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Abstract

Arapid and sensitive assay for quantification of nalbuphine, butorphanol and morphine in blpdd @ brain microdialysate{40.L)

samples was developed. Blood samples were extracted with ethyl acetate. Analysis was performed with high-performance liquid chro.
matography (HPLC) coupled to an electrochemical detector. The mobile phase was a mixture of 0.1 M sodium phosphate buffer, methanc
and octane-sulfonic acid with ratio and pH depending on compound and matrix. The limits of quantification in blood samples were 25,
50 and 25ng/mL for nalbuphine, butorphanol and morphine, respectively and 0.5ng/mL for morphine in microdialysate samples. Based
on sample volume, sensitivity and reproducibility, these assays are particularly suitable for pharmacokinetic/pharmacodynamic studies ir
rodents.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Pharmacokinetic/pharmacodynamic studies; Opioids; HPLC; Blood; Microdialysate

1. Introduction mine pharmacodynamic behaviour of £xceptor agonists
in vivo by distinction between drug and biological system
Opioids are widely used in clinical anaesthesia, analgesiacharacteristicgl]. Recently, the effects of the opioids alfen-
and treatment of drug abuse. For example, the natural opioidtanil, fentanyl and sufentanil have been studied in vivo in a
morphine, the semi-synthetic nalbuphine and the synthetic chronically instrumented rat model, using the amplitude in
butorphanol are used in analgesia, whereas the synthetic opithe 0.5-4.5 Hz frequency band of the electroencephalogram
oids alfentanil, fentanyl, sufentanil and remifentanil have (EEG) as a pharmacodynamic endpdRit On the basis of
been developed for use in anaesthesia. However, optimal dosmechanism-based PK/PD analysis, it was shown that these
ing for these drugs is difficult, due to the development of opioids all behave as full agonists in vivo. Subsequently,
tolerance, risk of addiction and side effects like respiratory the model has been successfully applied to characterise the
depression. in vivo pharmacodynamic properties of the novel synthetic
At present there is a considerable interest in the devel- opioid remifentanil and its active metabolite GR9049],
opment of OR receptor partial agonists, since these com- showing that they also behave as full agonists at thg OP
pounds in theory have a much-improved selectivity of action. receptor. Current research on the PK/PD correlations of
A mechanism-based pharmacokinetic/pharmacodynamicopioids focuses on nalbuphine, butorphanol and morphine
(PK/PD) approach can provide insight into factors that deter- (Fig. 1). Nalbuphine and butorphanol were selected because
they behave as partial agonists at thez@&ceptor[4—7].
* Corresponding author. Tel.: +31 71 527 6330; fax: +31 71527 6292. An important feature of morphine is that blood—brain barrier
E-mail addressl.lange@!lacdr.leidenuniv.nl (E.C.M.d. Lange). (BBB) transportis a major determinant of its in vivo effggit
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(A) CH, (B) r<> (@) /_<> pore B.V., Amsterdam, The Netherlands). Methanol (HPLC
N N grade) was obtained from Biosolve BV (Valkenswaard, The
Netherlands). Ethyl acetate was purchased from Fischer Sci-
entific (‘s Hertogenbosch, The Netherlands) and distilled
Ho' 0" ‘oH HO prior to use. All other chemicals were of analytical grade

(Baker, Deventer, The Netherlands).
Fig. 1. Chemical structures of the opioids morphine (A), nalbuphine (B) and

butorphanol (C).

2.2. General instrumentation

To be able to study the PK/PD correlations of nalbuphine,  The HPLC system consisted of a LC-10AD HPLC pump
butorphanol and morphine inthe rat EEG model a convenient, (Shimadzu, ‘s Hertogenbosch, The Netherlands), a Waters
rapid and sensitive analytical assay should be developed717 plus autosampler (Waters, Etten-Leur, The Netherlands),
for the analysis of concentrations in small blood samples. a pulse damper (Antec Leyden, Zoeterwoude, The Nether-
In addition, for morphine the free concentrations in brain |ands) and a digital electrochemical amperometric detec-
microdialysate should be obtained to get insight into the tor (DECADE, software version 3.02, Antec Leyden, The
BBB transport, but because of the small sample volume andNetherlands). The electrochemical detector consisted of a
the low concentrations a highly sensitive high-performance vT-03 electrochemical flow cell combined with a g2
liquid chromatography (HPLC) method is required spacer and an in situ Ag/AgCl (ISAAC) reference electrode
[8-10] operating in the DC mode. For morphine analysis, a stan-

