Journal of
Pharmacy and Pharmacology

JPP 2005, 57: 981-985

© 2005 The Authors
Received January 1, 2005
Accepted April 5, 2005

DOI 10.1211/0022357056505
ISSN 0022-3573

Department of
Biopharmaceutical Sciences,
College of Pharmacy, The
University of Illinois at Chicago,
Chicago, IL 60612, USA

Aarati Rai, Shaifali Bhalla, Helen
Kastrissios, Anil Gulati

Department of Drug Metabolism
and Pharmacokinetics, Sanofi-
Aventis, Vitry-Alfortville, France

Sam S. Rebello

Correspondence:

A. Gulati, Department of
Biopharmaceutical Sciences,
University of lllinois at Chicago,
833 South Wood Street, M/C 865,
Chicago, IL 60612, USA. Email:
gulati@uic.edu

Disposition of morphine in plasma and cerebrospinal
fluid varies during neonatal development in pigs

Aarati Rai, Shaifali Bhalla, Sam S. Rebello, Helen Kastrissios and Anil Gulati

Abstract

The pharmacological effects of morphine are mediated via the central nervous system (CNS) but its
clearance from the CNS in neonates has not been investigated. We have proposed that neonatal devel-
opment of the blood-brain barrier affected CNS clearance mechanisms and CNS exposure to morphine.
Male piglets (n=5) aged one, three and six weeks were given morphine sulfate (0.5mgkg™, i.v.). Serial
blood and cerebrospinal fluid (CSF) samples were withdrawn over 360 min after morphine administration.
Morphine concentration was measured by radioimmunoassay. A three-compartment model was fitted to
individual data. Estimated parameters were reported as median and range. The peak morphine concen-
trations in plasma were not significantly different in the one-, three- or six-week-old piglets. Plasma
clearance at one week (4.5, 3.8-8.6 mLmin~"kg™") was significantly lower than at three weeks (30.0, 19.1-
39.0mLmin™" kg'1) and six weeks (37.0, 29.7-82.8 mL min™" kg'1). The peak morphine concentration in CSF
at one week (59.84, 31-67 ng mL™") was higher than at three weeks (18.8, 17.7-25 ng mL™") and six weeks
(24.51,16.5-84ngmL™"), while CSF clearance was lower at one week (1.0, 0.18-9 mL min™" kg™") compared
with three weeks (6.2, 2.3-9.3mLmin™’ kg'1) and six weeks (3.95, 1.3-85.7 mLmin™’ kg"). Apparent
plasma:CSF transfer ratio at one week was greater than at three and six weeks. The reduced plasma
and CSF morphine clearance in early infancy resulted in elevated systemic and central morphine exposure
in neonatal pigs.

Introduction

Morphine is used widely in neonatal postoperative care and in pediatric cancer pain
management. However, the adverse effects associated with morphine are much higher
in neonates and infants as compared with adults. Neonates are more susceptible to
morphine-induced respiratory depression, bradycardia, hypotension, urinary retention
and seizures (Way etal 1964), while a decrease in analgesic effect has been observed as
compared with adults (Lynn etal 1984; Koren etal 1985b; Bhat etal 1990; Chay etal
1992; Olkkola etal 1995). This increased susceptibility to morphine’s adverse effects has
been attributed to immature organ development such as the liver (Mikkelsen et al 1994).
While many enzymes are able to metabolize drugs during the fetal period their activity is
low (Hines & McCarver 2002; McCarver & Hines 2002). This decreased function can
lead to an accumulation of morphine and its active metabolite morphine-6-glucuronide,
prolonging its half-life. The accumulation of morphine 3-glucuronide, a more potentially
toxic metabolite, which is present at higher concentrations than morphine 6-glucuronide,
is also cause for concern (Barrett etal 1996). Accordingly, Lynn etal (1998) found that
the median morphine plasma clearance in the first week of life was approximately one
third that of infants older than one-month-old. Thus, adverse effects due to morphine
are associated with elevated plasma morphine concentrations in neonates and infants
(Koren etal 1985a, b; Chay etal 1992; Lynn etal 1993).

