tail 

from the onset of the radiant heat. A digital response time indicator with a resolution of 0.1 

second measured the time between activation of the light beam and the tail-flick. The intensity of 

the stimulus was adjusted so that the baseline will be approximately 2.5 - 5 seconds. A maximum 

latency (cut-off time) of 15 seconds was used to avoid tissue damage of the tail.  The baseline 

was determined on day 1 before the administration of the drug by using the median of 3 tail-flick 

tests separated by 20 seconds for each rat. 

The antinociception data obtained by tail-flick tests were expressed as a percent of 

maximum possible effect (%MPE), which is calculated: [(T1-T0)/(T2-T0)] × 100 where T0 is the 

tail-flick latency time before the treatment on day 1, T1 is the test latency time, and T2 is the 

cutoff time, arbitrarily set at 15 seconds. The difference between the cut-off time (T2) and the 

animal’s baseline reaction time (T0) was taken to be 100% effect. 

Experimental Design 

The study was performed with the approval of the IACUC of the University of Florida 

(Protocol # E656). To minimize the influence of circadian rhythms, all experiments began 

between 8:30 and 10:30 AM. The rats were prepared with 14-day minipumps that contained 

saline (n = 10, but one was lost during pump implantation surgery, and another was lost during 
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pump explantation surgery) or fentanyl (0.6 mg/kg/day or 0.3 mg/kg/day, n=10 per group). In 

order to investigate the development of analgesic tolerance, pain sensitivity of the animal was 

measured 8, 12, 20, 32, 48, 72, 96, 144, and 192 hours after implantation of the minipumps. 

After the analgesic responses stabilized (8 days post- pump implantation), the minipumps were 

removed to investigate fentanyl-induced hyperalgesia 6, 12, 24, 36, 48, 72, and 96 hours after 

explantation of the minipumps. 

Statistical Analyses  

The nociception data were analyzed using a two-way repeated-measures ANOVA. The 

between-subjects factor was pump-content and the within-subjects factor was time. Statistically 

significant results in the ANOVA were followed by a Tukey multiple pairwise comparison test. 

The criterion for significance was set at 0.05. The statistical analyses were performed using SAS 

for Windows software, version 9.13. 

Results 

Thermally-Induced Response Observation 

TIROS is a novel invention constructed by Dr. Andre Mauderli, which is expected to 

significantly advance pain-sensitivity measurements (Mauderli et al., 2000; Vierck et al., 2005). 

Therefore, a careful initial evaluation of the system was conducted with the prototype available 

to us. Small software flaws of TIROS were noticed while pre-testing the machine. For the 

behavior study, in order to assure that the measured responses were indeed escape and not 

avoidance or regular traveling behavior, multiple temperature stimuli were tested on all animals 

before the main analgesic study started to determine their impact on the escape behavior (Table 

4-1). In summary, no avoidance behavior was detected. The mean return latencies from the 

neutral temperatures to the stimulus temperatures varied from 32.7 to 43.4 seconds for the testing 

protocols. There was no significant difference in the return latencies among the different testing 
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protocols [F5,154=2.05, n.s.]. The testing animals were sensitive to the cold stimulus. The 

escape latency from 10 °C stimulus was 18.3 ± 1.6 seconds (mean ± S.E.M.) which was 

significantly [F5,154=2.89, P=0.016] shorter than the escape latencies (the means varied from 

26.9 to 33.1 seconds) from other stimulus temperature (from 15  to 46 °C). For hot temperature 

stimulus (44, 45, and 46 °C), we did observe a trend of decreasing in the escape latency (28.3 ± 

2.9, 26.9 ± 4.2, and 27.7 ± 2.1 seconds respectively) compared to the escape latencies, 30.2 ± 2.9 

and 33.1 ± 3.5 seconds, of the neutral (36 °C) or mild cold (15 °C) stimuli respectively. But 

unfortunately, within the thermal nociceptive testing temperature range (from 15 to 46 °C), no 

significant stimulation effect of the hot temperatures (44, 45, and 46 °C) on the escape latency 

was detected [F4,131=0.63, P=0.642].  Therefore, we suspected that TIROS, used at the current 

setting, was not powerful enough to differentiate the escape behavior caused by a hot painful 

stimulus from the regular traveling behavior. Further adjustment may be needed to clarify this 

issue. Therefore, TIROS was not used in the further drug-response tests.  

Tail-Flick Measurement of Fentanyl Analgesic Effect Over Time 

Mean (± S.E.M.) absolute tail-flick latencies before minipump-implantation for saline- and 

fentanyl-treated (0.3 or 0.6 mg/kg/day) rats were 4.30± 0.11, 3.91 ± 0.22, and 4.11 ± 0.20 

seconds, respectively [F2,27=1.10, n.s.]. The complete time courses of observed antinociception 

of saline and different fentanyl doses (0.3 and 0.6 mg/kg/day) treatments were expressed as a 

percent of maximum possible effect (%MPE) (Figure 4-2). Saline and fentanyl were 

administered s.c. via mini-pump implantation at time 0 and drug withdrawal was conducted via 

pump explantation at 192 hour post-pump implantation. Data were expressed as mean ± standard 

deviation (S.D.). The antinociceptive effects of fentanyl reached maximum at 12 hour post-pump 

implantation, and then it declined rapidly and reached a plateau within the next two days. 

Fentanyl-induced hyperalgesia after discontinuation of drug was also suggested in the rats treated 
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with high dose (0.6 mg/kg/day) of fentanyl. In addition, other severe somatic withdrawal 

syndromes (e.g., irritability, diarrhea, abnormal posture) were noticed. Statistical analyses 

indicated that there was a significant effect of fentanyl dose and duration of exposure on rat 

nociceptive responses during the drug treatment (Figure 4-3A; Time x Treatment interaction: 

F16,208=17.38, P<0.001). Posthoc analyses (level of significance, P<0.05) revealed that at the 8 

hour time point antinociception of the rats chronically treated with fentanyl (0.3 and 0.6 

mg/kg/day) was significant compared to the rats chronically treated with vehicle. At this time 

point, there was no difference in the degree of antinociception observed in the rats treated with 

0.3 and 0.6 mg/kg/day of fentanyl. At the 12 and 24 hour time points, antinociception in rats 

treated with 0.6 mg/kg of fentanyl per day was higher compared to rats treated with 0.3 mg/kg of 

fentanyl per day. After the 24 hour time point, there was no significant difference in 

antinociception between the two fentanyl doses. Furthermore, after the 48 hour time point, 

antinociception of the rats treated with fentanyl (0.3 and 0.6 mg/kg/day) was no longer 

significant compared to the rats treated with vehicle. Statistical analyses of the nociception data 

after discontinuation of fentanyl did not reveal a significant effect of the previous fentanyl 

treatment on rat’s nociceptive responses (Figure 4-3B; Time x Treatment interaction: 

F12,150=1.28, n.s.), even though the pattern of hyperalgesia for about one day was suggested in 

the rats treated with high dose (0.6 mg/kg/day) fentanyl. 

Discussion 

The results presented in this study indicate that analgesic tolerance of fentanyl during 

continuous drug administration is dependent on both dose and duration of exposure. 