Several methods of analysis have been reported for nal-dard Ag/AgCl reference electrode, filled with a saturated
buphine, butorphanol and morphine. These methods includeK Cl solution was used. Data acquisition and processing was
radio-immunoassay and HPLC combined with electrochem- performed using the Empov\%rdata-acquisition software
ical, ultraviolet or fluorescence detectiqil,12] More (Waters, Etten-Leur, The Netherlands).
recently, analysis methods with gas chromatography and lig-
uid chromatography coupled to mass spectrometric detection2 3. Extraction procedure for blood samples
have been developgti3—16] These methods are exception-
ally robust and sensitive, but the access to the instrumentation  For determination of nalbuphine and butorphanol blood

is often limited. concentrations, 5@L of internal standard solution (butor-
For the analysis of nalbuphine, the published reports phanol for nalbuphine analysis and vice versa) was added
focus on HPLC with electrochemical detecti¢h7—19] to hemolysed blood samples (50-300 blood + 400uL
but these methods require relatively large sample volumesMillipore water) in glass centrifuge tubes. Next, 500 of
(500pL). In addition, for analysis of morphine and its 1.7 mM phosphoric acid (pH 2.3) and 3 mL of ethyl acetate
metabolites often HPLC analysis with electrochemical and were added and the mixture was vortexed for 5min. After
fluorescence detection is described for detection of morphine,centrifugation for 10 min at 4000 rpm, the organic layer was
the metabolite morphine-6-glucoride (M6G) and morphine- discarded and 500L of a 0.15M carbonate buffer (pH 11)
3-glucoronide (M3G), respectivellg0-23] However, for  supplemented with EDTA (2.7 mM) was added. Next 5mL
most assays relatively large plasma volumes are requiredof ethyl acetate was added and the mixture was vortexed
(1 mL) which precludes application in pre-clinical animal for 5min. After centrifugation (10 min at 4000 rpm), the
investigations. Therefore, a rapid and highly sensitive HPLC organic layer was transferred into a clean glass tube and
assay was developed which requires only small blood sam-evaporated to dryness under reduced pressure on a vacuum
ples (50-20@wL) to quantify nalbuphine, butorphanol, mor-  yvortex evaporator (Buchler Instruments, Fort Lee, NJ, USA)
phine. This assay was also able to quantify morphine con-at 37°C. The residue was dissolved in 100 mobile

centrations in microdialysate samples (20140. phase of which 10-7aL was injected into the HPLC
system.
For determination of morphine blood concentrations,
2. Experimental 50pL of internal standard solution (nalorphine) was added to
hemolysed blood samples (50-2300 blood + 400uL Mil-
2.1. Materials lipore water) in glass centrifuge tubes. Next $100.15M

carbonate buffer (pH 11) supplemented with EDTA (2.7 mM)
Morphine hydrochloride was purchased from Pharma- and 5 mL of ethyl acetate was added and the mixture was vor-

chemie (Haarlem, The Netherlands), nalbuphine hydrochlo- texed for 5 min. After centrifugation (10 min at 4000 rpm),
ride and nalorphine hydrochloride were purchased from the organic layer was transferred into a clean tube and evap-
Sigma—Aldrich (Zwijndrecht, The Netherlands) and butor- orated to dryness under reduced pressure on a vacuum vortex
phanol tartrate was purchased from Sigma—Aldrich (St. evaporator at 37C. The residue was dissolved in 10D
Louis, MI, USA). Millipore water (resistivity 18.2 It cm) mobile phase of which 10—48. was injected into the HPLC
was obtained from a Milli-& PF Plus system (Milli- system.
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2.4. Determination of nalbuphine, butorphanol and For analysis of brain microdialysate samples, a stock solu-
morphine concentrations in blood samples tion of morphine was prepared at a concentration of 1 mg/mL
(free base) in microdialysis perfusion fluid. Internal standard

Chromatography of blood samples was performed on solution was prepared by dilution of the stock solution to

an Ultraspher® C18 5um column (4.6 mmx 150 mm i.d.) 500 ng/mL nalorphine in perfusion fluid. Microdialysis per-