Kupferberg & Way (1963) reported increased central nervous system (CNS) con-
centration of morphine in infants. This increased exposure was reported to be asso-
ciated with reduced morphine plasma clearance. However, other mechanisms, such as
P-glycoprotein (P-gp) expression in the CNS, associated with postnatal development of
the blood-brain barrier (BBB), may also influence distribution of morphine into the
CNS and contribute to an increased likelihood of morphine accumulation in the CNS
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in these young neonates. As the BBB is structurally and
functionally immature in newborns (Way etal 1964; Assael
1982; Lynn & Slattery 1987; Pokela etal 1993) it would
indicate that morphine would have greater access to the
CNS due, at least in part, to increased BBB permeability.
Therefore, BBB development may play an important role
in morphine pharmacokinetics in the CNS. We postulate
that there are substantial age-related variations in CNS
exposure to morphine during neonatal development.

The purpose of this study was to evaluate morphine
pharmacokinetics in plasma and cerebrospinal fluid (CSF)
at various stages of development in pigs. Pigs are a suita-
ble animal model for comparison of cardiovascular phy-
siology with man and were used in this study because of
their anatomical and physiological similarity to the
human system. In this regard, the first 2.5 weeks of a
piglet’s life corresponds to the first six months of a new-
born infant’s life (Boudreaux etal 1984). Previous studies
have shown that distribution of drugs into the CNS of
neonatal pigs correlates with drug disposition in human
neonates (Abdel-Rahman etal 2000). Morphine concen-
trations in the CSF were used as a marker of distribution
of morphine into the CNS. Also, serial sampling was
made possible due to the large volume of CSF in pigs.

Materials and Methods

Animals

Experimental protocols were approved by the Animal Care
Committee at the University of Illinois at Chicago. Three
groups, each including five male piglets (Oakhill Genetics,
Ewing, IL), aged one (2.2 + 0.2 kg), three (5.9 +0.2kg) and
six weeks old (11.2+0.4kg), were studied. Animals were
housed and maintained at the Biological Research
Laboratories as per the guidelines of the American
Association for Accreditation of Laboratory Animal Care
(AALAC).

Surgical protocol

All experiments were performed under anaesthesia.
Piglets were premedicated with intramuscular ketamine
(15mgkg™") and atropine (0.05mgkg™"). The animals were
anaesthetized with 4-5% isoflurane, intubated with an endo-
tracheal tube and maintained on 2% isoflurane in air using a
ventilator (Harvard Apparatus Inc., South Natick, MA).
The left and right femoral veins were cannulated for
drug administration and sample collection, respectively.
Following vascular cannulation, animals were placed in a
left lateral position and a lumbar puncture was performed
at the L5-L6 position. The needle was positioned to allow
free flow of CSF and secured in place. Animals were killed by
an overdose of pentobarbital on completion of the study.

Morphine administration and sampling

All piglets received a single intravenous bolus dose of
0.5mgkg ™! morphine sulfate (equivalent to 0.426 mgkg ™"

base). Serial blood (0.3mL) and CSF samples (0.2mL)
were obtained immediately before drug administration
and at 2, 15, 30, 45, 60, 120, 240 and 360 min after dose
administration. Due to limited CSF availability the samples
were collected for a period of up to three half-lives instead
of five half-lives. Blood samples were centrifuged and the
harvested plasma, together with CSF samples, was stored
at —70°C until analysis.

Morphine assay

Plasma and CSF morphine concentrations were deter-
mined by a sensitive and specific '*’I-labelled morphine
radioimmunoassay (Coat-A-Count, Diagnostic Products
Corporation, Los Angeles, CA, USA). The principle
of the assay is based on ['*’IJmorphine competing with
morphine in the sample for antibody sites. Briefly, sample
or standards were incubated with ['**IJmorphine for 1h
in antibody-coated tubes. Samples were diluted to fall
within the range of standards used. The assay was vali-
dated for plasma and CSF using the standards provided
in the radioimmunoassay kit. Following incubation,
tube contents were decanted and the tubes were counted
in a gamma counter (Cobra model 5005, Packard
Instruments Co., Downers Grove, IL, USA). Standard
curves were plotted as counts vs log standard concentra-
tion. The assay was linear in the range 0.6-250 ngmL ™"
with interassay variability of less than 5%. Antiserum was
highly specific for unconjugated morphine, with low
cross-reactivity to glucuronidated morphine analogues
and codeine (<2%) (Matejczyk & Kosinski 1985). The
presence of plasma proteins, bilirubin and haemolysis did
not interfere with the assay. The limit of detection for
morphine was 0.8 ngmL ™.

