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1 The objective of this investigation was to characterize quantitatively the in¯uence of the rate of
increase in blood concentrations on the pharmacodynamics of midazolam in rats. The
pharmacodynamics of midazolam were quanti®ed by an integrated pharmacokinetic-pharmacody-
namic modelling approach.

2 Using a computer controlled infusion technique, a linear increase in blood concentrations up to
80 ng ml71 was obtained over di�erent time intervals of 1 ± 6 h, resulting in rates of rise of the blood
concentrations of respectively, 1.25, 1.00, 0.87, 0.46, 0.34 and 0.20 ng ml71 min71. In one group of
rats the midazolam concentration was immediately brought to 80 ng ml71 and maintained at that
level for 4 h. Immediately after the pretreatment an intravenous bolus dose was given to determine
the time course of the EEG e�ect in conjunction with the decline of midazolam concentrations.

3 The increase in b activity (11.5 ± 30 Hz) of the EEG was used as pharmacodynamic endpoint.
For each individual animal the relationship between blood concentration and the EEG e�ect could
be described by the sigmoidal Emax model. After placebo, the values of the pharmacodynamic
parameter estimates were Emax=82+5 mV, EC50,u=6.4+0.8 ng ml71 and Hill factor=1.4+0.1. A
bell-shaped relationship between the rate of change of midazolam concentration and the value of
EC50,u was observed with a maximum of 21+5.0 ng ml71 at a rate of change of 0.46 ng ml71 min71;
lower values of EC50,u were observed at both higher and lower rates.

4 The ®ndings of this study show that the rate of change in plasma concentrations is an important
determinant of the pharmacodynamics of midazolam in rats.

Keywords: Pharmacokinetics; electroencephalogram; functional adaptation; computer controlled infusion

Abbreviations: CCIP, computer controlled infusion pump; Cl, clearance; Ct, target concentration; dC/dt, rate of rise in blood
concentration; DZP, diazepam; E0, baseline EEG e�ect; EC50,u, free concentration at half maximal e�ect; EEG,
electro encephalogram; Emax, maximum EEG e�ect; P/B, plasma-to-blood concentration ratio; t�, terminal half-
life; Vdss, volume of distribution at steady-state

Introduction

Benzodiazepines are well known drugs for their sedative,
anxiolytic, anticonvulsant and muscle relaxant e�ects. Several
reports indicate that both acute and chronic functional
adaptation to e�ects of benzodiazepines may occur in man

and in animals (Breimer et al., 1992; Ellinwood et al., 1983;
Gallager et al., 1985; Haigh, 1988; Smith & Kroboth, 1987). It
has been well established that tolerance development to the

actions of benzodiazepines is functional in nature (Coasta &
Giudotti, 1996). However the understanding of the time course
of benzodiazepine-induced tolerance incomplete.

In theory functional tolerance development may be the
result of changes at receptor level, at the post receptor level or
of changes in homeostatic control mechanisms (Poulos &
Cappell, 1991). Much research has been done on the

mechanisms involved in tolerance development to the actions
of benzodiazepines and several mechanisms have been
proposed, such as down-regulation of the benzodiazepine

receptors and uncoupling of the benzodiazepine and GABA
receptor (Gallager et al., 1984; Miller et al., 1988). So far
however no clear picture has emerged. Regardless of the

understanding of the mechanism of functional tolerance
development, knowledge of factors that may change the
pharmacodynamics in vivo is of considerable importance. So

far, very limited information is available regarding the factors
that determine the rate and extent of functional adaptation to
benzodiazepines in vivo. It has been suggested that the rate of
drug administration may be an important determinant of the

clinical e�ects of benzodiazepines (Ellinwood et al., 1985;
Greenblatt et al., 1977; GrundstroÈ m et al., 1978; Kroboth et
al., 1993). However, no quantitative information is available

on the relationship between the rate of drug administration
and the pharmacodynamics of benzodiazepines. This can
probably be partly explained by the lack of methods to

characterize the pharmacokinetics in small laboratory animals
and of methods to control the rate of change of the plasma
concentrations in vivo. Recently however, several studies on the
pharmacokinetics of di�erent bezodiazepines in rats have been

reported (Mandema et al., 1991a,b; 1992a,b; Hoogerkamp et
al., 1996). Furthermore computer controlled infusion techni-
ques have been developed for a wide variety of di�erent drugs

which allow one to control carefully the plasma concentration.
(Alvis et al., 1985; Ausems et al., 1985; BuÈ hrer et al., 1987;
Martin & Ahuja, 1988; Tackley et al., 1989). It has therefore

become possible to design infusion regimens and to administer
drugs in such a way that it results in a linear increase of the
blood concentration at a prede®ned rate. This is an important

advantage over the traditional zero-order infusion techniques,
where the blood concentration increases in a non-linear
fashion as it reaches steady-state. Application of these
innovative computer controlled infusion techniques o�ers*Author for correspondence.
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therefore a new and unique approach to examine the in¯uence
of the rate of change of the blood concentration on the
pharmacodynamics. The objective of the present investigation

was to characterize in¯uence of the rate of rise of the blood
concentration on the pharmacodynamics of benzodiazepines in
vivo. By application of the recently developed computer
controlled infusion technique (Gustafsson et al., 1992), the

in¯uence of the rate of rise of concentration on the
pharmacodynamics of the model drug midazolam was
investigated, using quantitative EEG parameters as a

pharmacodynamic endpoint.