Discontinuation of the drug in rats receiving high dose fentanyl also suggests hyperalgesia 

accompanied with other withdrawal syndromes. Continuous s.c. infusion of 0.3 – 0.6 mg/kg/day 

fentanyl only produced a short analgesic effect in rats. Maximum antinociception appeared to 
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occur at 12 hour post-pump implantation, which was in line with when fentanyl plasma levels 

reached steady state (Table 3-4). Continuous exposure to fentanyl induced the rapid development 

of drug tolerance; no significant analgesia was present after 48 hours of pump implantation. This 

observation is in agreement with previous studies that continuous s.c. infusions of 1.2– 2.4 

mg/kg/day fentanyl rendered infant rats tolerant to the analgesic effects of fentanyl and  no 

analgesia was present from the fentanyl released from the pumps 72 hours after implantation of 

the pumps (Thornton et al., 1997; Thornton and Smith, 1998; Choe and Smith, 2000). The 

literature also suggested that fentanyl tolerance was not limited to a single preweanling age and 

that might a lower infusion dose of fentanyl was required to induce tolerance as rats aged (Choe 

and Smith, 2000). The steady state plasma fentanyl levels in this study were approximately 1.5 

and 3 ng/mL for the 0.3 and 0.6 mg/kg/day fentanyl minipump treatment respectively. Clinical 

studies indicate that the minimum effective concentration of fentanyl that reduces acute pain in 

non-dependent patients ranges from 0.2 – 1.2 ng/mL (Gourlay et al., 1988). Treatment of patients 

with a single transdermal fentanyl patch, 100 µg/hour, leads to plasma fentanyl levels of ~ 1.8 

ng/mL (Varvel et al., 1989). Interestingly, the plasma fentanyl levels in the present study 

matched those reported in naïve patients who would very likely require increased dosages after 

initial application of the patch (Muijsers and Wagstaff, 2001). Similar correlations between 

fentanyl animal tolerance and clinical tolerance were also suggested by Choe’s study (Choe and 

Smith, 2000). Fentanyl-induced hyperalgesia was suggested, though not statistically significant, 

after discontinuation of the high dose of fentanyl. This is consistent with Celerier’s observation 

that long-lasting hyperalgesia was induced by fentanyl in rats (Celerier et al., 2000) and other 

commonly observed cases of fentanyl induced postoperative pain in human patients (Chia et al., 

1999).  
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Sedation syndrome was noticed in rats during the early stage of fentanyl treatment. Severe 

somatic withdrawal syndromes, such as irritability, diarrhea, abnormal posture, abdominal 

constrictions, and escape attempts were also noticed in rats after discontinuation of 0.6 

mg/kg/day fentanyl. The influence of those syndromes and stress on the behavioral 

measurements should be cautiously evaluated (King et al., 2003; Rodrigues et al., 2005; Vierck 

et al., 2005). Tail-flick is a reflex measurement and may be less sensitive than operant 

measurement to the impacts of these syndromes. Motor coordination tests should be conducted in 

the future to dissociate the sedative effect and sedative tolerance of fentanyl. Reflex responses to 

high rates of noxious cutaneous heating are mainly mediated by Aδ-fiber nociceptors; however, 

chronic pain appears to be mainly mediated by C-fiber nociceptors  (Yeomans et al., 1996; 

Yeomans and Proudfit, 1996; Kimura and Kontani, 2008; Xiao and Bennett, 2008). A 

differential opioid modulation of those nociceptors has also been suggested. Reflex responses are 

considered to be insensitive to the attenuation of nociceptive activity in laboratory animals by 

low doses of opioids (Vierck et al., 2002; King et al., 2007). Therefore, the operant testing as 

implemented in TIROS remains a future direction to evaluate analgesia of fentanyl in chronic 

treatment, even though further modifications, such as the abilities to differentiate sedation from 

analgesia and differentiate the escape behavior from the normal traveling behavior, are needed. 

In conclusion, the results presented in this study indicate that analgesic tolerance of 

fentanyl during continuous drug exposure is dependent on dose and duration of exposure. 

Discontinuation of the high dose of fentanyl may cause hyperalgesia. Operant escape pain 

measurement is still an appropriate method to precisely evaluate the analgesic effects of chronic 

opioid treatments. These studies suggest that when fentanyl is used for the treatment of chronic 

pain, the dose of fentanyl should be carefully adjusted according to the development of drug 
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tolerance. To assist the dose adjustment, PK/PD modeling focusing on physic dependence and 

analgesic tolerance is warranted. 
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Table 4-1.  Effect of testing temperature on escape and return latency (seconds) 
Testing Protocol (Stimulus Temperature vs. Neutral Temperature) Latency 

10 vs. 32 °C 15 vs. 32 °C 36 vs. 32 °C 44 vs. 36 °C 45 vs. 36 °C 46 vs. 36 °C

Escape Latency 18.3 ± 1.6 33.1 ± 3.5 30.2 ± 2.9 28.3 ± 2.9 26.9 ± 4.2 27.7 ± 2.1 

Return Latency 38.1 ± 3.4 43.4 ± 3.4 32.7 ± 2.3 35.4 ± 2.4 39.3 ± 3.3 34.5 ± 1.9 

Data are expressed as means (± S.E.M.) (n=30). 
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Figure 4-1.  The TIROS (Thermally-Induced Response Observation System) consists of 
hardware (test chamber with thermally controlled floor, signal processing module, 
and temperature control modules) and software (A). It uses a shuttle box with two 
compartments. The floor of one compartment consists of a thermal plate which is held 
at the desired test temperature by internal water circulation. The floor of the other 
compartment is thermally neural. A bright light (aversive to rodents) is activated 
when the escape area is occupied (B). Data collection is fully automated by computer. 
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Figure 4-2.  The complete time courses of observed antinociception of saline and different 

fentanyl (0.3 and 0.6 mg/kg/day) treatments. Saline and fentanyl were administered 
subcutaneously via mini-pump implantation at time 0 and drug withdrawal was 
conducted via pump explantation at 192 hour post-pump implantation. 
Antinociception was expressed as a percent of maximum possible effect (%MPE). 
Data were expressed as mean ± standard deviation (S.D.) (n = 10 per group). 

 

 

Drug withdrawal 



 

99 

24 48 72 96 120 144 168 192-10

0

10

20

30

40

50

60

70 Saline
Fentanyl_0.3
Fentanyl_0.6

3A.

A

A

A

B
B

A

A

A

A*

Hours post pump implantation

%
M

PE

 

0 12 24 36 48 60 72 84 96
-15

-10

-5

0

5

10

15

20
3B.

Hours post pump explantation

%
M

PE

 
 
Figure 4-3.  Effect of fentanyl dose and exposure duration on rat analgesia during drug exposure 

(A) and hyperalgesia after drug withdrawal (B). Antinociception was expressed as a 
percent of maximum possible effect (%MPE). Letter signs (A and B, Tukey Posthoc 
multiple pairwise comparison) indicate: A significantly differs from B; both A and B 
are significantly different from the vehicle control group; A* significantly differs 
from vehicle. The criterion for significance was 0.05. Data are expressed as mean 
(±S.E.M.) (n = 10). 
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CHAPTER 5 
PHARMACOKINETIC-PHARMACODYNAMIC MODELING OF PHYSICAL 
DEPENDENCE AND ANALGESIC TOLERANCE OF FENTANYL IN RATS 

Introduction 

Fentanyl physical dependence and tolerance are common consequences of chronic drug 

exposure and are closely related (Adriaensen et al., 2003). They account for the strong increase 

in abuse of fentanyl over the past years as fentanyl claims its popularity in pain management 

(Joranson et al., 2000; Gilson et al., 2004; Novak et al., 2004). Drug dependence, tolerance and 

the wide concerns of the potential drug overuse and abuse complicate the drug’s application. 

Improper selection of patients, products, and dosing has been associated with a large number of 

drug overdose deaths (Kuhlman et al., 2003; Lilleng et al., 2004; FDA, 2007a; FDA, 2007b).  

Selection of dosing and products mainly depends on the drug’s PK/PD properties, which in this 

case are highly affected by the patient’s dependence/tolerance profile. PK/PD modeling 

approaches have proven to be effective in explaining the drug-response relation, and to help dose 

optimization to improve drug efficiencies and reduce the risk of undesired effects  (Derendorf 

and Meibohm, 1999; Derendorf et al., 2000). Fentanyl PK, its PD of physical dependence, and 

its PD of analgesic tolerance in rats have been investigated in our previous studies (Chapters 2, 3, 

and 4). The purpose of this study was to develop PK/PD models to describe physical dependence 

and analgesic tolerance following fentanyl exposure in rats.  Mechanism-based PK/PD structure 

models would link the PK and PD information and enable us to predict the dependence and 

tolerance over time for any designed dose regimen. Simulation studies with the constructed 

PK/PD models would allow us to evaluate any therapeutic design of this drug which will help in 

selection of the appropriate patient, product, and dosing regimen. 
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Materials and Methods 

PK/PD Modeling of Physical Dependence of Fentanyl 

The methods and results of physical dependence time courses of fentanyl were described 

previously in Chapter 3. To describe the time course of physical dependence for a given dose 

regimen, a sequential PK/PD modeling approach was applied. 