(Alltech, Breda, The Netherlands) equipped with a refill fusion fluid comprised of phosphate buffer (2 mM, pH 7.4)

guard column (2mnx 20 mm i.d.) (Upchurch Scientific, containing 145 mM sodium, 2.7 mM potassium, 1.2 mM cal-

Oak Harbor, WA, USA) packed with C18 (particle size cium, 1.0mM magnesium, 150 mM chloride and 0.2 mM

20-40p.m) (Alltech, Breda, The Netherlands) at a constant ascorbatg24]. The stock solutions were stored -aR0°C

temperature of 30C. up to 3 months. The assay solutions were stored°&t dp
The mobile phase was a mixture of 0.1 M sodium phos- to 4 weeks.

phate buffer (pH 5.5) and methanol (65:35, v/v) for nal-

buphine and butorphanol, whereas for morphine a mixture of 2.7. Calibration and validation

0.1 M sodium phosphate buffer (pH 4) and methanol (75:25,

v/v) was used. All mobile phases were supplemented witha  On each day of blood sample analysis, a 10-point calibra-

total concentration 20 mg/L EDTA (sodium salt). The mobile tion curve was prepared by spiking pQ of blood hemolysed

phase for nalbuphine and butorphanol also contained 5 mMin 400p.L water with 50p.L of calibration solution and 5QL

KCI whereas for morphine analysis 2 mM octane-sulfonic of the internal standard solution. For analysis of brain micro-

acid was added. Mobile phase solvents were filtered through adialysates, a 10-point calibration curve was prepared with

0.2um nylon filter (Alltech, Breda, The Netherlands), mixed 40pL of calibration solutions in perfusion fluid and &

and degassed continuously with helium. The flow rate was setof internal standard solution in Millipore water.

at 1 mL/min. The optimal working potential for nalbuphine, Samples were processed as described above and peak

butorphanol and morphine were +0.85, +0.85 and +0.75V, ratios of nalbuphine/butorphanol, butorphanol/nalbuphine

respectively, as determined by a voltammogram and sensi-or morphine/nalorphine were calculated. Calibration curves

tivity plot. were constructed by weighted linear regression [weight fac-
tor = 1/(peak height ratid) according to the method imple-

2.5. Determination of morphine concentrations in brain mented in the data-acquisition program Empver

microdialysate samples Quiality control samples of fixed concentrations were pre-

pared to determine intra- and inter-assay variability. Extrac-

For determination of morphine brain microdialysate con- tion yields were determined by comparing the peak ratios
centrations, 2.L of internal standard (nalorphine) solution after extraction from blood with the peak ratios of not-
was added per gL of sample. The samples were injected extracted standards.
into the HPLC system without further sample pre-treatment.
Chromatography of brain microdialysate samples was per-2.8. Pharmacokinetic/pharmacodynamic study in rats
formed on an UltrasphePeC18 column (2 mmx 150 mm
i.d.) (Alltech, Breda, The Netherlands) at a constant temper-  Chronically instrumented male Wistar rats, weighing
ature of 3%C. The mobile phase was a mixture of 0.1 M 250-300 g were used inthe experiments. Nine days before the
sodium phosphate buffer (pH 2.5) and methanol (75:25, v/v), experiment, seven cortical EEG electrodes were implanted
supplemented with 20 mg/L EDTA (sodium salt) and 10 mM into the skull. A number of rats used for the morphine
octane-sulfonic acid. Mobile phase solvents were filtered studies were implanted with four cortical EEG electrodes
through a 0.2um nylon filter, mixed and degassed contin- and a CMA/12 microdialysis guide (Aurora Borealis Con-
uously with helium. The flow rate was set at 0.2 mL/min. trol, Schoonebeek, The Netherlands) which was replaced by
The optimal working potential for morphine was 0.80V, as the microdialysis probe (CMA/12, 4mm) 24 h before the

determined by a voltammogram and sensitivity plot. experiment. Two days before the experiments three cannu-
las were implanted for drug administration and serial blood
2.6. Reagents and standard solutions sampling. Two cannulas were implanted in the right jugular