Methods

Animals and EEG electrode implantation

All experiments were performed in male SPF Wistar rats,
weighing 200 ± 250 g (Harlan C.P.B., Zeist, The Netherlands).
The rats were housed individually in plastic cages, at a

constant temperature of 218C, and with a normal 12 h light-
dark cycle (lights on: 08.00 h. to 20.00 h). Food (Standard
Laboratory Rat, Mouse and Hamster Diets, RMH-TM, Hope

Farms, Woerden, The Netherlands) and tap water were
available ad libitum. One week before the experiment, cortical
EEG electrodes were implanted under anaesthesia with

0.8 ml kg71 of Hypnorm1 (Janssen Pharmaceutica, Beerse,
Belgium) and 0.25 ml kg71 Nembutal1 (Sano®, Maassluis,
The Netherlands) as described before (Mandema & Danhof,

1990). During ®xation in a stereotactic device four holes were
drilled into the skull, without a�ecting the dura. The locations
were 11 mm anterior and72.5 mm lateral (F1), 5 mm anterior
and 3.5 mm lateral (Cr), 3 mm anterior and 73.5 mm lateral

(C1) to lambda. A little hole was made at 2.5 mm behind
lambda to place the reference electrode. The electrodes
consisted of stainless steel screws which were connected to a

miniature connector (MS 333/3-A, Plastics One, Roanoake,
Virginia, U.S.A.). The connector was ®xed to the skull with
dental acrylic cement. One day before the pharmacokinetic-

pharmacodynamic experiment, cannulae were implanted in the
right femoral artery (4.5 cm polythene tubing i.d. 0.28 mm
heat-sealed to 18 cm polythene tubing i.d. 0.58 mm) and right
jugular vein (12 cm polyvinylchloride tubing i.d. 0.5 mm), for

the collection of arterial blood samples and drug administra-
tion respectively. The protocol of this study was approved by
the Committee on Animal Experimentation of Leiden

University.

Animal studies

The in¯uence of the rate of rise in blood-concentration on the
pharmacodynamics of midazolam was investigated in male

Wistar rats, which were randomly allocated to six groups, four
to eight animals per group, that were expected to receive a
linear increase in blood concentration from 0 ± 150 ng ml71 in
1, 1.5, 2, 3, 4 and 6 h, respectively, using a computer controlled

infusion pump (Harvard Apparatus Pump 22, South Natick,
MA, U.S.A.). In addition in one group (n=6) the concentra-
tion was instantaneously brought to 150 ng ml71 and

maintained at this concentration for 4 h (clamp). A ®nal
treatment group (n=9) received a saline infusion for 4 h. The
predicted concentration versus time pro®les in the di�erent

treatment groups are summarized in Figure 1. Immediately
following the infusion, an intravenous bolus dose of
midazolam (10 mg kg71 in 5 min) was administered. Mid-
azolam was dissolved in 0.9% saline with the aid of an

equimolar quantity of hydrochloric acid. In order to describe
the concentration-time pro®le of midazolam arterial blood
samples of 100 ml were withdrawn before intravenous bolus

administration and at 2.5, 5, 7.5, 10, 15, 22.5 (50 ml), 30, 55, 90,
115 (100 ml), 150 and 175 (200 ml) min after intravenous bolus
administration. The blood samples were immediately hemo-
lyzed in 1 ml water and stored at 7308C until analysis.

The plasma-to-blood ratio (P/B) and the extent of plasma
protein binding (% free fraction, fu) of midazolam were
determined in each individual rat. Twenty-four hours after

drug administration, a 3 ml blood sample was collected by
aortic puncture. This blood sample was spiked with
midazolam to a ®nal concentration of 0.4 mg ml71 of

midazolam. The sample was centrifuged at 3000 r.p.m.
(10 min, 208C) to obtain plasma.

Using the YMT ultra®ltration membrane (Centrifree,

Amicon, Beverly, MA, U.S.A.) a volume of 1 ml supernatant
was ultra®ltrated within 40 min at 1090 g at 378C to separate
free midazolam from protein bound midazolam. Drug
concentrations in whole blood, plasma and ultra®ltrate were

determined by HPLC analysis as described below. Since
protein binding of midazolam has been reported to be
independent of concentration over a wide concentration range

(0.01 ± 10 mg l71; Moschitto & Greenblatt, 1983), plasma
protein binding was determined at only one concentration.

