
Pharmaceutical Research, Vol. 17, No. 6, 2000 Research Paper

required that describe the drug distribution in tissues (tissue-Prediction of In Vivo Tissue
to-plasma partition coefficients, Kp). While Kp values can be

Distribution from In Vitro Data 1. determined from in vivo studies, a more attractive alternative
is to develop an in vitro methodology that can accurately predictExperiments with Markers of
the in vivo tissue distribution for compounds with a wide range

Aqueous Spaces of physicochemical properties.
Many in vitro tissue distribution methods have been

reported for volatile compounds using tissue homogenates (4,5)
with relatively few reports available for non-volatile compoundsPeter Ballard,1,4 David E. Leahy,2 and
(6,7). While these estimates are valuable, there is the concernMalcolm Rowland3

that the use of tissue homogenates can result in an overestimate
for drugs that are not able to penetrate cellular membranes.

Received January 7, 2000; accepted March 8, 2000 Tissue slices have been used to estimate tissue distribution for
drug molecules (8) and marker compounds for total tissue waterPurpose. The aim of this study was to evaluate the ability of an in
and extracellular spaces (9,10) although these rarely equate tovitro method of tissue distribution to accurately predict total water and
the corresponding in vivo values. Other workers have predictedextracellular aqueous spaces using marker compounds urea and inulin.
Kp values for drugs and volatile organics from tissue volumes,Methods. Slices (50–200 mg) of all the major tissues in the rat were

incubated with Hanks/HEPES pH7.4 buffer containing 14C-urea and composition and lipophilicity (11,12).
3H-inulin for 2 h at 378C. Tissue weight was noted before and after This paper describes the use of a physiologically relevant
incubation and the tissue-to-buffer ratios determined. and rapid in vitro technique for estimating the tissue distribution
Results. 14C-Urea Kp estimates were generally greater than total tissue of non-volatile compounds and examines the behaviour of
water due to tissue swelling, which varied widely among the tissues, markers of specific tissue spaces.
up to 41% in muscle. In most cases, Kp values were much closer to
in vivo values after correcting for the 14C-urea in the imbibed media
(Kpcorr). The method was able to distinguish between 14C-urea and 3H- MATERIALS AND METHODS
inulin Kp values and indicated that inulin occupied a smaller space
than urea, which for the majority of tissues corresponded to the extracel- Reagents
lular space.
Conclusions. The Kpcorr values for 14C-urea and Kp for 3H-inulin were Hanks’ Balanced Salt Solution containing D-glucose
consistent with total tissue water and extracellular space for the majority (HBSS) was supplied by Life Technologies Limited (Paisley,
of tissues studied, indicating their suitability as marker compounds for UK); 3H-inulin and 14C-urea by Amersham Life Science, Little
checking the viability of this in vitro method for estimating tissue Chalfont, Buckinhamshire, UK; Optisorb ‘1’ and Optisorb ‘S’
distribution. by Fisons Chemicals, Loughborough, UK and Monophase S
KEY WORDS: tissue distribution; swelling; in vitro; inulin; urea; rat. by Packard Instrument Company, Meriden, USA. All other

chemicals were obtained from Sigma Chemical Company,
Poole, Dorset, UK and used as received. Hanks/HEPES buffer

INTRODUCTION was prepared by adding 4-(2-hydroxyethyl)-1-piperazine-eth-
anesulphonic acid sodium salt (HEPES) to HBSS at 10mM.Drug discovery has been revolutionised in recent years by
Tissues (see Table I) were obtained from three male Wistar ratsadvances in chemistry and molecular biology that have resulted
(200–300 g) sacrificed by cervical dislocation and stored onin a host of new therapeutic targets and chemical leads. Second-
ice for up to 2 h prior to use. Intestine and stomach samplesary screening to characterise drug like molecules requires a
were washed with sodium chloride solution (0.15%) to removevariety of rapid and reliable physiocochemical (e.g., solubility
luminal contents prior to incubation.and lipophilicity) and biological tests (e.g., binding affinity,

metabolism, Caco-2), to find compound series suitable for lead
optimisation projects (1). This data can be encompassed within Methodology for In Vitro Tissue Incubations
physiologically based pharmacokinetic (PBPK) models, which

