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INTRODUCTIONPharmacokinetic-Pharmacodynamic
Recently, a number of integrated pharmacokinetic/pharma-Analysis of the EEG Effect of

codynamic (PK/PD) models have been proposed for characteri-Alfentanil in Rats Following sation of functional adaptation to the effects of opiates. Some
of these models describe tolerance development on basis ofb-Funaltrexamine-Induced m-
distribution to a hypothetical tolerance compartment (1). OthersOpioid Receptor “Knockdown”
postulate a physiological counter-regulatory mechanism to

In Vivo characterise functional adaptation (2). A limitation of these
models is that they are in empiric nature and that they are not
based on receptor regulation as the mechanism of functional
adaptation. It is generally believed that changes in the expres-Maria Garrido,1 Josy Gubbens-Stibbe,1
sion and function of m-opioid receptors play an important roleErica Tukker,1, Eugène Cox,1
in the development of functional tolerance both in vitro (4) andJacobien von Frijtag, Drabbe Künzel,2
in vivo (3). Recently, the functional role of the m-opioid receptor

Ad IJzerman,2 Meindert Danhof,1,4 and in the pharmacological actions of morphine in vivo has been
Piet H. van der Graaf1,3

convincingly demonstrated in knockout mice (5).
In a previous investigation we have proposed a mechanism-

based pharmacokinetic-pharmacodynamic (PK/PD) model forReceived November 16, 1999; accepted February 23, 2000
the effects of synthetic opiates on the brain (6). By a combination

Purpose. The objective of this investigation was to determine the of in vivo and in vitro technologies it was shown that the in vivo
influence of pre-treatment with the irreversible m-opioid receptor antag- concentration-EEG effect relationships could be explained by the
onist b-funaltrexamine (b-FNA) on the pharmacokinetic-pharmacody- operational model of agonism according to Black and Leff (7),
namic (PK/PD) relationship of alfentanil in rats. on the assumption of a considerable receptor reserve. The mecha-
Methods. The PK/PD correlation of alfentanil (2 mg.kg21 intrave- nism-based PK/PD model has subsequently been applied to
nously in 20 min) was determined in chronically instrumented rats examine functional adaptation to the EEG effects of synthetic
using amplitudes in the 0.5–4.5 Hz frequency band of the EEG as

opiates in a quantitative manner. This study showed that thepharmacodynamic endpoint. b-FNA was administered intravenously
observed loss of potency of alfentanil upon repeated administra-(10 mg.kg21) either 35 min or 24 h prior to the PK/PD experiments.
tion could be explained by a 50% loss of functional m-opioidResults. Pre-treatment with b-FNA had no influence on the pharmaco-
receptors (8).kinetics of alfentanil. The in vivo concentration-EEG effect relation-

The objective of the present investigation was to obtainships, however, were steeper and shifted towards higher concentrations
experimental validation of the proposed mechanism-based PK/with no difference between the 35-min and the 24-h pre-treatment

groups. Analysis of the data on basis of the operational model agonism PD model for synthetic opiates. To this end the role of receptor
revealed that the observed changes could be explained by a 70–80% reserve as a determinant of the pharmacodynamics of alfentanil
reduction in alfentanil efficacy in b-FNA pre-treated rats. This is in vivo was examined by pre-treatment with the irreversible
consistent with results from an in vitro receptor bioassay showing a m-opioid receptor antagonist b-funaltrexamine (b-FNA) (9).
40–60% reduction in the number of specific m-opioid binding sites in Radioligand binding studies were performed in parallel to allow
the brain. for an integration of in vitro receptor binding characteristics
Conclusions. This investigation confirms the validity of a previously with the in vivo pharmacology.
postulated mechanism-based PK/PD model for the effect of synthetic
opiates in rats.

KEY WORDS: alfentanil; b-funaltrexamine; m opioid receptors; METHODSoperational model of agonism; pharmacokinetic-pharmacodynamic
modeling.

Animals and Surgery

Male Wistar rats with a body weight between 250–350 g
were used in the experiments. Rats were housed individually
in plastic cages at 218C, normal light-dark cycle (8:00 a.m.–8:001 Division of Pharmacology, Leiden Amsterdam Center for Drug
p.m.) with food (Standard Laboratory Rat Mouse and HamsterResearch, P.O. Box 9503, 2300 RA Leiden, The Netherlands.