Pharmacokinetic analysis

Plasma and CSF data were analysed using noncompart-
mental and compartmental analysis methods (WinNonlin
Professional version 2.1, Pharsight Corporation,
Mountain View, CA, USA). The peak morphine concen-
tration (Cax) in plasma and CSF and the time to Cp .y
(Tmax) were determined directly from the data. Area under
the concentration vs time curve up to the last concentra-
tion drawn at 360 min (AUC(_3¢0) was determined using
the linear trapezoidal rule.

Based on graphical evaluation and noncompartmental
analysis which suggested age-related differences in plasma
and CSF morphine pharmacokinetics, and because of the
small number of animals per group, initial exploratory
modelling was performed using pooled data for each of
the three groups of pigs. Following model development,
final pharmacokinetic parameter estimation was per-
formed for each animal. For the model development, the
pharmacokinetic model for morphine in plasma and CSF
was developed sequentially. Initially, the form of the
model describing plasma morphine concentrations was
determined. One and two compartment models were
tested and the two compartment model was chosen
based on goodness of fit. Morphine concentrations in



CSF were then included in the data set and the model was
modified accordingly to include a CSF compartment. The
three compartment model was fitted to the combined
morphine plasma and CSF concentration data for each
group of pigs. It was used to calculate plasma clearance
(CL), CSF clearance (CLoyr,csk), and the plasma:CSF
transfer ratio (TR). The model, depicted schematically in
Figure 1, was a three compartment open model with first-
order elimination from the central (plasma) compartment
and first-order distribution between plasma and the CSF:

V](dC]/dt):Q-Cz—(Q+CL)~C1 (1)

V,(dC,/dt) = Q-(C;—C3) (2)

Vese(dCesr/dt) = fese (CLin sk Cr—CLout,cse-Cosr)
3)

where C represents morphine concentration, V is the
apparent compartment volume, Q is the intercompart-
ment plasma morphine exchange flow rate, fcgp is the
fraction of the dose that enters the CSF, CL is the clear-
ance of morphine from the central compartment, and
CLin and CLoyt represent transfer of morphine from
plasma into the CSF and from CSF into plasma, respec-
tively. The subscripts 1, 2 and CSF represent the central
compartment, peripheral compartment and CSF, respec-
tively. The fraction of the dose that enters the CSF, fcsp,
is not uniquely estimable; Vcsg/fcse was estimated. The
plasma:CSF transfer ratio was calculated as the ratio of
CLincsk to CLouT.csk- It was assumed that maximum
saturation was reached by 6h and equilibrium was
reached between compartment 1 and 3.

Statistical analysis

Pharmacokinetic parameter estimates were summarized as
median and range. Intersubject variation in pharmacoki-
netic parameter estimates within age groups was calcu-
lated as the coefficient of variation. Non-parametric
t-test and one-way analysis of variance, as appropriate,
were used to compare parameters among age groups.
P < 0.05 was considered significant.

Dose
Clour Q
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Figure 1 Schematic of the pharmacokinetic model.
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Results

Mean morphine plasma and CSF concentration vs time
profiles are shown in Figure 2. Plasma morphine C..y
values at 1 week (267.4, 232-298 ngmL "), 3 weeks (212.5,
123.7-250ngmL ") and 6 weeks (199.8, 137.8-250 ngmL ")
were not significantly different. Intersubject variation in
plasma morphine C,.x, Which was calculated as percent
coefficient of variation (%CYV), was greater in the 3-week
(25.0%) and 6-week (22.2%) age groups as compared
with the 1-week age group (10.7%). Although there was
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Figure 2 Morphine concentration vs time curves for one-, three-
and six-week-old neonatal pigs (n = 5). Error bars represent standard
deviation for each measured concentration.
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no significant difference among age groups in plasma
morphine C,.,, systemic exposure was significantly greater
in 1-week pigs (29.21, 23.61-49.33 min ugmL '), as shown
by AUC, 340 estimates 2.3- and 3.0-fold greater relative to
that at 3 weeks (12.56, 8.94-18.25 min g mL ") and 6 weeks
(9.81, 4.73-12.49 min g mL "), respectively.