vein for opioid and midazolam infusion and one cannula was

For analysis of blood samples, the stock solutions of nal- implanted in the left femoral artery to collect blood samples.
buphine, butorphanol, morphine and nalorphine were pre- The surgical procedures were performed under anaesthesia
pared at a concentration of 1 mg/mL (free base) in Millipore of 0.1 mg/kg DomitoP (intramuscular injection, 1 mg/mL
water. The stock solutions were diluted with Millipore water medetomidine hydrochloride, Pfizer, Capelle aan de 1Js-
to obtain calibration solutions (range 25-10000ng/mL). sel, The Netherlands) and 1 mg/kg Ketafe@ubcutaneous
Internal standard solutions were prepared by dilution of injection, 50 mg/mL ketamine base, Parke Davis, Hoofddorp,
the stock solutions to a concentration of 250, 2500 and The Netherlands). After surgery, rats received a single dose of
500 ng/mL for nalbuphine, butorphanol and nalorphine, ampicilline trinydrate (0.6 mL/kg of a 200 mg/mL solution,
respectively. A.U.V,, Cuijk, The Netherlands).
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At the day of the experiment, the rats received an intra- tively with a mobile phase containing 35% methanol and
venous infusion of midazolam (5.5 mg/kg/h) and either nal- 65% 0.1 M sodium phosphate buffer pH 5.5. Retention times
buphine (10mg/kg in 10 min), butorphanol (10 mg/kg in for morphine and internal standard nalorphine were 5 and
10min) or morphine (4 mg/kg in 10 min). Midazolam was 11 min, respectively with a mobile phase containing 25%
administered continuously to prevent opioid induced seizures methanol, 75% 0.1 M sodium phosphate buffer pH 4 and
[25]. To reach steady state rapidly, midazolam was adminis- 2 mM octane-sulfonic acid. For the analysis of morphine, the
tered with a Wagner infusiof26]. The midazolam infusion ~ mobile phase was adjusted because morphine did not have
was started 30 min before opioid infusion. A total number enough retention on the column with the conditions used
between 15 and 20 arterial blood samples were collected overfor nalbuphine and butorphanol. To improve retention, 2 mM
aperiod of 4 h at fixed time intervals and immediately hemol- octane-sulfonic acid was added as an ion-pair. The pH was
ysed in Millipore water. The samples were stored-20°C adjusted to improve the peak shape.
until analysis. Table Isummarises the recovery after extraction, the accu-

During the experiment, the EEG was recorded continu- racy and reproducibility of the analysis. For nalbuphine,
ously. After off-line fast Fourier transformation using the butorphanol and morphine intra- and inter-assay were less
data analysis software Spike2 version 4.60, (Cambridge Elec-than 20% in the concentration range of 25-10000 ng/mL.
tronic Design limited, Cambridge, UK), the absolute ampli- The weighted linear regression equations (me&hE.M.)
tude in the delta-frequency range in 5 s epochs were averagedor nalbuphine =9), butorphanol l=5) and morphine
over 1 min intervals. (N=15) werey=(1.2124+0.055x+ (—7.195+2.394),y=

The pharmacokinetics of nalbuphine, butorphanol and (0.00204+ 0.0003%+ (—0.0629+ 0.0127) and/=(0.0011+
morphine were quantified for each individual rat using 0.0001x+ (—0.0045+ 0.0015), respectively. Correspond-
the least squares minimisation algorithm (weighty1/( ing coefficients of correlation were (0.9%280.003),
predicted}) of the WinNonlin Pro package V.1.5 (Pharsight (0.993+ 0.001) and (0.996-0.001), indicating the linear-
Corporation, Mountain View, CA, USA). For nalbuphine, ity of the methods. Using 5@L blood, the limit of detection
butorphanol and morphine a standard two-compartmentfor nalbuphine, butorphanol and morphine was 25, 50 and
model[27] best described the concentration—time profile by 25 ng/mL (signal-to-noise ratio = 3), respectively. The main
the Akaike Information Criterig28]. difference of the methods described here and the methods

described in the literature is the sample size. All methods
are described for studies in humans or relatively large lab-