Computer controlled infusion

In the experiment in which the blood concentration was

clamped to a constant value, a computer controlled infusion
pump (CCIP) was used (Harvard Apparatus Pump 22,
Harvard Apparatus, South Natick, MA, U.S.A.). The pump
was connected to a 80286 personal computer running Ms-Dos

using a serial interface. The CCIP was designed to obtain and
maintain a constant plasma drug concentration (clamp). For
that purpose a modi®cation of the algorithm originally

proposed by Schwilden (1981) was used. First, the target
concentration (CT) is instantaneously achieved by administer-
ing a bolus dose equal to CT.V1, in which V1 is the volume of

the central compartment (0.39 l kg71). Simultaneously with

Figure 1 Predicted concentration versus time pro®les during the ®rst
4 ± 6 h of the experiment. The arrow marks the start of the
midazolam bolus infusion at the end of the pretreatment
(10 mg kg71, 5 min). The linear increase in rate of rise in blood
concentrations during the ®rst 6, 4, 3, 2, 1.5, 1 h, are represented by
the dashed lines, whereas the closed line represents the 4 h treatment
at the EC50 concentration of 150 ng ml71.
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the bolus infusion, a maintenance infusion is started. The rate
of the maintenance infusion is calculated on the basis of the
following equation:

R�t� � CTV1�k10 � kÿk21t12e �
In this equation t is the time from the initial bolus dose, V1 is
the volume of the central compartment, k10 is the elimination

rate constant (0.2710 min71) and k12 (0.3194 min71) and k21

(0.0470 min71) are the microconstants characterizing the
distribution in the two-compartment pharmacokinetic model

of midazolam. The values of the various pharmacokinetic
parameters were taken from a previous study in the same strain
of rats (Hoogerkamp et al., 1996).

The computer program TCIHARV (F. Engbers, Depart-
ment of Anaesthesia, Leiden University Medical Center,
Leiden, The Netherlands), was used to obtain a linear increase
in the concentration of midazolam. In this instance the

infusion rate was calculated according to the following
equation:

R�t� � V1�Sÿ S:t�k10 � k ÿk21t
21e �

in which S is a constant which is dependent on the

concentration to be reached and the time at which this
concentration should be reached (S=dC/dt), the other
parameters are the same as described above. The software

adjusted the infusion rate every 10 s to maintain the desired
rate of increase in blood concentration. All infusion rates were
recorded on the hard disk to provide a precise record of the
drug infusion.

EEG monitoring

The EEG signal was recorded between F1 and C1 during the
time course of the experiment using a DAM 50 di�erential
ampli®er (WPI, Sarato, U.S.A.), with the low pass ®lter set at

0.1 Hz and the high pass ®lter at 100 Hz. Subsequently the
EEG signals were passed through a low pass ®lter set at 30 Hz,
70 db/oct (Department of Physiology, Leiden University,
Leiden, The Netherlands). The electric signals were passed

through a BNC/16 interface (Viewdac, Keithly, U.S.A.) into a
IBM 40486 computer. The viewdac EEG analysis system
(Viewdac, Keithly, U.S.A.) was used for data acquisition. The

signals were subjected to on-line Fast Fourier Transform
analysis for quanti®cation. All experiments started between
09.00 h and 09.30 h in order to exclude diurnal variation in

baseline pharmacodynamics. Recordings started 30 min before
drug administration.

Analysis of drug concentration

The concentrations of midazolam in blood, plasma and
ultra®ltrate were determined according to a HPLC method

with u.v. detection, described by Mandema et al. (1991b) with
some modi®cations. Calibration standards were prepared by
adding 100 ml of midazolam solutions to 100 ml blood

hemolyzed in 0.5 ml water to produce a blood concentration
range of 25 ± 5000 ng ml71. The standard midazolam solutions
were prepared in methanol and were stable over a period of 3

months when stored at 748C.
Diazepam (DZP) (80 ng in 50 ml methanol) was added to

the sample as internal standard. The samples were further
diluted with 750 ml 0.1 N NaOH. The samples were extracted

after mixing with 5 ml petroleumether 40 ± 60/dichloro-
methane (55 : 45 v v71) for 60 s on a vortex mixer. After
centrifugation for 10 min at 20006 g, the aqueous layer was

frozen (20 min, 7308C). The organic layer was separated and

evaporated to dryness under reduced pressure at 408C. The
residue was reconstituted in 150 ml of mobile phase and 50 ml
were injected into the HPLC system. The liquid chromato-

graphic system consisted of a Waters 510 HPLC pump, a
Waters 717plus automatic sample injector (Millipore Waters,
Milford, MA, U.S.A.), a Spectro¯ow 757 variable-wavelength
u.v. detector (Applied Biosystems, Ramsey, NJ, U.S.A.).