2 Division of Medicinal Chemistry, Leiden Amsterdam Center for Drug Diets, RMH-TM, Hope Farms, Woerden, The Netherlands) and
Research, P.O. Box 9502, 2300 RA Leiden, The Netherlands. water ad libitum. One week before the experiment, seven corti-

3 Discovery Biology, Pfizer Central Research, Ramsgate Road, Sand- cal EEG electrodes were implanted under fentanyl/droperidol
wich, Kent CT13 9NJ, United Kingdom. anaesthesia (HypnormW Janssen Pharmaceutica BV, Beerse,

4 To whom correspondence should be addressed. (e-mail: m.danhof@ Belgium) as described before (10). Two days before the experi-
lacdr.leidenuniv.nl) ment, four permanent cannulas were implanted, two in the left

ABBREVIATIONS: ANOVA, analysis of variance; b-FNA, b-funal-
jugular vein and one in the femoral vein for administration oftrexamine; BSA, bovine serum albumin; 95%CI, 95% confidence inter-
alfentanil and b-FNA, midazolam and vecuronium, respec-val; Cl, clearance; CV, coefficient of variation; E/[A], concentration-
tively, and one in the femoral artery for blood sample collection.effect; EEG, electroencephalogram; MRT, mean residence time; PK/
The protocol of the study was approved by the Committee onPD, pharmacokinetic/pharmacodynamic; RIA, radioimmunoassay;

t1/2,b, elimination half life; VSS, volume of distribution at steady-state. Animal Experimentation of Leiden University.
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Pharmacokinetic-Pharmacodynamic Experiments absence of 100 mM NaCl. Protein concentration in the homoge-
nates was determined using the Pierce Micro BCA assay (Pierce,

Rats were pre-treated with an intravenous infusion of 10 Rockford, IL, U.S.A.).
mg.kg21 of b-FNA or saline for 2 min at a constant rate of
200 ml.min21. Following a washout period of 35 min or 24 h Drug Assay Alfentanil
the pharmacokinetic-pharmacodynamic correlation of alfentanil

The concentrations of alfentanil in blood were determinedwas determined. Briefly, alfentanil (2 mg.kg21) was adminis-
by the radioimmonoasay (RIA) method described by Cox ettered via an intravenous infusion over 20 min at a constant rate
al. (6). Under the actual experimental conditions the bindingof 20 ml.min 21. During periods of alfentanil-induced muscle
ability (B0) was ,30% and the limit of detection was 10 ngrigidity and respiratory depression the animals received
ml21. The intra- and interassay variability were less than 5%.repeated intravenous bolus injections of vecuronium bromide

(0.15 mg) and were artificially ventilated with air. Adequacy
of artificial ventilation was ascertained by monitoring of the Drug Assay b-Funaltrexamine
arterial pO2, pCO2 and pH. During and after the infusion 18

The b-FNA concentrations were determined by HPLCarterial blood samples (20–50 ml) were collected for determina-
with electrochemical detection at 800 mV. Haemolysed bloodtion of the concentration-time profile of alfentanil. In addition
samples were mixed with the internal standard, naloxone, andthree blood samples (100 ml) were collected for determination
200 ml borate buffer (1M, pH 5 9) and subsequently extractedof the midazolam concentration. From 20 min prior to until
with 3 ml ethylacetate. After centrifugation the organic layer140 min after the administration of alfentanil the EEG was
was evaporated at 308C and the residue was dissolved in 100continuously recorded and subjected to off-line fast Fourier
ml mobile phase (mixture of phosphate buffer (0. 05M, pH 5analysis for quantification. Amplitude in the 0.5–4.5 Hz fre-
5.5) and acetonitrile 78:22 v/v) of which 50 ml was injectedquency band of the EEG was selected as pharmacodynamic
into the chromatographic system consisting of an Applied Bio-endpoint. During the entire experiment a continuous infusion of
systems pump, an Antech electrochemical detector and a Shi-midazolam (5.5 mg.kg21.h21) was given to prevent alfentanil-
madzu C-R3A Chromatopac integrator. Chromatography wasinduced seizure activity.
performed on a C18 ODS ultrasphere column (25 cm 3 4.6
mm i.d., and 5 mm) and a precolumn Alltech Guard column