CSF morphine C,,, in l-week piglets (59.84, 31—
67ngmL~") was significantly higher than at 3 weeks
(18.8, 17.7-25ngmL™") and 6 weeks (24.51, 16.5-84).
Large intersubject variations were observed in CSF mor-
phine concentrations in the 6-week age group (80.5%)
compared with the 1-week (33.7%) and 3-week (15.1%)
age groups. The 1-week age group also experienced
greater and more sustained morphine exposure in the
CSF, as indicated by significantly greater AUC 34 esti-
mates (14.06, 6.8-18.32min ygmL~") compared with 3
weeks (6.05, 3.96-6.72min ugmL ") and 6 weeks (4.88,
1.83-5.9min ygmL™").

Pharmacokinetic parameter estimates from the model-
based analyses are summarized in Table 1. In this analysis,
median plasma morphine clearance was reduced 6.7-fold
and 8.2-fold in 1-week piglets relative to 3- and 6-week
piglets, respectively. An increase in estimated intersubject
variability for morphine plasma clearance was observed at
6 weeks (46.8%) compared with 3 weeks (28.4%) and
1 week (37.8%).

Similarly, the apparent clearance of morphine from
the CSF was relatively reduced but was not statistically
significant (P > 0.05) in 1-week piglets compared with
3-week and 6-week piglets. In addition, there was a trend
toward a greater CSF to plasma transfer ratio in 1-week
and 3-week piglets relative to the 6-week age group.

Discussion

The observed age-related increase in apparent plasma
morphine clearance corresponded to the progressive func-
tional maturation of organ systems of drug elimination
during neonatal development (Assael 1982). Studies have
shown that renal and hepatic elimination mechanisms are
not well developed in neonates and develop at varying
rates during the postnatal period. Uridine 5'-diphosphate

glucuronosyltransferase isoform 2B7 (UGT2B7), the pri-
mary enzyme system involved in the biotransformation of
morphine to glucuronidated metabolites in man (Stone
etal 2003), is depressed in neonates, reaching adult capa-
city after 6-18 months of age (de Wildt etal 1999).
Accordingly, morphine-6-glucoronide could not be
detected, or could only be found in low concentrations
in the plasma of approximately 25% of infants in previous
studies (Bhat etal 1992; McRorie etal 1992). In addition,
age-related changes in the clearance of morphine may be
associated with developmental changes in the neonatal
kidney, which has reduced excretory and limited drug
metabolizing capacity at birth (Assael 1982). Large inter-
subject variability in morphine plasma concentrations
during postnatal development in this study was consistent
with previous reports for morphine in infants (Koren etal
1985b; Bhat etal 1990; Pokela etal 1993).

In this study, the CSF to plasma transfer ratio was
increased in newborn piglets consistent with previous
studies in monkeys (Lynn etal 1991). However, signifi-
cant intersubject variability was observed in the transfer
ratio due to morphine accumulation in CSF in two pig-
lets in the 1-week age group. The CSF clearance at
1 week was relatively lower than at 6 weeks, which
indicated that morphine was being cleared from the
CSF at a much slower rate in younger piglets (Table 1).
This could be attributed to variable rates of BBB devel-
opment. Since morphine distributes into the CNS by
passive diffusion (Letrent etal 1999), increased exposure
of the CNS in newborns would be likely due to increased
permeability of the BBB relative to older pigs. This
permeability declines through postnatal development.
In addition, the apparent clearance of morphine from
the CSF is reduced in younger pigs and appears to
increase with age. We propose that the mechanism of
reduced morphine clearance from the CSF may be
related to reduced efflux of morphine from the CNS. In
adult rats, P-gp regulates morphine brain efflux (Letrent
etal 1999). It has been shown that inhibition of brain
P-gp resulted in a significant increase in the morphine
brain-to-blood ratio and significantly increased mor-
phine exposure and consequently morphine-induced
analgesia (Letrent etal 1999). Given the immaturity of