Chromatography was performed at room temperature using
an Alltima C18 5 mm column (10064.6 mm i.d. Alltech
Associates, Deer®eld, IL, U.S.A.) equipped with a guard

column (2062 mm i.d., Upchurch Scienti®c, Oak Harbor,
WA, U.S.A.) packed with C18 (particle size 20 ± 40 mm,
Chrompack Nederland BV). Midazolam and the internal

standard (DZP) were detected by u.v. absorption (l=222 nm).
Data processing was performed on a Chrompack C-R3A
reporting integrator (Shimadzu, Kyoto, Japan). The mobile

phase consisted of a 46/54 (v v71) mixture of acetonitrile and
10 mM phosphate bu�er (pH 7.5) delivered at a ¯owrate of
0.8 ml min71. Retention times were 4.5 and 5.4 min for DZP
and midazolam, respectively. Peak height ratios of midazolam/

diazepam were calculated and calibration curves were
constructed by weighted linear regression (weight factor
(peak-height ratio)72). The calibration curves were linear

(r40.998) and the intra-assay variations were 8 and 3% for
blood concentrations of 50 and 100 ng ml71, respectively
(n=6), whereas the inter-assay variations were 4 and 2% for

the previously mentioned concentrations. The limit of
detection was 10 ng ml71 for a sample of 50 ml blood as
determined at a signal-to-noise ratio of 3.

Chemicals

Midazolam was a gift from Dr P. Weber (F. Ho�mann-La

Roche AG, Basel, Schweiz) and Dr K. Dingelho� (Roche
Nederland B.V., Mijdrecht, The Netherlands). Dichloro-
methane and petroleumether 40 ± 60 were purchased from

Baker Chemicals (Deventer, The Netherlands) and distilled
prior to use. Acetonitrile (HPLC grade) was obtained from
Labscan (LabScan Ltd., Dublin, Ireland). Water was supplied

by a Milli-Q system (Millipore SA, Molsheim, France). All
other chemicals used were of analytical grade (Baker,
Deventer, The Netherlands).

Data analysis

The rate of increase in blood concentration, as well as the

pharmacokinetics and pharmacodynamics were quanti®ed for
each individual rat. The rate of increase in blood concentration
was determined by linear regression of the blood concentration

data during the ®rst 1 ± 6 h of the infusion. The blood
concentration-time pro®les after the bolus dose of midazolam
were described by a poly-exponential equation for intravenous

infusion:

C�t� �
Xn
i�1

Ci

�i � T �1ÿ eÿ�i�t� �t < T� �1A�

C�t� �
Xn
i�1

Ci

�i � T �e
ÿ�i��tÿT� ÿ eÿ�i �t� �t � T� �1B�

where C(t) is the blood concentration of midazolam at time t,
T the duration of the infusion and Ci and li the coefficients and
exponents of the equation respectively. Different models were

investigated and tested according to the Akaike Information
Criterion (Akaike, 1974; Yamaoka et al., 1978). In the
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modelling procedure a weight factor of y72 was used. Various
pharmacokinetic parameters, such as clearance (Cl), volume of
distribution at steady-state (Vdss) and elimination half-life

(t�), were calculated by standard methods from the coeffi-
cients and the exponents of the fitted functions using the
combined data from the pretreatment period and the bolus
infusion (Gibaldi & Perrier, 1982).

After the administration of the intravenous bolus dose, the
sigmoidal Emax model was used to describe the relationship
between midazolam concentration and EEG e�ect (Holford &

Sheiner, 1982):

Ec � E0 � Emax � Cn

ECn
50 � Cn

�2�

in which EC is the EEG effect at midazolam blood concentra-

tion C, E0 the baseline effect, Emax the maximum effect, EC50

the midazolam blood concentration at 50% of the maximum
effect (Emax) and n the Hill factor, reflecting the sigmoidicity of
the curve. In the modelling procedure E0 was constrained to

the average level of 20 min of baseline EEG recording before
drug administration. EC50 values based on free drug concen-
tration (EC50,u) were obtained after correction for binding of

midazolam to blood cells and plasma proteins.
The pharmacokinetic and pharmacodynamic data were

analysed using the nonlinear least-square regression program

Siphar version 3.0 (Simed Sa, Creteil, France). Pharmacoki-
netic and pharmacodynamic parameter estimates for the
di�erent administration rates were statistically evaluated
using a one-way analysis of variance (ANOVA). In case of

non-homogeneity of variances, as determined by Bartlett's
test, the nonparametric least square di�erences test was used.
A signi®cance level of 5% was selected. Unless otherwise

indicated, all data are reported as the mean+s.e.mean.