Pharmacokinetics of b-Funaltrexamine C18, flow rate 1ml min21). The retention times for b-FNA
and naloxone were 6.1 and 4.5 min, respectively. The limit of

The pharmacokinetics of b-FNA were determined in a detection for b-FNA was 20 ng ml21 and a linear calibration
separate experiment. Two days before the experiment, animals curve was obtained in the concentration range of 20–500 ng
were implanted with a cannula in the femoral artery for blood ml21. The intra- and inter-assay coefficients of variation were
sampling and another one in the jugular vein for drug adminis- 5.9 and 3.3%, respectively, and the extraction efficiency was
tration. b-FNA was administered by an intravenous infusion 78%.
of 10 mg kg21 in 2 min and twelve blood samples (100–200
ml) were collected at regular intervals. Each blood sample was

Drug Assay Midazolamhaemolysed immediately with 400 ml of deionized water and
stored at 2208C until HPLC assay (see below). The blood concentrations of midazolam were determined

by HPLC with ultraviolet detection as described before (10).
The intra-and interassay variation was less than 6%.Radioligand Binding

The effect of b-FNA pre-treatment radioligand receptor Data Analysis
binding was also determined. Rats were pre-treated with 10 mg

Standard pharmacokinetic compartmental analysis waskg21 b-FNA or saline and brains were removed after a 35 min
performed by fitting the blood concentration-time profiles to aor 24 h washout period and stored in nitrogen at 2808C. Brains
biexponential equation (6) by use of the WinNonlin Pro software(minus cerebellum) were homogenised in 10 volumes 50 mM
package (version 1.5, Pharsight, Mountain View, CA, U.S.A.).Tris-HCl buffer (pH 5 7.4) at 258C and stored at 2808C. The
From the fit, the pharmacokinetic descriptors, clearance (Cl),suspension was centrifuged at 48.000 g for 20 min and the
volume of distribution at steady-state (VSS), mean residencepellet was washed three times with buffer. Aliquots of 100
time (MRT) and elimination half life (t1/2,b) were calculated.ml were incubated in duplicate for 30 min with 0.3–15 nM
From each individual time-EEG effect profile (n 5 5–6 per[3H]naloxone (New England Nuclear-719, specific activity 57.7
treatment group), 50 data points were sampled at regular inter-Ci mmol21, New England Nuclear, Boston MA, U.S.A.). Sam-
vals between the start of the infusion and the time of the lastples were then filtered through a pre-soaked Whatman GF/B
blood-concentration measurement. The individual estimates ofglass fibre filter and eluted six times with 3 ml Tris-HCl buffer
the pharmacokinetic model parameters were then used to calcu-of 48C under reduced pressure. The filters were submerged in
late alfentanil blood concentrations at the times of the EEG3.5 ml of Packard Ultima Gold scintillation fluid (Packard,
sampling. Individual alfentanil E/[A] curves were then fittedMerden, CT, U.S.A.) and radioactivity was measured using a
simultaneously to the Hill equation:Packard Tri-Carb 1500 liquid scintillation analyser (Packard,

Downers Grove, IL, U.S.A). Non-specific binding of [3H]nalox-
E 5 E0 1

(a 2 E0) ? [A]nH

EC nH
50 1 [A]nH (1)one was determined in the presence of 100 mM fentanyl. Dis-

placement of a fixed concentration (2.5 nM, ,KD) of
[3H]naloxone by alfentanil was determined in the presence and to obtain estimates of the lower asymptote (E0), upper asymptote
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(a), midpoint location (EC50) and midpoint slope parameter to the specific-binding data from the saturation experiments
using the GraphPad Prism software package version 2.0(Hill slope, nH). The fits were performed by use of the non-

linear mixed effect modeling software package, NONMEM (GraphPad, San Diego, CA, U.S.A.):
(11) utilising a method which takes into account interindividual
variability in the model parameters (12). An IBM-compatible B 5

Bmax ? [L]