PK modeling of fentanyl administrated subcutaneously with osmotic minipump 

To describe the observed plasma fentanyl levels during pump implantation, a lag-time 

parameter describing the delay in drug release from the implanted pump was integrated into the 

linear first-order absorption two-compartment PK model constructed in Chapter 2.  The 

structural PK parameters, i.e., the first-order absorption rate constant (ka), the inter-

compartmental clearance (Q), and the volumes of distribution of compartments 1 and 2 (V1 and 

V2), were fixed as the values estimated from the s.c. injection data in Chapter 2 (Table 2-4). The 

drug clearance (CL) parameter was refitted with the infusion data. The concentration-time course 

of fentanyl administrated s.c. with minipump was then modeled using the following differential 

equations: 

( )dA P INFR IND
dt

= − •  (5-1) 

(0)  (0)dA INFR IND ka A
dt

= • − •  (5-2) 

(1) -( ) (1)  (0) - ( ) (1) ( ) (2)
1 1 2

dA CL Q QA ka A A A
dt V V V

= • + • • + •  (5-3) 

(2) ( ) (1) ( ) (2)
1 2

dA Q QA A
dt V V

= • − •  (5-4) 

(1)
1p

AC
V

=  (5-5) 
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where A(P), A(0), A(1), and A(2) are the drug amounts in the minipump, absorption site, central 

compartment, and peripheral compartment respectively; INFR is the drug release rate from the 

minipump; IND is the indicator variable for the drug release and defined as 1 if drug release (i.e., 

implantation duration is longer than the lag time) is indicated and 0 otherwise. 

PK/PD modeling of fentanyl affective dependence 

The complete time courses of affective dependence together with fentanyl PK were plotted 

in Figure 5-1A under the assumption that the affective withdrawal syndromes induced by 0.03 

mg/kg naloxone precipitation or by drug discontinuation completely reflected the degree of rat 

affective dependence. As shown in the plot, the development of affective dependence was rapid 

and closely correlated to the drug plasma concentration, and the spontaneous withdrawal 

syndrome after discontinuation of dosing lasted much longer than the drug predicted by our PK 

model. To relate the changes in fentanyl concentrations to the changes in affective dependence, 

various structurally different PK/PD models were tested. Since we were more interested in the 

basic model structure and the mean data could better reveal the true profile pattern, the mean 

time courses of drug-responses were used in this study for model construction. The Scientist 3.0 

software (Micromath, Saint Louis, MO) was used for the model fitting. The goodness-of-fit 

statistics (e.g., the correlation between observed and predicted data, the coefficient of 

determination, and the model selection criterion) reported from the software were used to 

evaluate the suitability of a model. The coefficient of determination is defined by the formula: 

 

2 2

1 1
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where n is the number of data points, 
iobsY  and  

ipredY  are the ith  observed and predicted data 

point respectively, and obsY  is the mean of the observed data. The coefficient of determination is 

a measure of the fraction of the total variance accounted for by the model. It is a more 

appropriate measure of the goodness-of-fit than either correlation or R-squared according to the 

user manual of Scientist software. The model selection criterion (MSC) reported by Scientist 

software is a modified AIC and is defined by the following equation: 

2

1

2

1

( )
2ln

( )

i

i i

n

obs obs
i
n

obs pred
i

Y Y
pMSC

nY Y

=

=

⎛ ⎞
−⎜ ⎟

⎜ ⎟= −
⎜ ⎟−⎜ ⎟
⎝ ⎠

∑

∑
 (5-7) 

where n, 
iobsY , 

ipredY , and obsY  are defined as above, and p is the number of parameters in the 

model. The MSC gives the same ranking between models as the AIC and has been normalized so 

that it is independent of the scaling of the data points. Furthermore, the most appropriate model 

will be that with the largest MSC when evaluating the suitability of a model. In the following, 

three indirect models were studied in detail for their appropriateness to describe the effect of 

fentanyl on affective dependence (Figure 5-2): 

The two-effect-compartment indirect-link model (biophase equilibration model with 

a sigmoid Emax PD model): As shown in Figure 5-2A, this model describes the dissociation 

between affective dependence and plasma drug concentration with a biophase (i.e., the site of 

action) distribution. Drug distribution to the effect site was characterized on the basis of a 

hypothetical two-effect compartment model. Specifically, the rates of the changes in the 

biophase drug concentrations are described by the following differential equations: 

1
1 12 2 1( ) ( )e

eo p e e e e
dC k C C k C C
dt

= • − + • −  (5-8) 
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2
21 1 2( )e

e e e
dC k C C

dt
= • −  (5-9) 

where keo is a first order elimination rate constant in the central effect compartment, ke12 and ke21 

are the first order distribution rate constants between the two effect compartments, and Cp, Ce1, 

and Ce2 represent the drug concentrations in plasma, the central effect compartment, and the 

peripheral effect compartment respectively. The final affective dependence is then characterized 

with the sigmoid Emax PD model, which is of the form: 

max 1
0

50 1

h
e

h h
e

E CE E
EC C

•
= +

+
 (5-10) 

where E0, which represents the baseline intrinsic response without drug presence, is set as 100 

theoretically, Emax is the maximum activity of the drug, EC50 is the effect site concentration 

yielding half-maximal affective dependence, and h is a slope parameter (Hill factor). 

The indirect-response model: As shown in Figure 5-2B, this model describes the 

dissociation between affective dependence and plasma drug concentration via a hypothetical 

inhibitory neurotransmitter. The drug can reduce the inhibition effect of the neurotransmitter by 

stimulating its elimination. Specifically, the rate of the change in the hypothetical 

neurotransmitter is described by the following differential equation: 

max

50

(1 )
h

i
in out ih h

dT E Ck k T
dt EC C

•
= − • + •

+
 (5-11) 

where Emax is the maximum stimulation activity of drug on the elimination of the 

neurotransmitter, EC50 is the drug concentration yielding half-maximum effect, h is the Hill 

factor, kin is the zero-order constant for production of the neurotransmitter, kout defines the first-

order rate constant for loss of the neurotransmitter, and Ti represents the inhibitory 
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neurotransmitter concentration. The final affective dependence is then characterized with the 

antagonistic sigmoid Emax PD model, which is of the form: 

max
int

50

i

i

I TE E
IC T

γ

γ γ

•
= −

+
 (5-12) 

where Eint is the maximum intrinsic response without the neurotransmitter presence, Imax is the 

maximum inhibition activity of the neurotransmitter, IC50 is the neurotransmitter concentration 

yielding half-maximum inhibition effect, and γ is the Hill factor. Further, the maximum intrinsic 

response Eint can be set according to the theoretical baseline: 

max
int 0

50

( / )
( / )

in out

in out

I k kE E
IC k k

γ

γ γ

•
= +

+
 (5-13) 

where E0, which represents the baseline intrinsic response without drug presence, is set as 100 

theoretically. 

The receptor sensitization model: As shown in Figure 5-2C, this model describes 

affective dependence as an outcome of the change in the total amount of hypothetical 

neuroreceptors. Drug molecules bind to the free receptors to form the drug-receptor complexes 

which will be eliminated with the first-order rate constant kDout.  Concomitantly, the presence of 

drug can stimulate the synthesis of the free receptors.   Specifically, the rates of the changes in 

the hypothetical neuroreceptors are described by the following differential equations: 

(1 )in off on out
dR k s C k DR k C R k R
dt

= • + • + • − • • − •  (5-14) 

on off out
dDR k C R k DR kD R

dt
= • • − • − •  (5-15) 

where kin is the zero-order constant for the synthesis of the hypothetical free receptors, kout is the 

first-order rate constant for loss of the free receptors, kon and koff are the first order drug-receptor 
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association/dissociation rate constants, kDout is the first-order elimination rate constant of drug-

receptor complexes, s is the scale factor of the drug stimulation activity, and R and DR represent 

the amounts of the free receptors and the drug-receptor complexes, respectively. The final 

affective dependence is then characterized with the linear PD model, which is of the form: 

tE R R DR∝ = +  (5-16) 

where Rt is the total amount of receptors. Based on the theoretical baseline, the relation between 

kin and kout can be further set as: 

0 100in

out

kE R
k

= = =  (5-17) 

where E0, which represents the baseline intrinsic response without drug presence, is set as 100 

theoretically.  