Results

A blood concentration-time pro®le of midazolam for an

individual rat during and after a 4 h exponential infusion is
shown in Figure 2A. During the pretreatment infusion of 4 h a
linear increase in concentration was seen. After the adminis-
tration of the bolus dose, the pharmacokinetics could be

described by a two compartment model.
The di�erent concentration-time pro®les during the ®rst

hours for three of the six groups are shown in Figure 3. The

exponential infusions indeed produced a linear increase in
blood concentration. In the various treatment groups receiving
exponential infusions the mean values of the blood concentra-

tion at the end of the infusion periods were identical,
84+6 ng ml71 (mean+s.d., n=37). In the clamped group a
stable blood concentration of 83+6 ng ml71 (mean+s.d.,
n=6) was reached within 10 min and maintained for 4 h. The

observed rates of increase of blood concentration as calculated
from the slopes of the curves of the individual animals for the
di�erent groups are listed in Table 1.

For all rats in the di�erent groups a bi-exponential function
satisfactorily described the time course of blood concentration
after the administration of the bolus dose. The pharmacoki-

netic parameter estimates for the di�erent infusion rate groups
are summarized in Table 2. No signi®cant di�erences between
the groups of the di�erent pretreatment protocols were

observed. The average values of the total blood clearance,
volume of distribution at steady-state and elimination half-life
were 100+3 ml min71 kg71, 2.4+0.1 l kg71 and 28+1 min
respectively (n=52).

The overall values of the plasma-to-blood ratio (P/B) and
the free fraction were 1.23+0.03 and 6.1+0.5%, (n=52)

respectively. For the placebo group and the group with a rate

Figure 2 Blood concentration (A) and EEG e�ect (B) time pro®les
for a typical rat which was expected to receive a rate of rise of
increase of midazolam concentration from 0 ± 150 ng ml71 in 4 h and
a intravenous bolus dose of 10 mg kg71 midazolam in 5 min. A bi-
exponentional equation was ®tted to the midazolam concentration
data after the administration of the bolus dose. (N.B. The ®rst 4 h of
the infusion are plotted on a linear scale, whereas the concentrations
after administering the bolus dose are plotted on a semi-logarithmic
scale).

Figure 3 Observed midazolam blood concentration versus time
pro®les upon exponential infusion upon di�erent administration
rates. The straight lines represent the ®ts on basis of linear regression
analysis.
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of rise in midazolam concentration of 0.34 ng ml71min71, the
P/B ratios were 1.4+0.04 and 1.5+0.10, (n=14) respectively.
These values were signi®cantly di�erent from the other groups

(P50.01). The change in the EEG e�ect (amplitude in the
11.5 ± 30 Hz frequency band (b) band of the EEG power
spectrum) and the drug concentrations in blood as function of

time in an individual rat are shown in Figure 2B. During the
®rst 4 h, the amplitude in the b activity of the EEG increased
slowly. Immediately after the administration of the bolus dose

of midazolam (10 mg kg71, t=0), a rapid and pronounced
increase in the amplitude of the 11.5 ± 30 Hz frequency band of
the EEG was observed. The e�ect reached a maximum and

maintained that level for some time after termination of the
infusion. The e�ect then gradually returned to baseline values.
No time delay (hysteresis or proteresis) between blood
concentration and EEG e�ect was observed in any of the

treatment groups, and the two were correlated directly to each
other by the sigmoidal Emax model. In Figure 4 the
concentration ±EEG e�ect relationship after two di�erent

pretreatments is shown. The averaged pharmacodynamic
parameter estimates obtained from the individual rats are
represented in Table 3. Signi®cant di�erences were observed

for the EC50,u values of di�erent pretreatment groups. The
grouped data suggested that a critical range of rates of rise in
midazolam concentrations (0.87 and 0.46 ng ml71min71)

exists at which there is an increase in the EC50,u values,
whereas slower and faster rates of rise in midazolam
concentration do not in¯uence the observed value of the
EC50,u. In order to examine this in more detail, the individual

values of the EC50,u were plotted against the corresponding
values of the rate of rise in midazolam concentrations (dC/dt).
The result is shown in Figure 5. A biphasic (bell-shaped)

relationship between EC50,u and the rate of rise in midazolam

Table 1 Observed rates of rise in midazolam concentration,
as calculated by linear regression analysis from the slope of
the individual curves

Duration
of the
exponential infusion

Predicted
rate of change

(ng ml71 min71)

Measured
rate of change

(ng ml71 min71) n

1 h
1.5 h
2 h
3 h
4 h
6 h

2.1
1.5
1.0
0.7
0.5
0.3

1.25+0.12
1.00+0.19
0.87+0.08
0.46+0.04
0.34+0.02
0.20+0.07

8
4
7
7
7
4

Table 2 E�ect of the di�erent rates of rise in midazolam
concentration on the pharmacokinetic parameters of
midazolam

Rate of rise in
midazolam
concentration
(ng ml71 min71)