Kd 1 [L]
(4)

personal computer (PentiumR 133 MHz) running under Win-
dows 95 and Visual-NM 2.2.2 (RDPP, Montpellier, France) was where B is the concentration of bound ligand, Bmax is the total
used with the Microsoft FORTRAN PowerStation 4.0 compiler number of specific binding sites and Kd is the ligand dissociation
and NONMEM version IV, level 2.0 (double precision; NON- equilibrium constant. Individual alfentanil (A) competition
MEM project group, University of California, San Francisco, curves were fitted to the following equation:
U.S.A.). Parameters and associated S.E.’s were estimated using
the so-called first-order method and additive intraindividual

B 5
B0 ? [A]

IC50 1 [A]
(5)

and multiplicative interindividual residual error models were
assumed (11–12). Estimates of the interindividual variability

where B0 is the total number of specific binding sites occupiedwere expressed as coefficient of variation (CV). Individual
by [3H]naloxone in the absence of alfentanil and IC50 the con-parameter estimates for each subject were calculated using the
centration of alfentanil that inhibits 50% of the specific binding.first-order Bayesian estimation method implemented in the
Subsequently, the dissociation equilibrium constant (Ki) forNONMEM software.
alfentanil was calculated using the Cheng and Prusoff (14)The E/[A] data were also analysed on the basis of the
equation:operational model of agonism (7):

Ki 5
IC50

1 1
[L]
Kd

(6)E 5 E0 1
(Em 2 E0) ? tn ? [A]n

(KA 1 [A])n 1 tn ? [A]n (2)

where Em is the maximum effect achievable in the system, KA

The effects of b-FNA pre-treatment on pharmacokinetic andis the agonist dissociation equilibrium constant, n is the slope
radioligand-binding parameter estimates were assessed usingindex for the occupancy-effect relationship and t is the efficacy
InStat (version 3.00, GraphPad, San Diego, CA, U.S.A.) by one-parameter, which is defined by the ratio of total receptor concen-
way analysis of variance (ANOVA) and, in case of a significanttration and the concentration of agonist-receptor complex
effect, further evaluated with the Bonferroni-corrected t-test.required to produce half-maximal effect. The potency parameter
Values of P , 0.05 were considered to be significant. Becausein the Hill-equation (EC50) can be expressed in terms of the
the simultaneous E/[A] curve fitting analysis with NONMEMoperational model of agonism as follows (7):
employed in this study yields population parameters rather than
individual estimates, ANOVA could not be used for statisticalEC50 5

KA

(2 1 tn)1/n 2 1
(3)

comparison of the in vivo pharmacodynamic parameters of
the different treatment groups. Instead, the effect of b-FNAInspection of Equation (3) shows that EC50/KA → 1/(21/n21)
treatment was assessed by estimating the change in the pharma-when t → 0 (Fig. 1). Furthermore, with high efficacy values
codynamic parameters compared to the control. When the 95%(reflected in high n’s) Equation (3) approximates to a simple
confidence interval (95%CI) of this estimate did not include 0,linear relationship, EC50/KA 5 1/t, regardless of the value of
the change was considered to be significant. In the case ofn (Fig. 1) (13).
EC50, Kd and Ki the individual estimates were transformed toThe receptor binding characteristics of the radioligand (L),
logarithms before statistical analysis, since these parameters[3H]naloxone, were determined by fitting the following equation
are assumed to be log-normally distributed (15).

Compounds

Compounds were obtained from the following sources:
alfentanil hydrochloride (Janssen Pharmaceutica BV, Belgium);
b-funaltrexamine hydrochloride (b-FNA, Tocris Cookson,
U.K.); midazolam (Roche, The Netherlands); naloxone hydro-
chloride (Sigma, The Netherlands); vecuronium bromide
(Organon Technika BV, The Netherlands).