PK/PD modeling of fentanyl somatic dependence 

The complete time courses of somatic dependence together with fentanyl PK were plotted 

in Figure 5-1B. As shown in the plot, somatic dependence, which is characterized by mixed 

syndromes, developed slower and further dissociated from drug concentration compared to 

affective dependence. The development seemed to display a two-phase pattern.  However, 

similar to affective dependence, the spontaneous withdrawal syndrome lasted much longer than 

the circulating drug levels after discontinuation of dosing. To relate the changes in fentanyl 

concentrations to the changes in somatic dependence, various structurally different PK/PD 

models were tested. In the following, two indirect-response models were studied in detail for 

their appropriateness to describe the effect of fentanyl on somatic dependence (Figure 5-3): 

The two-phase-response model: Based on the assumption that development of somatic 

dependence displays a two-phase pattern as suggested by our observation, a receptor-

sensitization model combined with a delayed induction of the synthesis of a hypothetical 
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excitory neurotransmitter was investigated (Figure 5-3A). In this model, drug molecules bind to 

the free receptors to form the drug-receptor complexes which will be eliminated with the first-

order rate constant kDout.  Simultaneously, the presence of drug can stimulate the synthesis of the 

free receptors. At the formation of the drug-receptor complexes, the complexes can induce the 

production of a hypothetical excitory neurotransmitter. The delay in the synthesis of the 

neurotransmitter can be characterized by a Weibull or logistic delay function. Specifically, the 

rates of the changes in the hypothetical neuroreceptors and neurotransmitters are described by 

the following differential equations: 

(1 )in off on out
dR k s C k DR k C R k R
dt

= • + • + • − • • − •  (5-18) 

on off out
dDR k C R k DR kD R

dt
= • • − • − •  (5-19) 

( / )
_ max

50

(1 )
bt ae

in out e
dT DRkT e kT T
dt ET DR

−= • • − − •
+

 (5-20) 

where kin is the zero-order constant for the synthesis of the hypothetical free receptors, kout is the 

first-order rate constant for loss of the free receptors, kon and koff are the first order drug-receptor 

association/dissociation rate constants, kDout is the first-order elimination rate constant of drug-

receptor complexes, s is the scale factor of the drug stimulation activity, kTin_max is the zero-order 

constant for the production of the neurotransmitter that can be maximally induced by the drug-

receptor complex, kTout is the first-order rate constant for loss of the neurotransmitter, a and b are 

the scale parameter and the shape parameter of the Weibull delay function respectively, ET50 is 

the drug-receptor concentration yielding half-maximum induction effect on the neurotransmitter, 

and R, DR and Te represent the amounts of the free receptors, the drug-receptor complexes, and 

the hypothetical neurotransmitters respectively. The final somatic dependence is then 

characterized with the linear PD model, which is of the form: 
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0( ) eE r R DR R T∝ • + − +  (5-21) 

where r is the scale factor of the receptor contribution; and R0, which represents the baseline 

free-receptor amount without drug presence, can be further defined according to kin and kout as: 

0
in

out

kR
k

=  (5-22) 

The induction of the response model: As shown in Figure 5-3B, this model describes the 

dissociation between somatic dependence and plasma drug concentration via an induction of a 

hypothetical excitory neurotransmitter. Specifically, the rate of change in the hypothetical 

neurotransmitter is described by the following differential equation: 

_ max
50

e
in out e

dT Ck k T
dt EC C

= • − •
+

 (5-23) 

where kin_max is the zero-order constant for production of the neurotransmitter that can be 

maximally induced by the drug, EC50 is the drug concentration yielding half-maximum induction 

effect, kout defines the first-order rate constant for loss of the neurotransmitter, and Te represents 

the excitory neurotransmitter amount. The final somatic dependence is then characterized with 

the linear PD model, which is of the form: 

eE T∝  (5-24) 

PK/PD Modeling of Analgesic Tolerance of Fentanyl 

The methods and results of the development of analgesic tolerance of fentanyl were 

described previously in Chapter 4. The complete time courses of rat nociceptive responses 

together with fentanyl PK were plotted in Figure 5-4. As shown in the plot, antinociception of 

fentanyl reached a maximum along with the drug concentration, and then it declined rapidly and 

returned almost to the baseline with constant drug presence. Fentanyl-induced hyperalgesia after 

discontinuation of drug was also suggested and lasted much longer than drug after 
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discontinuation of fentanyl. To relate the changes in fentanyl concentrations to the changes in 

antinociception, various structurally different PK/PD models were investigated. Those models 

were based on the three major categories reviewed in Chapter 1: i.e., the cellular receptor 

regulation model; the feedback model via depletion or production of endogenous modulators; 

and the counter-response model. Among them, a delayed counter-response model was studied in 

detail (Figure 5-5). 

The delayed counter-response model: Based on the mechanism that analgesic tolerance 

and rebound are the consequences of a hypothetical counter response, an indirect-response model 

was evaluated in which the drug-induced antinociceptive response was combined with a 

tolerance compartment due to a delayed induction of a counter response (Figure 5-5A). The 

delay in the production of the counter response can be characterized by an exponential 

cumulative distribution function. Specifically, the rates of the changes in the antinociceptive 

response and the hypothetical counter response are described by the following differential 

equations: 

_ max
50

in out
dR Ck k R
dt EC C

= • − •
+

 (5-25) 

( / )
_ max

50

(1 )t a
in out

dT CkT e kT T
dt TC C

−= • • − − •
+

 (5-26) 

in which kin_max is the zero-order constant for the production of the antinociception that can be 

maximally induced by the drug, kout is the first-order rate constant for loss of the free receptors, 

kTin_max is the zero-order constant for the production of the hypothetical counter response that can 

be maximally induced by the drug, kTout is the first-order rate constant for loss of the counter 

response, a is the rate parameter of the exponential distribution delay function, EC50 and TC50 are 

the drug concentrations yielding half-maximum induction of antinociception and the counter 
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response respectively, and R and T represent the degrees of antinociception and the counter 

response respectively. The final nociceptive response is then characterized with the linear PD 

model, which is of the form: 

E R T∝ −  (5-27) 

Evaluation of Intermittent Dosing Strategies with Simulation Studies 

In the pharmacological studies described above, the impacts of continuous fentanyl 

exposure on physical dependence and analgesic tolerance were investigated. To evaluate the 

impacts of intermittent dosing strategies on these responses, simulation studies were performed. 

The same daily doses (i.e., 0.3 or 0.6 mg/kg/day) as in the s.c. infusion studies were 

administrated by s.c. injection. Once a day (QD, τ = 24 h), twice a day (BID, τ = 12 h), three 

times a day (TID, τ = 8 h), and four times a day (QID, τ = 6 h) dose regimens were compared. 

The same exposure period (two weeks) was implemented. The linear two-compartment PK 

model constructed in Chapter 2 was adopted to simulate the concentration-time courses. The 

selected PD models were adopted for the physical dependence and analgesic tolerance 

simulation. As shown in Figure 5-6, the simulations were conducted by using Trail Simulator 

version 2.2 (Pharsight Corporation, Mountain View, CA). 

Results 

Characterization of the PK/PD Models of Physical Dependence 

As shown in Figure 5-1, the observed concentration-time courses of plasma fentanyl 

during pump implantation can be described by the linear first-order absorption two-compartment 

PK model constructed in Chapter 2 with a drug release delay parameter, tlag. The population-

mean estimates of tlag and refitted CL are 6.9 hours (with the 2.0% of C.V.) and 102 mL/min 

(with the 1.8% of C.V.). Based on this PK model, the correlation between the drug plasma 

concentration and physical dependence were quantitatively investigated. 
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The receptor sensitization model characterized affective dependence best 

The fittings to the complete time-courses of affective dependence with the two-effect-

compartment indirect-link model, the elimination of an inhibitor indirect-response model, and 

the receptor sensitization model are displayed in Figure 5-7. The two-effect-compartment 

indirect-link model contains 6 parameters. The model could successfully capture the prolonged 

spontaneous withdrawal response, but it slightly underestimated the rapid development of 

affective dependence during the early stage of drug exposure (Figure 5-7A). The indirect-

response model in which the drug stimulates the elimination of a hypothetical inhibitory 

neurotransmitter contains 8 parameters. It could also successfully capture the prolonged 

spontaneous withdrawal response, but it suggested that different doses would cause different 

developing rates and the 0.6 mg/kg/day dose would reach plateau earlier, which seems 

inconsistent with our observed data (Figure 5-7B). For the receptor sensitization model, the 

estimates of the rate constants kon and koff which characterize receptor association and 

dissociation kinetics were large, suggesting that the receptor association and dissociation kinetics 

are fast. This is consistent with data obtained from in vitro receptor binding studies (Boas and 

Villiger, 1985). Therefore the binding was further simplified with an equilibrium constant K.  