Table 1 Median (range) of morphine pharmacokinetic parameter estimates

Parameters One week Three weeks Six weeks P value
V, (Lkg™" 0.5 (0.01-1.4) 1.2 (0.06-1.8) 0.2 (0.04-1.6) 0.47
CL (mLmin 'kg™) 4.5 (3.8-8.6) 30.0 (19.1-39.0) 37.0 (29.7-82.8) 0.001
Q (mLmin~"kg™") 0.2 (0.02-0.4) 0.2 (0.1-0.2) 0.1 (0.1-0.2) 0.73
V, (Lkg™) 3.0 (1.2-5.5) 4.1 (3.2-5.7) 2.7 (1.4-4.4) 0.36
CLin.csF 0.7 (0.01-6.9) 4.5 (0.1-5.5) 1.9 (0.09-36.1) 0.53
(mLmin~"kg™")

CLouT.csr 1.0 (0.2-9.0) 6.2 (2.3-9.3) 4.0 (1.3-85.7) 0.45
(mLmin"'kg™")

Vese/fese (Lkg™h) 371.2 (6.8-1084.8) 744.4 (27.2-1079.2) 91.9 (25.8-862.0) 0.43
Plasma:CSF 0.7 (0.6-0.8) 0.6 (0.4-0.8) 0.5 (0.3-0.6) 0.07

transfer ratio




the BBB, it is possible that deficiencies in P-gp in neo-
nates may contribute to enhanced and sustained CNS
exposure to morphine.

Conclusions

Morphine disposition in plasma and CSF varied during
postnatal development. These changes likely reflected
immaturity of organ systems, including the liver, kidney
and BBB. Changes in central exposure to morphine were
due, in part, to changes in clearance over time, although
this might not have been the only mechanism. It was likely
that other mechanisms that influenced distribution of
morphine across the BBB also influenced CNS exposure
to morphine. Consequently, neonates were likely to have
higher CNS morphine concentrations, which might have
made them more sensitive to analgesic and adverse effects
(Koren et al 1985b). Our results support the need for care-
ful titration of morphine dosing in neonates (Olkkola et al
1995). It is necessary to explore mechanisms for variable
CNS exposure to morphine during postnatal develop-
ment. The disposition of morphine metabolites in the
CSF and plasma of neonatal pigs and the role of P-gp in
the transport of morphine across the BBB of neonatal pigs
remain to be investigated.

References

Abdel-Rahman, S. M., Maxson, S., Teo, C., Hubbard, A. E.,
Kearns, G. L. (2000) Cerebrospinal fluid pharmacokinetics of
cefpodoxime proxetil in piglets. J. Clin. Pharmacol. 40: 290-295

Assael, B. M. (1982) Pharmacokinetics and drug distribution
during postnatal development. Pharmacol. Ther. 18: 159-197

Barrett, D. A., Barker, D. P., Rutter, N., Pawula, M., Shaw, P. N.
(1996) Morphine, morphine-6-glucuronide and morphine-
3-glucuronide pharmacokinetics in newborn infants receiving
diamorphine infusions. Br. J. Clin. Pharmacol. 41: 531-537

Bhat, R., Chari, G., Gulati, A., Aldana, O., Velamati, R.,
Bhargava, H. (1990) Pharmacokinetics of a single dose of
morphine in preterm infants during the first week of life. J.
Pediatr. 117: 477-481

Bhat, R., Abu-Harb, M., Chari, G., Gulati, A. (1992) Morphine
metabolism in acutely ill preterm newborn infants. J. Pediatr.
120: 795-799

Boudreaux, J. P., Schieber, R. A., Cook, D. R. (1984) Hemodynamic
effects of halothane in the newborn piglet. Anesth. Analg. 63:
731-737

Chay, P. C., Dufty, B. J., Walker, J. S. (1992) Pharmacokinetic-
pharmacodynamic relationships of morphine in neonates.
Clin. Pharmacol. Ther. 51: 334-342

de Wildt, S. N., Kearns, G. L., Leeder, J. S., van den Anker, J. N.
(1999) Glucuronidation in humans. Pharmacogenetic and
developmental aspects. Clin. Pharmacokinet. 36: 439-452