RESULTS

Effect of b-FNA Pre-treatment on the Pharmacokinetics
and Pharmacodynamics of Alfentanil In Vivo

Fig. 1. Simulations of Equation (3) showing the relationship between
In vehicle-treated rats, alfentanil (2 mg kg21 i.v. in 20the ratio EC50/KA and the efficacy parameter, t, for different values

min) produced a rapid increase in the EEG effect (Fig. 2). Afterof the slope parameter of the transducer function (n). The symbols
the infusion was stopped, the EEG effect returned to baselinerepresent the average estimates for alfentanil in control and b-FNA-

treated rats (see text). values within 60–90 min. The pharmacokinetic behaviour of
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very rapidly and it was not possible to obtain a complete time-
concentration profile and pharmacokinetic parameter estimates
in each rat. The concentration of b-FNA was always below the
limit of detection (20 ng ml21) 30 min after administration
(Fig. 4). Alfentanil produced a rapid increase in the EEG activity
in b-FNA pre-treated rats, but the effect was markedly reduced
compared to the control group (Fig. 2). The loss of in vivo
efficacy appeared not to be due to changes in the disposition
of alfentanil, since pharmacokinetic parameters were not signifi-
cantly different following b-FNA treatment (Table 1). However,
simultaneous fitting of the blood concentration-effect data to
the Hill equation revealed that alfentanil E/[A] curves were

Fig. 2. Time-EEG effect profiles after intravenous administration of 2 significantly shifted to the right and steeper in b-FNA pre-
mg kg21 alfentanil in 20 min in rats pre-treated with a 2 min intravenous

treated animals compared to the control group (Table 2 andinfusion of vehicle, 10 mg kg21 b-FNA followed by 35 min washout
Fig. 3). The upper (a) and lower (E0) asymptotes of alfentaniland 10 mg kg21 b-FNA followed by 24 h washout. The symbols and
E/[A] curves following b-FNA pre-treatment appeared to beerror bars represent EEG effects as mean 6 S.E., respectively (n 5
lower and higher, respectively, but these effects were not signifi-5–6). The solid bar indicates the duration of the alfentanil infusion.
cant as tested (Table 2 and Fig. 3). However, when the maximum
response was expressed as (a 2 E0), a significant reduction
was found following b-FNA treatment (a 2 E0 5 70.6 6 5.3,alfentanil could be described adequately by a two-compartment
43.5 6 3.0 and 29.7 6 6.4 mV for vehicle-treated, 35 min. andmodel (Table 1) and the alfentanil concentration in blood could
24 h. washout groups, respectively).be related directly to the EEG effect by the Hill equation to

Alfentanil produced marked respiratory depression andobtain estimates of the upper asymptote, midpoint location and
muscle rigidity in the control and 24 h washout groups, necessi-midpoint slope parameter (a, pEC50 and nH, respectively) of
tating artificial ventilation and the administration of vecuro-the concentration-effect relationship (Table 2; Fig. 3).
nium, respectively. Interestingly, however, in the 35 minAdministration of b-FNA (10 mg kg21 i.v. in 2 min)
washout group alfentanil had no visible effect on respiration andfollowed by washout had no significant effect on the average
muscle tone and blood gas values remained within physiologicalbaseline EEG effect measured during 15 min before the start
ranges without administration of air and vecuronium (dataof the alfentanil infusion (50.4 6 4.4, 54.2 6 5.3 and 47.4 6
not shown).7.2 mV for the vehicle-treated, 35 min and 24 h washout groups,

respectively; P . 0.5). Blood concentrations of b-FNA declined Analysis of blood samples taken 10 min before and 10

Table 1. Pharmacokinetic Parameter Estimates for Alfentanil (2 mg kg21 i.v. in 20 min) in Vehicle-and b-FNA-Pre-treated (10 mg kg21 i.v.
in 2 min) Rats

Cl VSS MRT t1/2,b

Pre-treatment (ml min21 kg21) (l kg21) (min) (min)

Control 39.3 6 2.2 0.89 6 0.05 29.4 6 6.6 20.3 6 1.4
b-FNA, 35 min washout 34.8 6 5.7 0.91 6 0.10 26.1 6 7.5 22.0 6 5.4
b-FNA, 24 h washout 24.7 6 3.8 0.81 6 0.07 37.2 6 6.2 30.1 6 6.2

Note: Parameter estimates (mean 6 S.E., n 5 5–6) of Cl (clearance), VSS (volume of distribution at steady-state), MRT (mean residence time)
and t1/2,b (elimination half life) were obtained by fitting the individual time-concentration data to a standard two-compartment model as described
under “Methods.”