The model contains 4 parameters. It could successfully capture the prolonged spontaneous 

withdrawal as well as the rapid development of dependence (Figure 5-7C).  Goodness-of-fit 

statistics of these three models were compared in Table 5-1. Form the model comparison, the 

receptor sensitization model appears to be the most suitable. Its parameter estimates were listed 

in the Table 5-2. The model is also the most stable one due to the fewest number of parameters. 

 The induction of the response model is more suitable for somatic dependence 

The fittings to the complete time-courses of somatic dependence with the two-phase-

response model and the induction of the response model are displayed in Figure 5-8. The two-
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phase-response model contains 12 parameters. The model could successfully capture the 

prolonged spontaneous withdrawal response as well as the two-phase development of somatic 

dependence (Figure 5-8A). However, the statistical reports of the model parameters suggested 

the model was over-parameterized to the observed data. The induction of the response model is 

much simpler and contains only 3 parameters. The model could successfully capture the 

prolonged spontaneous withdrawal response as well as the prolonged development of somatic 

dependence (Figure 5-8B). Goodness-of-fit statistics of these two models were compared in 

Table 5-3. From the model comparison, the induction of the response model seems more suitable 

for the description of somatic dependence. Its parameter estimates were listed in the Table 5-4. 

The model is also much more stable according to variation of the parameter estimates. 

Characterization of the PK/PD Model of Analgesic Tolerance 

The fittings to the complete time-courses of the antinociceptive responses with the delayed 

counter-response model is displayed in Figure 5-9A. The model contains 6 parameters. It could 

successfully capture the acute antinociceptive effect of the drug as well as the rapid development 

of analgesic tolerance during continuous drug exposure. It also suggested hyperalgesia after 

discontinuation of the drug. In this counter-response model, an exponential cumulative 

distribution function was adopted to characterize the delayed antagonistic function of the drug. 

To explain this delay physiologically, a drug-induced depletion of an inhibitory modulator of the 

counter response was hypothesized (Figure 5-5B).   Therefore, the rate of the change in the 

hypothetical counter response is described by the following differential equations modified from 

Equation 5-26: 

50

1dM CkM kM M
dt MC C

⎛ ⎞
= • − − •⎜ ⎟+⎝ ⎠

 (5-28) 
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_ max
50

(1 )in out
dT CkT M kT T
dt TC C

= • • − − •
+

 (5-29) 

where kTin_max, kTout, TC50, and T are defined the same as in Equation 5-26, kM is the rate 

constant for the production or loss of the hypothetical inhibitory modulator, and MC50 is the drug 

concentrations yielding half-maximum suppression of the production of the modulator. The 

model fit the data almost identically to the exponential delayed model (Figure 5-9B). The fitting 

suggested a complete suppression of the production of the inhibitory modulator under our 

treatment conditions. Therefore, the MC50 was arbitrarily set as 0.1 ng/mL, which is approximate 

one tenth of the fentanyl steady state concentration of the low dose (0.3 mg/kg/day) treatment. 

Goodness-of-fit statistics of these two models were compared in Table 5-5 and parameter 

estimates of the models were listed in the Table 5-6. Since the drug-induced depletion of an 

inhibitory modulator model was integrated with a potential physiological mechanism, it was 

selected for the simulation study. 

Impacts of Intermittent Dosing on Physical Dependence and Analgesic Tolerance 

With the selected PK/PD models, the impacts of intermittent dosing strategies on physical 

dependence and analgesic tolerance were evaluated by simulation.  The direct comparison of the 

impacts of QID and TID dosing are displayed in Figure 5-10. The plasma fentanyl concentration 

reached steady state over couple doses (Figure 5-10A). However, it took much longer time for 

physical dependence and analgesic tolerance to reach the plateaus. The dosing interval did not 

affect the developing rates of physical dependence and analgesic tolerance, which were also 

comparable to continuous dosing. However, TID dosing caused more severe affective 

dependence and more fluctuations than QID (Figure 5-10A). Conversely, the longer dosing 

interval caused slightly less of somatic dependence (Figure 5-10B). For both affective 

dependence and somatic dependence, the discharge time after discontinuation of dosing was also 
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not affected by the dosing strategies. From the tolerance study, TID dosing reserved more of the 

analgesic effect of fentanyl and more fluctuations of antinociception than QID. Moreover, 

fentanyl-induced hyperalgesia suggested by our model after discontinuation of dosing was less 

with the longer dosing interval treatment (Figure 5-10C). The complete comparison of the 

impacts of dosing regimen on the steady state responses of affective dependence, somatic 

dependence, and analgesic tolerance is displayed in Figure 5-11. It suggests that longer dosing 

interval will render more severe affective dependence, and less somatic dependence and 

analgesic tolerance.  

Discussion 

Mechanism-based PK/PD modeling for physical dependence and drug tolerance is 

considered to be difficult due to the lack of reliable and quantifiable biomarkers of dependence, 

the lack of knowledge about the mechanisms underlying tolerance and dependence, and the 

difficulties in appropriately simplifying these complex physiological processes. Currently, all of 

the models are considered empirical or semi-physiological (Gårdmark et al., 1999). Our previous 

studies demonstrated the connections between fentanyl plasma levels plus exposure duration and 

the development of physical dependence or analgesic tolerance. The current study presented 

several semi-mechanism based PK/PD approaches to characterize the relationships among the 

temporal changes in affective dependence, somatic dependence, analgesic tolerance and the 

fentanyl plasma concentrations in up to a 14-day period of continuous drug exposure. The 

disassociation between the biological effect-intensity and drug plasma concentration seen in this 

study usually involves a combination of different physiological processes such as biophase 

distribution, receptor kinetics, receptor regulation and downstream signal transduction pathways.  

Often it is difficult to extract and discriminate among these processes from the available PK/PD 

data (Jusko et al., 1995; Verotta and Sheiner, 1995; Castaneda-Hernandez and Granados-Soto, 
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2000; Yassen et al., 2005). Accordingly, various PK/PD models based on different hypothetical 

mechanisms were investigated. 

The two-effect-compartment indirect-link PD model, the elimination of an inhibitor 

indirect-response PD model, and the receptor sensitization PD model were compared for their 

suitability in describing affective dependence. The two-effect-compartment indirect-link model 

explains the dissociation between affective dependence and plasma drug concentration with a 

biophase distribution which is commonly true for CNS drugs. It fit the data reasonably well 

except the slight estimation of the rapid development of affective dependence during the early 

stage of drug exposure. However, due to high lipophilicity of fentanyl, the distribution half-life 

of this drug to the rat brain is only about 6 minutes (Lotsch, 2005). This short distribution is 

negligible during our long-term infusion study. The drug half-life in the hypothetical effect 

compartments suggested in our model is much longer (approximate 20 hours) and it also governs 

the time to reach the steady state of affective dependence and the time to return to baseline. The 

model suggests that the time to reach steady state with drug presence and the time to return back 

to the baseline after drug withdrawal are same which was not well supported by our results. 

Therefore, this model may oversimplify the mechanism of affective dependence. In any of the 

classic indirect-response models, the change rate of the response is governed by the elimination 

rate constant kout (Gabrielsson and Weiner, 2006). Since the developing rate of affective 

dependence in the presence of drug was faster than the recovering rate of this dependence after 

drug removal, it seemed that the presence of drug should enhance the elimination rate in the 

indirect-response model. However, after fitting the model to the data, it showed that the 0.6 

mg/kg/day dose treatment would reach plateau significantly earlier than the 0.3 mg/kg/day dose 

which again seems contrary to our observations. The connection between physical dependence 
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and receptor sensitization has been suggested in morphine dependent animals (Abdelhamid and 

Takemori, 1991; Rothman et al., 1991; Crain and Shen, 1998; Vekovischeva et al., 2001). The 

receptor sensitization model constructed in this study related affective dependence proportionally 

to the number of hypothetical receptors. This model provided the best fit to the data and was also 

the most stable based on the variances of the parameter estimates due to the fewest number of 

parameters. 