Cl
(ml min71 kg71)

Vdss
(l kg71)

t�
(min)

Placebo
Clamp

111+8
112+5

2.5+0.14
2.5+0.11

26+1.2
26+1.5

1.25
1.00
0.87
0.46
0.34
0.20

91+7
99+15
89+9
96+4
105+5
94+4

2.3+0.13
2.0+0.18
2.3+0.13
2.4+0.15
2.5+0.16
2.5+0.18

28+1.3
31+1.8
29+3.5
27+1.6
27+2.0
33+1.8

Figure 4 Midazolam concentration ±EEG e�ect relationship for two
typical rats which received di�erent rates of rise of increase in
midazolam concentration from 0 ± 150 ng ml71 followed by a bolus
dose of 10 mg kg71 midazolam in 5 min. The solid line represents
the best ®t to the actual data points according to the sigmoidal Emax

model.

Table 3 E�ect of the di�erent rates of rise in midazolam
concentration on the pharmacodynamic parameters of
midazolam. (mean+s.e.mean)

Rate of rise of
midazolam
concentration
(ng ml71 min71)

E0

(mV)
Emax

(mV)
EC50,u

(ng.ml71) Hill slope

Placebo
Clamp

168+6
124+6*

82+5
91+10

6.4+0.8
7.7+0.2

1.4+0.1
1.2+0.2

1.25
1.00
0.87
0.46
0.34
0.20

156+6
174+19
145+8*
137+3*
116+6*
171+5

83+6
100+11
76+8
59+3*
57+5*
65+8

7.4+1.0*
10+1.8
19+4.4*
21+5.0*
12+2.5
10+3.2

1.3+0.1
1.6+0.3
1.3+0.2
1.2+0.2
1.0+0.2
1.5+0.4

*P50.05 versus placebo.

Figure 5 Relationship between the individual EC50,u values and the
rate of increase in midazolam concentration. The shaded area in the
®gure presents the 95% con®dence interval of the EC50,u values in the
placebo group. The curve was not ®tted to the data but drawn to
show the bell-shape form (n=37).
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concentration was observed with values that largely exceed the
95% con®dence interval observed in the placebo group. The
individual with the highest value of the EC50,u of 43 ng ml71

was observed at the rate of rise of the midazolam blood
concentration of 0.48 ng ml71min71.

The values of the Emax were similar in the di�erent treatment

groups although there appeared to be a tendency towards a
decrease at the lower infusion rates. In the clamped group, in
which the blood concentration of midazolam was maintained

at 83 ng ml71 during 4 h, the value of Emax was identical to the
value in the placebo group. Investigation of the individual Emax

values versus the rate of rise of midazolam concentrations
revealed a weak tendency to lower Emax values with decreasing

rate of midazolam concentration (r2=0.327; Figure 6),
although most of the values are still within the 95% con®dence
interval observed in the placebo group. No relevant di�erences

in E0 and Hill factor were observed for any of the di�erent
pretreatments.

Discussion

Acute tolerance towards several actions of benzodiazepines in
man and animals has been reported (Breimer et al., 1992;

Ellinwood et al., 1983; Smith & Kroboth, 1987; Kroboth et al.,
1988). It has been suggested that the rate of drug
administration may be an important determinant of the clinal
e�ects of benzodiazepines and, in particular the development

of acute tolerance (Ellinwood et al., 1985; Greenblatt et al.,
1977; GrundstroÈ m et al., 1978; Kroboth et al., 1988). So far
however, no quantitative information is available on the

relationship between the rate of change in drug concentration
on one hand and the values of quantitative pharmacodynamic
parameters on the other. The objective of the present

investigation was to characterize quantitatively, the in¯uence
of the rate of change of blood concentration on the
pharmacodynamics of benzodiazepines, using computer con-
trolled infusion regimens, which result in a constant rise of the

blood concentration over time. The results of this investigation
show not only that the pharmacodynamics of midazolam are
highly dependent on the rate of rise in blood concentrations,

but furthermore that the relationship between the rate of
change of blood concentration and the values of the di�erent

pharmacodynamic parameters is rather complex. A biphasic
relationship between the EC50,u and the rate of change in blood
concentrations was observed.