Table 2. Pharmacodynamic Parameter Estimates for the EEG Effect of Alfentanil (2 mg kg21 i.v. in 20 min) in Vehicle- and b-FNA-Pre-
treated (10 mg kg21 i.v. in 2 min) Rats Obtained by PK/PD Analysis with the Hill Equation

Pre-treatment E0 (mV) a(mV) nH pEC50 (M)

Control 39.5 6 6.6 112.0 6 9.3 1.23 6 0.26 6.33 6 0.18
(33.8%) (16.4%) (28.0%) (2.9%)

b-FNA, 35 min washout 57.0 6 4.7 101.0 6 4.4 2.75 6 0.32* 5.86 6 0.02*
(18.4%) (9.4%) (64.1%) (3.9%)

b-FNA, 24 h washout 48.3 6 6.8 83.6 6 9.5 2.73 6 0.19* 6.05 6 0.02*
(27.6%) (24.1%) (168.2%) (2.8%)

Note: Parameter estimates (mean 6 S.E., n 5 5–6) of E0 (lower asymptote), a (upper asymptote), nH (Hill slope parameter) and pEC50 (potency)
were obtained by fitting the concentration EEG effect data Equation 1 with NONMEM as described under “Methods.” Estimates of interindividual
variability are shown as CV in parentheses.
* Significantly different from control (P , 0.05).
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and 120 min after the start of the alfentanil infusion confirmed
that midazolam concentrations were at steady-state during the
time course of the experiment and no significant differences
(P . 0.05 in all cases) were found between the three treatment
groups (t 5 210: 1059 6 170, 863 6 91 and 1161 6 220 ng
ml21; t 5 10: 1332 6 286, 870 6 124 and 1141 6 109 ng
ml21; t 5 120: 1194 6 204, 1228 6 263 and 1211 6 68
ng ml21 for the vehicle-treated, 35 min and 24 h washout
groups, respectively).

Effect of b-FNA Pre-treatment on m-Opioid Receptor
Binding In Vitro

Pre-treatment with b-FNA (10 mg kg21 i.v. in 2 min)
produced an average reduction of ,40 and 61% in the number
of specific binding sites for [3H]naloxone following 35 min
and 24 h washout, respectively (Bmax 5 157.8 6 20.3, 95.1 6
17.7 and 61.4 6 24.8 fmol mg21 protein for the vehicle-treated,
35 min and 24 h washout groups, respectively, n 5 4, P ,
0.05). b-FNA pre-treatment had no significant effect on the
affinity of [3H]naloxone (pKD 5 8.36 6 0.07, 8.41 6 0.04 and
8.49 6 0.11 for the vehicle-treated, 35 min and 24 h washout
groups, respectively, n 5 4, P . 0.50).

The potency of alfentanil for displacing [3H]]naloxone was
practically identical in the three groups (pKi 5 6.80 6 0.21,
7.01 6 0.35 and 6.46 6 0.05 for the vehicle-treated, 35 min

Fig. 3. In vivo concentration-effect relationships for the EEG effect and 24 h washout groups, respectively, n 5 3, P . 0.30).
of 2 mg kg21 alfentanil administered in a 20 min intravenous infusion Addition of 100 mM NaCl, which is believed to prevent cou-
in vehicle- and b-FNA-treated rats. (a) Example of individual curve pling of the agonist-occupied receptor complex to G proteins
fits obtained in three typical rats. The lines shown superimposed on (6), produced a 4-20 rightward shift of the alfentanil inhibition
the experimental data points represent the individual fits with the Hill

curve and pKi values estimated in b-FNA pre-treated rats underequation with the following NONMEM Bayes parameter estimates:
these conditions were again not significantly different from theE0 5 39.1, 59.5, and 43.3 mV; a 5 97.7, 116.8, and 79.5 mV; nH 5
control group (pKi 5 5.60 6 0.05, 5.69 6 0.05 and 5.88 61.81, 2.72, and 4.22; pEC50 5 6.46, 5.94, and 5.77 for control, 35 min
0.09 for the vehicle-treated, 35 min and 24 h washout groups,and 24 h washout groups, respectively. (b) Average in vivo concentra-
respectively, n 5 3, P . 0.05).tion-effect relationships. The curves were simulated with the Hill equa-

tion using the mean NONMEM population parameter estimates (Table
2). Vertical error bars represent S.E.’s of E0, a and horizontal error

Integration of In Vivo and In Vitro Databars represent S.E.’s of pEC50 (Table 2).