The two-phase-response model and the induction of the response model were compared for 

their suitability in describing somatic dependence. Somatic dependence was characterized by 

mixed withdrawal syndromes. From our observation, some withdrawal syndromes such as facial 

fasciculation, blinking and ptosis developed quickly and appeared one day after the infusion 

started, while other syndromes such as abdominal constrictions, escape attempts, and diarrhea 

appeared 2-3 days later. A possible explanation for theses observations is that multiple 

mechanisms and effect sites are involved in mediating somatic withdrawal signs. The two-phase-

response model was developed based on this reasoning. It successfully captured the two-phase 

development of somatic dependence as suggested by our observed data and its overall fit was 

also slightly better than the simple induction of the response model. However, the two-phase-

response model involved 12 parameters; therefore the parameter estimates were not stable. The 

induction of the response model was in contrast very simple and stable. It also captured the 

overall development of somatic dependence well. Therefore, we selected this model for the 

simulation study. 

The counter response has now been considered to play the most important role in opiate 

tolerance (Harrison et al., 1998b; Heinzen and Pollack, 2004; Raith and Hochhaus, 2004). The 

delay in the counter response can be described by an exponential cumulative distribution 
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function. Similar empirical approaches had been used to characterize the time-dependent 

attenuation of responses (Chow et al., 1985; Hammarlund et al., 1985). However, this approach 

oversimplified the disassociation between the drug and response as a simple time-dependent 

function which ignored the drug effect on the delay. As emphasized by Gabrielsson, this kind of 

approaches is preferable for single dose administration (Gabrielsson and Weiner, 2006). To give 

a physiologically meaningful explanation of this delay, drug-induced depletion of an inhibitory 

modulator of the counter response was integrated in the counter-response model. The modified 

model provided a comparable fit to the original model and expanded the model’s suitability for 

multiple dosing simulations. 

With the selected PK/PD models, the impacts of intermittent dosing strategies on physical 

dependence and analgesic tolerance were evaluated. Since the half-life of fentanyl in rats is 

approximate one hour, there is almost no accumulation of the drug when the dosing interval is 6 

hour or longer. However, the emergence of physical dependence and analgesic tolerance are 

significant since the drug-induced adaptive changes need much longer time than drug itself to be 

eliminated. The results of our simulation studies suggest that for the same daily dose the longer 

dosing interval causes more severe affective dependence. This interesting suggestion is 

consistent with the common belief that intermittent rather than continuous administration causes 

drug craving in addicts (Post, 1980; Robinson and Becker, 1986; Stewart and Badiani, 1993; 

King et al., 1994; Laura E. O'Dell, 2004; Tomie et al., 2006). Drug craving is highly 

correspondent to affective dependence. Our results agree with Post’s observations that 

intermittent stimulation of a given system may produce larger output measures than continuous 

stimulation; and the time interval between stimulations is only one variable among many that is 

important in determining the direction and magnitude of adaptive response following repeated 
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presentations (Post, 1980). From our simulation, the longer dosing interval caused less somatic 

dependence. This is also in agreement with the observation that the opioid dihydroetrophine 

produced overt somatic signs of physical dependence in the rat when given continuously rather 

than intermittently (Aceto et al., 2000). For the analgesic tolerance study, the longer dosing 

interval reduced analgesic tolerance, which is consistent with commonly accepted theory in 

clinical practice (Freye and Latasch, 2003). However, the reduction of analgesic tolerance in our 

simulation study is not significant. Considering affective dependence, somatic dependence, and 

analgesic tolerance together, the longer dosing interval will enhance drug carving associated with 

affect affective dependence, and during each long dosing interval the patient will suffer from 

spontaneous withdrawal. Therefore, intermittent dosing strategies, particularly with a long 

dosing interval, do not appear to be suitable for chronic fentanyl treatment. In order to avoid 

tolerance opioid rotation and multimodal analgesia may be the direction. 

The comparisons among the results of affective dependence, somatic dependence and 

analgesic tolerance published in the literature again support our modeling hypothesis that 

different mechanisms may be underlying these three responses. Moreover, the comparisons seem 

to imply that the PK properties of the addictive substance, especially the distribution and 

elimination properties play an important role in affecting the time-interval effect on physical 

dependence and drug tolerance. Future systemic comparison studies of different classes of 

addictive drugs are warranted to clarify this issue. 

In conclusion, various structurally different PK/PD models were evaluated for affective 

dependence, somatic dependence and analgesic tolerance. The receptor sensitization model 

characterized affective dependence best; the induction of the response model was more suitable 

for somatic dependence; and the counter-response model with drug-induced depletion of an 
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inhibitory modulator captured the development of analgesic tolerance well. Intermittent dosing 

strategies have been evaluated by simulation studies and suggested to be not suitable for chronic 

fentanyl application. 
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Table 5-1.  Comparison of the goodness-of-fit statistics (i.e., the data vs. prediction correlation, 
the data vs. prediction coefficient of determination, and the model selection criterion 
(MSC)) of the PD models for affective dependence 

Model Number of 
parameters

Correlation Coefficient of 
determination

MSC 

2-effect-compartment 6 0.93 0.86 1.61 
Indirect response (elimination of the inhibitor) 8 0.94 0.87 1.58 
Receptor sensitization 4 0.93 0.86 1.75 

 

 

Table 5-2.  Parameter estimates of the receptor sensitization model for affective dependence 
Parameter  mean CV% 
kin (/hr) 2.19 17.3 
K  5.70 44.0 
s 1.56 45.3 
kDout (/hr) 0.16 37.3 
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Table 5-3.  Comparison of the goodness-of-fit statistics of the PD models for somatic 
dependence 

Model Number of 
parameters

Correlation Coefficient of 
determination

MSC 

2-phase response 12 0.99 0.97 2.76 
Induction of the response 3 0.98 0.95 2.78 

 

 

Table 5-4.  Parameter estimates of the induction of the response model for somatic dependence 
Parameter  mean CV% 
kin_max (/hr) 1.50 32.7 
EC50 (ng/mL)  5.68 44.2 
kout (/hr) 0.021 6.0 
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Table 5-5.  Comparison of the goodness-of-fit statistics of the PD models for analgesic tolerance 
Model Number of 

parameters
Correlation Coefficient of 

determination
MSC

Delayed counter response 7 0.97 0.94 2.42 
Counter response with depletion of an inhibitor 8 0.97 0.94 2.40 

 

 

Table 5-6.  Parameter estimates of the counter-response model for analgesic tolerance 
Parameter  Delayed counter response model Counter response with depletion of an 

inhibitor model 
kin_max (/hr) 48.5 (35.0) 50.1 (37.3) 
kout (/hr) 0.31 (25.8) 0.31 (25.8) 
EC50 (ng/mL) 1.70 (56.5) 1.88 (58.0) 
kTin_max (/hr) 30.8 (34.4) 30.9 (34.3) 
kTout (/hr) 0.23 (21.3) 0.23 (21.3) 
TC50 (ng/mL) 1.37 (69.3) 1.29 (72.1) 
a (hr) 15.1 (23.2) - 
km(/hr) - 0.066 (24.2) 
MC50 (ng/mL) - 0.10 (Fixed) 
Data are expressed as means (CV%). 
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Figure 5-1.  The complete time courses of affective dependence (A) and somatic dependence (B) 

together with fentanyl PK  

Drug withdrawal 
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Figure 5-2.  The schemes of the two-effect-compartment indirect-link PD model (A), the 
elimination of an inhibitor indirect-response PD model (B), and the receptor 
sensitization PD model (C) for affective dependence 
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Figure 5-3.  The schemes of the two-phase-response PD model (A) and the induction of the 
response PD model (B) for somatic dependence 
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Figure 5-4.  The complete time courses of antinociception together with fentanyl PK 
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Figure 5-5.  The model schemes of analgesic tolerance: the delayed counter-response PD model 

(A) and a hypothesis of drug-induced depletion of an inhibitory modulator to account 
for the counter-response delay (B) 
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Figure 5-6.  The PK/PD model scheme implemented in Trail Simulator for the intermittent 
dosing simulation studies 
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Figure 5-7.  The fittings to the complete time-courses of affective dependence with the two-
effect-compartment indirect-link model (A), the elimination of an inhibitor indirect-
response PD model (B), and the receptor sensitization model (C) 

 

A. 