In several studies it has been suggested that the rate of drug
administration may be an important determinant of the
pharmacodynamics of benzodiazepines (Greenblatt et al.,
1977; GrundstroÈ m et al., 1978; Ellinwood et al., 1985; Kroboth

et al., 1988). A limitation of these studies is however, that the
investigators have not been able to accurately characterize and
control the rate of change of drug concentrations. In most

studies zero-order infusion rates were used for the adminis-
tration of the benzodiazepines. By using a zero-order infusion
however, the rate of rise of blood concentration continuously

varies with time, as the concentration approaches steady-state.
This makes it very di�cult, if not impossible to draw
conclusions about the relationship between the rate of change

of drug concentrations and the pharmacodynamics of
benzodiazepines. The recent advances in characterizing the
pharmacokinetics of benzodiazepines in rats (Mandema et al.,
1991a,b; 1992a,d; Hoogerkamp et al., 1996) as well as

development of novel computer controlled infusion techni-
ques, made it possible to carefully control the blood
concentration-time pro®les (Gustafsson et al., 1992). The

present investigation shows that by applying this new
methodology, indeed a linear increase in blood concentration
of midazolam can be obtained. The observed rates of rise in

blood concentration were 1.25, 1.00, 0.87, 0.46, 0.34,
0.20 ng ml71min71, respectively. These rates of rise in blood
concentrations were lower than predicted on the basis of the

pharmacokinetic models (Table 1). This can be explained by
the di�erence between the observed values of pharmacokinetic
parameters (Table 2) and the values that were used in the
programming of the infusion pump. For the programming of

the infusion pump the values of Hoogerkamp et al. (1996) for
clearance and volume of distribution were used of
62+4 ml min71kg71 and 2.7+0.1 l kg71. The observed values

were signi®cantly di�erent. Between di�erent studies, even
from the same laboratory, wide di�erences in the pharmaco-
kinetic parameters of midazolam have been observed.

Following intravenous infusion of a midazolam bolus dose,
values of the clearance varying between (mean+s.e.mean) of
60+2 and 99+10 ml min71kg have been reported, whereas
the values of the volume of distribution at steady-state vary

between 1.5+0.1 and 2.7+0.2 l kg71 and those of the half-life
between 24+1 and 31+3 min (Mandema et al., 1991a,b;
1992a,d; Hoogerkamp et al., 1996). The values of the

pharmacokinetic parameters observed in the present study,
although signi®cantly di�erent from those reported by
Hoogerkamp et al. (1996) are still within this range. At

present there is no clear explanation why the values of the
pharmacokinetic parameters di�er between di�erent studies.

In the present study amplitude in the 11.5 ± 30 Hz (b)
frequency band of the EEG e�ect was used as a pharmaco-
dynamic measure. This parameter ful®ls many of the criteria of
an ideal pharmacodynamic measure in that it provides a
continuous, objective, reproducible and sensitive measure of

the pharmacological response intensity (Dingemanse et al.,
1988). Furthermore the pharmacological relevance of this
measure has recently been convincingly demonstrated. For a

wide range of di�erent benzodiazepines a close correlation
between in vivo potency (EC50,u) and the a�nity to the GABA-
benzodiazepine receptor complex in vitro was observed

(Mandema et al., 1991a). Furthermore, between benzodiaze-
pines receptor full agonists, partial agonists and inverse
agonists there were important di�erences in Emax (Mandema
et al., 1992a). These ®ndings justify the conclusion that

Figure 6 Plot of the intrinsic e�cacy (Emax) versus the rate of
increase in midazolam concentration for each individual animal. The
shaded area in the ®gure presents the 95% con®dence interval of the
Emax values in the placebo group. The solid line represents the
regression line: Y=50.6+29.8 (dC/dt); (r2=0.327, n=37).
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amplitude in the 11.5 ± 30 Hz frequency band of the EEG is
indeed a relevant measure of e�ect of benzodiazepines in vivo,
re¯ecting both di�erences in a�nity to and intrinsic e�cacy at

the GABA-benzodiazepine receptor complex (Mandema &
Danhof, 1992).

The concentration EEG-e�ect relationship of midazolam
was studied after di�erent pretreatments. No di�erences in

intrinsic e�cacy (Emax) nor in vivo potency (EC50,u) were
found between the clamp and placebo group. This indicates
that acute tolerance did not develop towards the EEG e�ects

of midazolam in rats, even after prolonged exposure to
concentrations of 83+5 ng ml71, which is around the EC50.
A tendency towards a decrease in maximum e�ect (Emax) was

observed with a slow rate of rise in blood concentrations
although most of the observed Emax values are still within the
95% con®dence interval of the placebo group. For the EC50,u

however a profound e�ect of the rate of rise of the blood
concentration was observed. The relationship between the
rate of rise of the blood concentration and the EC50,u was
quite complex. When the blood concentration of midazolam

is rapidly increased to a value around the EC50

(83+6 ng ml71) and maintained at that value for 4 h
(`clamp'), values of the EC50,u are observed which are still

within the 95% con®dence interval of the placebo group.
This observation is in agreement with the results of the
studies of Mandema et al. (1992b,c) where upon rapid

increase of the blood concentration to a steady-state level
around the EC50 also no change in the pharmacodynamic
parameter estimates was observed. At di�erent rates of

increase of the blood concentration however, values of the
EC50,u are observed that largely exceed the 95% con®dence
interval in the placebo group. Interestingly the relationship
between the rate of rise of the blood concentration and the

value of the EC50,u is biphasic. A certain critical range of the
rate of rise of the blood concentration is observed at which
the EC50,u is particularly sensitive to change. This change in

the EC50,u is purely pharmacodynamic in nature, as in
previous investigations it has been convincingly demonstrated
that potentially complicating pharmacokinetic factors such as

distribution to the site of action and formation of interactive
metabolites do not interfere with the assessment of the
pharmacodynamics of midazolam in rats in vivo when using
an integrated pharmacokinetic/pharmacodynamic approach