In theory E/[A] curves obtained before and after receptor
inactivation by an irreversible antagonist can be fitted directly
to the operational model of agonism (Eq. 2) to obtain estimates
of agonist affinity and efficacy in vitro (16). Initially, we
attempted to use this approach to analyse the in vivo alfentanil
E/[A] curves but the model fitting did not converge into a
unique solution. An explanation for this is that direct curve
fitting can only be employed when pre-treatment with the irre-
versible antagonist produces a significant depression of the
maximal response and eliminates the receptor reserve of the
system. In the present study, upper asymptotes of the alfentanil
E/[A] curves tended to be lower after b-FNA treatment, but
this effect was not significant as tested and apparently was
overshadowed by the between-animal variability in the model
fitting. In contrast, a significant rightward shift was observed,
indicative for the existence of a receptor reserve. A second
reason why individual E/[A] curves could not be fitted directly
to the operational model of agonism is that the significant

Fig. 4. Blood concentration versus time profile of b-FNA in an individ- steepening of the alfentanil curves following b-FNA treatment
ual rat following intravenous administration of 10 mg kg21 in 2 min. The

cannot be accounted for by Eq. (2) under the assumption of aline shown superimposed on the experimental data points represents the
common transducer slope (n). However, in the case of a high-best fit of the data to a standard two-compartment pharmacokinetic
efficacy system, the relationship between agonist potency andmodel (Cl 5 3.4 l min21 kg21, VSS 5 34.4 l kg21, MRT 5 10.1 min
efficacy simplifies to EC50/KA 5 1/t, irrespective of the valueand t1/2,b 5 8.9 min). The solid bar indicates the duration of the b-

FNA infusion. of n (Fig. 1). Therefore, for each rat the ratio of individual in vivo
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EC50 estimates and average in vitro Ki values in the presence of alfentanil in the same in vivo model can be explained by a 40%
decrease in the efficacy parameter, t(8).NaCl (which can be assumed to represent agonist dissociation

equilibrium constants uncontaminated by the expression of effi- Although the nature of the slope parameter remains subject
of debate (19), the operational model of agonism predicts thatcacy; (6)) was calculated (EC50/Ki 5 0.19 6 0.03, 0.66 6 0.12

and 1.18 6 0.27 for the vehicle-treated, 35 min and 24 h E/[A] curves with Hill slopes greater than unity become flatter
with decreasing values of t(20). In the present study, however,washout groups, respectively, P , 0.005). From these ratios,

it was calculated that the efficacy of alfentanil was reduced by b-FNA pre-treatment produced the opposite effect and alfen-
tanil E/[A] curves became steeper (Table 2 and Fig. 3). Although,68 and 81% in b-FNA treated animals (t 5 5.71 6 0.68,

1.84 6 0.35 and 1.10 6 0.29 for the vehicle-treated, 35 min further research is required to illuminate this observation, antag-
onist-induced curve-steepening could be indicative for receptorand 24 h washout groups, respectively; Fig. 1).
heterogeneity (21) and it could be speculated that the EEG
effect of alfentanil is mediated via multiple receptor types whichDISCUSSION
differ in their sensitivity to b-FNA. In this respect, it is of
interest to note that other synthetic opioids tested previouslyIn this investigation a new approach is presented for the

examination of mechanism-based pharmacokinetic-pharmaco- in the EEG model (fentanyl, sufentanil, remifentanil and
GR90291) yielded E/[A] curves with Hill slopes between 2–3dynamic (PK/PD) models in vivo, which is based on an analysis

of the effect of gradual “knockdown” of functional receptors in control animals (8,10), similar to the values obtained for
alfentanil in b-FNA-treated rats in the present study (Table 2).by pre-treatment with an irreversible antagonist. The method

was applied to a previously proposed mechanism-based model Very recently, three new alternatively spliced m-opioid receptor
isoforms have been identified, which might be involved withfor the CNS effect of synthetic opiates in rats (6). b-Funaltrexa-