B. 
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Figure 5-8.  The fittings to the complete time-courses of somatic dependence with the two-phase-
response model (A) and the induction of the response model (B) 
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Figure 5-9.  The fittings to the complete time-courses of the antinociceptive response with the 
delayed counter-response model (A) and the model integrated with a hypothesis of 
depletion of an inhibitory modulator to account for the counter-response delay (B) 

A. 

B. 
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Figure 5-10.  Impacts of intermittent dosing of fentanyl on the development of affective 
dependence (A), somatic dependence (B) and analgesic tolerance (C)  

A. 
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Figure 5-11.  Impacts of intermittent dosing of fentanyl on the steady state of affective 
dependence (A), somatic dependence (B) and analgesic tolerance (C) 
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CHAPTER 6 
CONCLUSIONS  

Fentanyl is one of the most popular opioid analgesics in modern anesthesia and pain 

therapy. It has been widely used to relieve chronic pain. There is no known opioid more 

efficacious than fentanyl in reducing cancer pain, which makes it the first choice for 

breakthrough cancer pain. Fentanyl infusion is also commonly used for the prolonged sedation 

and analgesia that is often necessary for treating critically ill children.  

Fentanyl tolerance and physical dependence are the most challenging issues in fentanyl 

chronic therapy.  Approximately half of the cancer patients converted to transdermal fentanyl 

from other opioid agents required increased dosages after initial application of the patch 

(Muijsers and Wagstaff, 2001). This complicates the therapeutic applications of fentanyl with 

respect to patient selection, product selection and dosing selection (FDA, 2007a; FDA, 2007b). 

Currently, fentanyl is classified as a Schedule II drug in the United States due to its high abuse 

rate. Abuse of fentanyl and its analogs has been associated with a large number of drug overdose 

deaths, which might be contributed by their high potency and respiratory depressant effects 

(Kronstrand et al., 1997; Kuhlman et al., 2003; Lilleng et al., 2004).  

PK/PD approaches have proven to be effective in explaining drug-response relationships, 

and to in dose-optimization to improve drug efficiencies and reduce the risk of undesired effects  

(Derendorf and Meibohm, 1999; Derendorf et al., 2000). The aims of the present studies were to 

verify and characterize the correlations among fentanyl PK, physical dependence and analgesic 

tolerance, and then to derive a clearer explanation of drug-effect relationships. This is likely to 

lead a more efficient therapeutic design based on the administration route and dose regimen to 

minimize dependence and tolerance. 
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Fentanyl PK following s.c. administration in rats was linear in the testing range. A 

population two-compartment PK model was developed that could describe the observed 

concentration-time courses for all doses. With this quantitative information, we are now better 

able to predict drug concentrations over time for any desired dose regimen. 

Another aim of these studies was to investigate the impacts of fentanyl-dose and exposure 

duration on the development of physical dependence in rats. ICSS brain reward threshold 

measurement provided us a reliable and quantifiable biomarker of affective dependence, and 

scoring the somatic withdrawal syndromes from a table gave us quantitative information of 

somatic dependence.  The results in this study indicate that fentanyl-induced physical 

dependence is dependent on the dose administered. For both affective dependence and somatic 

dependence, the spontaneous withdrawal syndrome lasted much longer than the drug after 

discontinuation of dosing. In addition, it was shown that fentanyl induces acute affective 

dependence, the development of which was highly correlated with fentanyl concentration. 

However, somatic dependence gradually developed over time and the development was 

dissociated from drug concentration. These observations suggest that different mechanisms 

mediate affective and somatic dependence.  

The results of the tail-flick tests indicate that analgesic tolerance of fentanyl during 

continuous drug exposure also depends on the dose and exposure-duration of fentanyl. In our 

studies, continuous s.c. infusion of 0.3 – 0.6 mg/kg/day fentanyl only produced a short analgesic 

effect in rats. Antinociception of fentanyl reached maximum 12 hours after pump implantation. 

Continuous exposure to fentanyl rendered rapid loss of the drug effect; and analgesia dropped to 

plateau 72 hours after pump implantation. Fentanyl-induced hyperalgesia was suggested after 

discontinuation of dosing. These observations are in agreement with previous observations that: 
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1) continuous s.c. infusions of fentanyl rendered infant rats tolerant to the analgesic effects of 

fentanyl; and 2) no analgesia was present from the fentanyl released from the pumps 72 hours 

after implantation of the pumps (Thornton et al., 1997; Thornton and Smith, 1998; Choe and 

Smith, 2000). All of these observations came from the tail-flick test, which is a measurement of 

the reflex or neuronal firing in the spinal dorsal horn, and the reflex responses to high rates of 

noxious cutaneous heating are mainly mediated by Aδ-fiber nociceptors. However, in the clinical 

situation, chronic pains are cerebral manifestations which mainly are cortical responses mediated 

by C-fiber nociceptors  (Yeomans et al., 1996; Yeomans and Proudfit, 1996; Kimura and 

Kontani, 2008; Xiao and Bennett, 2008). A differential opioid modulation of those nociceptors 

has also been suggested and reflex responses are considered to be insensitive to the attenuation 

of nociceptive sensitivity of laboratory animals by low doses of opioids (Vierck et al., 2002; 

King et al., 2007). Keeping that in the mind, we may need to carefully evaluate the almost 

complete loss of fentanyl analgesic effects observed in the tail-flick. Therefore, TIROS remains 

an important future direction to evaluate pain sensitivity in chronic treatments.  

PK/PD modeling links PK and PD information and enable us to predict the dependence 

and tolerance over time for any designed dose regimen. Various semi-mechanism based models 

have been evaluated for their suitability in characterizing affective dependence, somatic 

dependence, and analgesic tolerance. Among them, the receptor sensitization model, which 

simply relates affective dependence proportionally to the number of hypothetical receptors, can 

capture the overall time courses of affective dependence. The induction of the response model 

captures the overall time courses of somatic dependence and is very simple. The counter-

response model with drug-induced depletion of an inhibitory modulator captures the overall time 

courses of analgesic well. With these selected PK/PD models, the impacts of intermittent dosing 
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strategies on physical dependence and analgesic tolerance were evaluated. The results of the 

simulation studies suggest that for the longer dosing interval causes more severe affective 

dependence but slightly less somatic dependence and analgesic tolerance. This is consistent with 

the common observations that intermittent rather than continuous administration causes drug 

craving in addicts but less drug tolerance and somatic withdrawal syndrome and the time interval 

plays an important role in determining the direction and magnitude of adaptive response (Post, 

1980; Robinson and Becker, 1986; Stewart and Badiani, 1993; King et al., 1994; Aceto et al., 

2000; Freye and Latasch, 2003; Laura E. O'Dell, 2004; Tomie et al., 2006). The comparisons 

among the results of affective dependence, somatic dependence and analgesic tolerance again 

support our modeling hypothesis that different mechanisms underlie these three responses. 

Moreover, the comparisons among the different tested addictive substances imply that the PK 

properties of the addictive substance, especially the distribution and elimination properties play 

an important role in affecting the time-interval effect on physical dependence and drug tolerance. 

Future systemic comparison studies of different classes of addictive drugs are warranted to 

clarify this issue. More importantly, during each of the lengthy dosing intervals the patient will 

suffer from spontaneous withdrawal, so that intermittent dosing strategies, particularly with a 

long dosing interval, are not recommended for chronic fentanyl treatment. 