(Mandema et al., 1991a). The observed biphasic relationship
between EC50 and rate of change in blood concentrations can
explain the observed co-variation between the increase in

EC50 for the sedative e�ects of midazolam and the decrease in
absorption rate constant after di�erent s.c. doses of
midazolam in the rat (Lau et al., 1998), on the assumption

that the absorption rate constant re¯ects the rate of change in
blood concentrations. Furthermore, the ®ndings of the
present study indicate that in vivo a homeostatic control

mechanism is operative which may modify the sensitivity to
midazolam and of which the activation is largely in¯uenced
by the rate of presentation of the drug. Apparently at very
rapid rates of presentation of the drug, this system is unable

to adapt to the perceived drug e�ect (`freezing' of the system)
whereas at very low rates drug presentation (and therefore a
very low rate of change of the e�ect) the system is not

activated. At intermediate rates of administration however
the system is activated and counteracts the e�ect. Thus acute
functional tolerance development to midazolam is clearly

dependent on the rate of presentation of the drug. Therefore,
it can be hypothesized that the e�ect of midazolam may vary
with the route of administration, since di�erent routes of
drug administration may result in di�erent absorption rate

constants and thereby in di�erent rates of change in blood
concentrations.

Interestingly in man, acute tolerance development has been

reported to the EEG e�ect of midazolam (Breimer et al., 1992)
and to the psychomotor e�ects of alprazolam (Kroboth et al.,
1988) and triazolam (Kroboth et al., 1993) . In these studies the
subjects received a `loading' dose of 2 ± 10 min followed by a

constant-rate infusion to maintain a constant plasma
concentration. Thereby however a relative overshoot in the
steady-state concentration occurred during the administration

of the loading infusion. Furthermore, the loading dose was
administered with a zero-order infusion and therefore a
changing rate of rise in plasma concentrations was applied to

achieve steady-state plasma concentrations. One possible
explanation for the observed di�erence in acute tolerance
development may therefore be the di�erence in rate of rise in

plasma concentrations. However, di�erences in metabolic
pathways between the two species, rat and man, and the
interference of di�erent (inter)active metabolites must be
considered too. In contrast to the rat, in man metabolites of

midazolam were found to contribute to the pharmacological
e�ects of the drug (Crevoisier et al., 1983; Mandema et al.,
1992d). It has been suggested that the apparent acute tolerance

to the actions of diazepam in man is due to redistribution of
the compound from the central nervous system to the
peripheral tissues (Greenblatt & Shader, 1986). Acute

tolerance to the hypnotic e�ect of diazepam in mice may not
be attributed to changes in pharmacokinetic factors (Yoong et
al., 1986).

Numerous changes at the GABA-benzodiazepine receptor
complex in response to chronic occupation of the benzodia-
zepines binding site have been reported. Some of these changes
include internalization of the receptor, a subsensitivity to

GABA, an uncoupling of sites at the GABA receptor complex
(Wilson & Gallager, 1988; Roca et al., 1989; Tehrani & Barnes,
1991). Other mechanisms that might be involved are

alterations in levels of GABA receptor subunit mRNA and
receptor phosphorylation (Kang & Miller, 1991; Gyenes et al.,
1994; Wu et al., 1994). Besides upon long-term treatment with

benzodiazepines a reduction of electrophysiological response
to GABA has been reported and it is known that exposure of
neurons to muscimol, a GABA analogue, results in
desensitization within seconds (Tietz et al., 1989). Moreover,

very recently it has been shown that short term exposure to
¯unitrazepam (1 h) in vitro leads to 20% decrease in a, and B2/
3 GABAA receptor subunits (Johnston et al., 1998). To what

extent these processes contribute to the complex pro®le of the
pharmacodynamics upon di�erent rates of rise in drug
concentration remains to be established.

In conclusion, the concept that the pharmacodynamics of
benzodiazepines are dependent on the rate of rise in drug
concentration is supported in this study. Although numerous

investigators (Ellinwood et al., 1985; Greenblatt et al., 1977;
GrundstroÈ m et al., 1978; Kroboth et al., 1988) have suggested
that the development of acute tolerance to the benzodiazepines
depends on the rate of drug administration, this is the ®rst

study to demonstrate quantitatively that the rate of change in
blood concentrations is a major determinant of the
pharmacodynamics.
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