Hines, R. N., McCarver, D. G. (2002) The ontogeny of human
drug-metabolizing enzymes: phase I oxidative enzymes. J.
Pharmacol. Exp. Ther. 300: 355-360

Plasma and CSF morphine disposition in neonates 985

Koren, G., Butt, W., Pape, K., Chinyanga, H. (1985a) Morphine-
induced seizures in newborn infants. Ver. Hum. Toxicol.
27: 519-520

Koren, G., Butt, W., Chinyanga, H., Soldin, S., Tan, Y. K.,
Pape, K. (1985b) Postoperative morphine infusion in newborn
infants: assessment of disposition characteristics and safety. J.
Pediatr. 107: 963-967

Kupferberg, H. J., Way, E. L. (1963) Pharmacologic basis for the
increased sensitivity of the newborn rat to morphine. J.
Pharmacol. Exp. Ther. 141: 105-112

Letrent, S. P., Pollack, G. M., Brouwer, K. R., Brouwer, K. L.
(1999) Effects of a potent and specific P-glycoprotein inhibi-
tor on the blood-brain barrier distribution and antinocicep-
tive effect of morphine in the rat. Drug Metab. Dispos. 27:
827-834

Lynn, A., Nespeca, M. K., Bratton, S. L., Strauss, S. G., Shen,
D. D. (1998) Clearance of morphine in postoperative infants
during intravenous infusion: the influence of age and surgery.
Anesth. Analg. 86: 958-963

Lynn, A. M., Slattery, J. T. (1987) Morphine pharmacokinetics
in early infancy. Anesthesiology 66: 136—-139

Lynn, A. M., Opheim, K. E., Tyler, D. C. (1984) Morphine
infusion after pediatric cardiac surgery. Crit. Care Med. 12:
863-866

Lynn, A. M., McRorie, T. 1., Slattery, J. T., Calkins, D. F.,
Opheim, K. E. (1991) Age-dependent morphine partitioning
between plasma and cerebrospinal fluid in monkeys. Dev.
Pharmacol. Ther. 17: 200-204

Lynn, A. M., Nespeca, M. K., Opheim, K. E., Slattery, J. T.
(1993) Respiratory effects of intravenous morphine infusions
in neonates, infants, and children after cardiac surgery. Anesth.
Analg. 77: 695-701

Matejczyk, R. J., Kosinski, J. A. (1985) Determination of cross-
reactant drugs with a new morphine radioimmunoassay pro-
cedure. J. Forensic Sci. 30: 677-680

McCarver, D. G., Hines, R. N. (2002) The ontogeny of human
drug-metabolizing enzymes: phase Il conjugation enzymes
and regulatory mechanisms. J. Pharmacol. Exp. Ther. 300:
361-366

McRorie, T. 1., Lynn, A. M., Nespeca, M. K., Opheim, K. E.,
Slattery, J. T. (1992) The maturation of morphine clearance
and metabolism. Am. J. Dis. Child. 146: 972-976

Mikkelsen, S., Feilberg, V. L., Christensen, C. B., Lundstrom, K. E.
(1994) Morphine pharmacokinetics in premature and mature
newborn infants. Acta Paediatr. 83: 1025-1028

Olkkola, K. T., Hamunen, K., Maunuksela, E. L. (1995)
Clinical pharmacokinetics and pharmacodynamics of opioid
analgesics in infants and children. Clin. Pharmacokinet. 28:
385-404

Pokela, M. L., Olkkola, K. T., Seppala, T., Koivisto, M. (1993)
Age-related morphine kinetics in infants. Dev. Pharmacol.
Ther. 20: 26-34

Stone, A. N., Mackenzie, P. 1., Galetin, A., Houston, J. B.,
Miners, J. O. (2003) Isoform selectivity and kinetics of mor-
phine 3- and 6-glucuronidation by human udp-glucuronosyl-
transferases: evidence for atypical glucuronidation kinetics by
UGT2B7. Drug Metab. Dispos. 31: 1086-1089

Way, W. L., Costley, E. C., Way, E. L. (1964) Respiratory
sensitivity of the newborn infant to meperidine and morphine.
Clin. Pharmacol. Ther. 6: 454—461