3. Results and discussion oratory animals (dogs, pigs, rabbits), whereas the method
described here was especially for application to studies in
3.1. Chromatography small laboratory animals (rats). For example, for the analysis

of nalbuphine Nicolle and co-workef$8,19] used plasma
The sample pre-treatment by liquid—liquid extraction pro- samples of 50Q.L whereas in our studies blood samples
vided a good sample clean up as showtrig. 2 For nal- of 50-200uL were used. When whole blood samples are
buphine and butorphanol a two-step extraction procedure wasused for drug analysis, more samples can be collected from a
required because of interfering peaks, whereas for morphinesubject and therefore more information about the individual
a one-step extraction was sufficieRid. 3). Retentiontimes  pharmacokinetic profiles can be obtained. Another advan-
for nalbuphine and butorphanol were 6 and 11 min, respec-tage of our method is that one general method is applicable

Table 1
Validation of the determination of nalbuphine, butorphanol and morphine: recovery, intra- and inter-assay variability, coefficients ofaradiationracy

Compound Added (ng/mL) Recover € 3) Intra-assayN = 3) Inter-assayN > 5)

Found (ng/mL) C.V. (%) Accuracy (%) Found (ng/mL) C.V. (%) Accuracy (%)

Nalbuphine 100 642 - - - - - -
250 - 265+ 17 110 106 263t 12 13 105

1000 71+5 - - - - - -

2,500 - 2553t 28 19 102 2936t 80 7 117

10,000 784 - - - - - -

Butorphanol 100 6414 - - - - - -
250 - 248t 6 4.7 99 213t 10 10 86

1000 85+8 - - - - - -

2,500 - 253@:51 35 101 255@-62 5 102

10,000 80+ 8 - - - - - -

Morphine 250 62t4 239+5 4.4 96 2575 6 103
3000 58+ 4 2630+ 97 82 88 3268+ 82 9 109

Results are expressed as meaB.E.M.
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Fig. 2. Chromatograms of an extract of blank blood spiked with nalbuphine (250 ng/mL) and butorphanol (2500 ng/mL) (A), blank blood spiked with either
internal standard nalbuphine (250 ng/mL) or internal standard butorphanol (2500 ng/mL) (B and D) and blood obtained from a rat at 12 min after start of
an infusion of 10 mg/kg butorphanol in 10 min (concentration 1931 ng/mL) (C) or after having received and infusion of 10 mg/kg nalbuphine in 10 min
(concentration 1955 ng/mL) (E).
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Fig. 3. Chromatograms of an extract of blank blood spiked with internal standard nalorphine (500 ng/mL) (A), blank blood spiked with morphina{ILpP00 ng
and internal standard nalorphine (500 ng/mL) (B) and blood obtained from a rat at 12 min after the start of an infusion of 4 mg/kg morphine in 10 imi@ (morph

concentration 767 ng/mL) (C).

for three opioids. Nalbuphine and butorphanol samples can3.2. Study in rats
be analysed with the same HPLC-conditions and sample pre-
treatment, whereas for morphine only slight modifications  Fig. 5A and B show representative blood concentration—
are required. time profiles for an intravenous administration of 10 mg/kg
For morphine administration, drug concentrations were nalbuphine in 10 min and 10 mg/kg butorphanol in 10 min.
also determined in brain microdialysate. No sample pre- The values for clearance, volume of distribution at steady
treatment was required to clean up the samples as isstate and terminal half-life were estimated for each individual
shown inFig. 4 The weighted linear regression equation rat (Table 2. Fig. 5C shows a representative blood and brain
(meant S.E.M.) for morphine N=9) was y=(16.644t microdialysate concentration—time profile for an intravenous
0.269x + (—6.4844 0.565) and corresponding coefficient of infusion of 4 mg/kg morphine in 10 min. To emphasise the
correlation was (0.994 0.001), indicating the linearity of  application to PK/PD studiesig. 5 also shows the time-
the method. Using 4QL microdialysate, the limit of detec-  course of the change in amplitude of the delta-frequency band
tion for morphine was 0.5 ng/mL (signal-to-noise ratio=3). (0.5—-4.5Hz) of the EEG during and after administration of

Table 2
Average pharmacokinetic parameter estimates (me&rk.M.) obtained with a two-compartment pharmacokinetic model for nalbuphine, butorphanol and

morphine after a 10-min intravenous infusion

Compound Dose (mg/kg) N CI (mL/min) Vdss (mL) Elimination half life (min)
Nalbuphine 10 8 38. & 3.3 1917+ 385 56.0+ 7.0
Butorphanol 10 6 22.8& 3.3 1242+ 193 62.4+ 14.0

Morphine 4 14 24121 881+ 117 44.1+ 4.7
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