In conclusion, these studies demonstrated the connections among fentanyl plasma levels, 

drug-exposure duration and the development of physical dependence or analgesic tolerance. The 

PK/PD models developed in these studies were able to describe the overall time courses of 

affective dependence, somatic dependence and analgesic tolerance respectively in the testing 

situations. Comparisons between the simulation results of intermittent versus continuous dosing 

and the literature observations support our modeling hypothesis that different mechanisms 
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underlie these three responses. We expect that the modeling exercises presented in these studies 

will profitably contribute to the formulation of hypotheses of physical dependence and analgesic 

tolerance mechanisms. Specific trials will be required for this purpose, particularly those 

evaluating potential causal relationships between opioid receptor modulation and antinociceptive 

actions of the drug. Comparison studies of different addictive drugs, both with similar and 

different mechanisms of action, to investigate the impacts of their PK properties on the influence 

of intermittent dosing on physical dependence and analgesic tolerance may be another future 

direction. From a clinical perspective, these studies suggest that: 1) when fentanyl is used for the 

treatment of chronic pain, the dose of fentanyl should be minimized; 2) increasing the treatment 

period does not further increase the negative emotional state associated with fentanyl 

withdrawal; and 3) continuous instead of intermittent dosing is preferred for long term treatment. 
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APPENDIX A 
PHARMACOKINETIC MODELING OF SUBCUTANEOUS FENTANYL IN NONMEM 

$PROB Fentanyl PK S.C. study in 18 rats 
    ;DATE = 08/23/07 PROGRAMMER=JIANG LIU 
    ;Units: Time=min, AMT=mg/kg, Concentration=ng/mL, Volume=mL, CL=mL/min, 
eliminationRate=/min 
     
$DATA Rat_sc_MS.CSV IGNORE # 
$ABB COMRES=6 
$INPUT ID AMT TIME DV 
$SUBROUTINE ADVAN4 TRANS4 
$PK 
    KA = POPKA*EXP(ETA(1)) 
    V2 = POPV2*EXP(ETA(2)) 
    Q  = POPQ*EXP(ETA(3)) 
    V3 = POPV3*EXP(ETA(4)) 
    CL = POPCL*EXP(ETA(5)) 
 
    S2 = V2/1000000 
    ;Sn refers to scaling factor to respective compartment volume 
    ;(Eg.Dose is in mg, DV (Concentration) is in ng/mL, 
    ;V2 will be in mili-litres ie., 1/1000000 scaling factor required) 
     
           $INFN 
           IF (ICALL.EQ.3) THEN 
             OPEN(50,FILE='cwtab1.est') 
             WRITE(50,*) 'ETAS' 
             DO WHILE(DATA)                                                        
               IF (NEWIND.LE.1) WRITE (50,*) ETA                                     
             ENDDO                                                                 
             WRITE(50,*) 'THETAS' 
             WRITE(50,*) THETA 
             WRITE(50,*) 'OMEGAS' 
             WRITE(50,*) OMEGA(BLOCK) 
             WRITE(50,*) 'SIGMAS' 
             WRITE(50,*) SIGMA(BLOCK) 
           ENDIF 
    
;$THETA specifies initial estimates and bounds for structural model parameters 
$THETA (0,0.03)    ;POPKA 
$THETA (500,1096)     ;POPV2 
$THETA (10,323)        ;POPQ 
$THETA (1000,4215)       ;POPV3 
$THETA (10,89)     ;POPCL (30,100)  
;$OMEGA specifies initial estimates of the variance of between subject variability 
$OMEGA    0 FIX ;ETA_KA 
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$OMEGA    0.09 ;ETA_V2 
$OMEGA    0.09 ;ETA_Q 
$OMEGA    0.09 ;ETA_V3 
$OMEGA    0.09 ;ETA_CL 
 
;$SIGMA specifies initial estimates of the variance of (residual) Within subject variability 
$SIGMA    0.09 ;ERRSD_PRO 
    ;ERR1-Proportional error of 30% 
;$SIGMA    0.0004  ;ERRSD_ADD  
    ;ERR2-Additive error = 50 pg/mL-Normally the LOQ of the assay method 
     
$ERROR 
  IPRED = F 
  IRES=DV-IPRED 
  IF(IPRED.LE.0) THEN 
    DEL=1 
  ELSE 
    DEL=0 
  ENDIF 
 
  IWRES=IRES/(IPRED+DEL) 
 
  Y=F+F*(ERR(1));+ERR(2) 
    ;$ERROR block specifies a model for (residual) Within subject variability 
    ;Combined error model is used ie., both additive and proportional error model 
    ;F = Modeled value of the dependant variable or individual predicted concentrations 
 
           "LAST  
           "  COM(1)=G(1,1)  
           "  COM(2)=G(2,1)  
           "  COM(3)=G(3,1)  
           "  COM(4)=G(4,1)  
           "  COM(5)=G(5,1) 
           "  COM(6)=HH(1,1) 
 
$ESTIMATION METH=1 INTERACTION MAXEVAL=9999 PRINT=10 POSTHOC 
MSFO=Rat_sc_8cox.msf 
$COV 
 
$TABLE ID TIME DV IPRED IWRES NOPRINT ONEHEADER FILE=sdtab1 
$TABLE ID KA V2 Q V3 CL ETA1 ETA2 ETA3 ETA4 ETA5 NOPRINT ONEHEADER 
FILE=patab1 
 
$TABLE ID COM(1)=G11 COM(2)=G21 COM(3)=G31 COM(4)=G41 COM(5)=G51 
COM(6)=H11   
       IPRED MDV NOPRINT ONEHEADER FILE=cwtab1.deriv 
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APPENDIX B 
SEQUENTIAL RECEPTOR SENSITIZATION MODELING OF AFFECTIVE DEPENDENCE 
FOLLOWING SUBCUTANEOUS FENTANYL PUMP ADMINISTRATION IN SCIENTIST 

// Micromath Scientist Model File 
IndVars: T 
DepVars: Ed1,Ed2 
Params: kin,K,s,kDout 
 
    Infstart= T-Tlag 
    Infstop = T- Tstop 
    IND = 0 
    Infstart = IFGEZERO(T-Tlag,1,0) 
    Infstop = IFGEZERO(T- Tstop,1,0) 
    IND = Infstart -Infstop 
 
    A1d1y'=INFR1*IND-KA*A1d1y 
    A2d1y'=-(CL/V2)*A2d1y+ KA*A1d1y-(Q/V2)*A2d1y+(Q/V3)*A3d1y 
    A3d1y'=(Q/V2)*A2d1y-(Q/V3)*A3d1y  
    Cpd1y = A2d1y/V2*1000000 
 
    A1d2y'=INFR2*IND-KA*A1d2y 
    A2d2y'=-(CL/V2)*A2d2y+ KA*A1d2y-(Q/V2)*A2d2y+(Q/V3)*A3d2y 
    A3d2y'=(Q/V2)*A2d2y-(Q/V3)*A3d2y  
    Cpd2y = A2d2y/V2*1000000 
 
    kout = kin/100 
 
    Rad1y'=kin*(1+s*Cpd1y)+K*Rsd1y-Cpd1y*Rad1y-kout*Rad1y 
    Rsd1y'=-K*Rsd1y+Cpd1y*Rad1y-kDout*Rsd1y   
 
    Rad2y'=kin*(1+s*Cpd2y)+K*Rsd2y-Cpd2y*Rad2y-kout*Rad2y 
    Rsd2y'=-K*Rsd2y+Cpd2y*Rad2y-kDout*Rsd2y   
 
    Ed1 = Rad1y + Rsd1y 
    Ed2 = Rad2y + Rsd2y 
 
//independent variable initial 
    T=0 
 
// constant values 
   Tstop = 336    
 
   INFR1 = 0.00795 
   INFR2 = 0.0159 
 
   KA = 1.44 
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   V2 = 995 
   CL = 6120 
   Q = 9480 
   V3 = 4450 
   Tlag = 6.9  
 
// Parameter values 
    kin = 2.19 
    K = 5.7 
    s = 1.56 
    kDout = 0.16 
 
// Initial conditions 
    A1d1y=0 
    A2d1y=0 
    A3d1y=0  
 
    A1d2y=0 
    A2d2y=0 
    A3d2y=0  
 
   Rad1y = 100 
   Rsd1y = 0 
 
   Rad2y = 100 
   Rsd2y = 0 
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