mine (b-FNA) was used as the irreversible antagonist. Several different aspects of the pharmacology of alfentanil (22).
Interestingly, in the present study (indirect) informationstudies have shown that this compound acts as a selective

irreversible antagonist at the m-opioid receptor both in vivo and on the rate of turn-over of m- opioid receptors can also be
inferred. The data seem to indicate that the turn-over is slow,in vitro (9,17–18). Three important lines of evidence suggest

that the changes in the in vivo responses of alfentanil following since the 35 min. and 24h washout groups yielded similar in
vivo and in vitro estimates of the degree of receptor knockdown.b-FNA pre-treatment observed in the present study were indeed

due to a specific, irreversible knockdown of functional m-opioid These data seem to be in agreement with observations by Zernig
et al. (23,24) who investigated in vivo m receptor turnover afterreceptors. First, it was demonstrated that the clearance of b-

FNA is extremely high in rats and levels in blood were always irreversible blockade with clocinnamox and found that the half
life of receptor reappearance after receptor inactivation was 6.3below the detection limit after 30 min washout (Fig. 4). There-

fore, it is very unlikely that the loss of effect of alfentanil was and 3.2 days in rhesus monkey and mice, respectively.
Interestingly, in the present study evidence for differentialdue to the presence of significant concentrations of b-FNA in

the circulation during the time of the experiment. Second, it effects of receptor knockdown on different pharmacodynamic
endpoints was obtained. The effects on ventilation and musclewas shown that b-FNA pre-treatment had no effect on the

whole blood pharmacokinetics of alfentanil (Table 1), indicating tone appeared to be identical in the control and 24 h washout
groups, but were never observed in the 35 min washout group.that the reduced response to alfentanil in vivo was solely due

to a pharmacodynamic change. Finally, the radioligand binding This could suggest that the turnover of the receptors mediating
respiratory depression and muscle rigidity is faster than that ofstudies revealed significant reduction in Bmax values in b-FNA-

treated animals while affinities for [3H]naloxone and alfentanil, those mediating EEG effects. Although the mechanisms behind
this observation remain to be elucidated, it is of interest that theboth in the absence and presence of NaCl, were unchanged,

consistent with expectations for the effects of an irreversible rat m opioid receptor is alternatively spliced into two isoforms,
which resensitize with different rates following agonist-inducedreceptor antagonist.

The analysis of the change in the E/[A] curve with b- desensitization (25–26). Furthermore, the m receptors mediat-
ing discriminative stimulus effects of opioids in a pigeon modelFNA-pretreated rats with the operational model of agonism

showed that the in vivo data can be accounted for by a ,75% have also been reported to recover fully within one day follow-
ing b-FNA pre-treatment (27).reduction of the efficacy parameter, t, which includes total

receptor concentration. In the light of the rather large interindi- In conclusion, we have demonstrated that integrated PK/
PD analysis of the effects of an irreversible antagonist can bevidual variability, this modeling-derived estimate of the degree

of in vivo receptor knockdown is in good agreement with the used to study the relationship between receptor concentration
and pharmacological effect in vivo in a novel manner and that,55% reduction of Bmax observed in the in vitro radioligand

binding study. this may serve as a basis for the validation of mechanism-based
PK/PD models. By using an irreversible antagonist, it is possibleAlthough the upper asymptotes of alfentanil E/[A] curves

tended to be lower in b-FNA treated rats, this effect was not to knockdown receptors in vivo in a gradual and controlled
manner and to monitor receptor recovery under various experi-significant as tested (Table 2). This is in line with our hypothesis

that there exists a m-opioid receptor reserve in rat brain in vivo, mental conditions, which can provide insights in the mecha-
nisms of receptor turnover. These two features (i.e., gradual,although the slight decrease in intrinsic activity suggests that

the reserve is smaller than proposed previously (6,8). Further- controlled knockdown and receptor recovery) distinguish our
proposed model from models of genetically-engineered, knock-more, the present observation that a 50–75% loss of m-opioid

receptors produces a ,2-3-fold reduction in potency of alfen- out animals (5) and make it particularly useful to study phenom-
ena that are related to dynamic changes in receptor expression,tanil is in agreement with our previous prediction that the 2-fold

increase in EC50 observed following repeated administration of such as tolerance development
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