Prior to incubation, fresh tissues were cut into pieces (50–can describe or predict the disposition of chemicals in animal
200 mg) freehand, using scissors, accurately weighed, and incu-and man (2,3). However, additional data for these models are
bated with Hanks/HEPES buffer (2 ml) containing 14C-urea
(0.25 mCi/ml) and 3H-inulin (0.25 mCi/ml). After incubation
at 378C in a shaking waterbath for 2 h, the tissues were removed,

1 Discovery-DMPK, AstraZeneca, Alderley Park, Cheshire, SK10 4TG, blot dried on filter paper and reweighed. The water content and
United Kingdom. the 14C-urea and 3H-inulin concentrations in tissue and medium

2 Cyprotex, Skelton House, Science Park, Manchester, M15 4SH, were determined by drying the samples overnight in a vacuum
United Kingdom. oven at 408C, reweighing, oxidising using a Packard Instru-3 School of Pharmacy and Pharmaceutical Sciences, University of Man- ments sample oxidiser and measuring the radioactivity by liquid
chester, Manchester, M13 9PL, United Kingdom.

scintillation counting, using Optisorb ‘1’ (12 ml) and Optisorb4 To whom correspondence should be addressed. (e-mail: peter.
‘S’ (9 ml) for 14C and Monophase ‘S’ (15 ml) for 3H, respec-ballard@astrazeneca.com)
tively. The recoveries of 3H-inulin and 14C-urea from the oxi-ABBREVIATIONS: Kp, tissue-to-medium partition coefficient;
diser were approximately 90 and 100% respectively, withKpcorr , tissue-to-medium partition coefficient corrected for media

imbibed during the in vitro incubation. carryover between oxidations less than 1%.
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Table I. Mean Values (6 Standard Error, n 5 10) of Tissue Swelling, Tissue Water Content, 14C-urea Partition Coefficient, with and Without
Swelling (Kp and Kpcorr, Respectively), After a 2 h Incubation in Hanks/HEPES Buffer at 378C and 14C-urea Kp Following i.v. Bolus Dosing

in the Rata

Fractional 14C-Urea Kp
Tissue Swelling (%) Water Content 14C-Urea Kp 14C-Urea Kpcorr in vivoa

Adipose 12 (1.0) 0.047 (0.002) 0.23 (0.008) 0.099 (0.011) 0.131
Bone 3.5 (1.7) 0.16 (0.0044) 0.37 (0.042) 0.33 (0.030) 0.559
Brain 34 (2.1) 0.62 (0.014) 1.2 (0.026) 0.61 (0.013) 0.137
Heart 8.5 (1.2) 0.79 (0.006) 0.92 (0.016) 0.77 (0.010) 0.837
Intestine 25.0 (2.8) 0.76 (0.002) 0.68 (0.026) 0.79 (0.064) 1.06
Kidney 39 (1.4) 0.73 (0.004) 1.0 (0.033) 0.46 (0.014) 2.27
Liver 13 (0.9) 0.65 (0.005) 0.80 (0.011) 0.59 (0.014) 0.69
Lung 19 (1.2) 0.70 (0.035) 1.0 (0.022) 0.70 (0.008) 0.625
Muscle, thigh 41 (3.8) 0.73 (0.005) 1.2 (0.043) 0.55 (0.017) 0.735
Skin 18 (1.1) 0.54 (0.008) 0.88 (0.011) 0.59 (0.011) 0.617
Spleen 6.7 (0.6) 0.74 (0.003) 0.75 (0.021) 0.64 (0.013) 0.735
Stomach 20.4 (2.4) 0.73 (0.023) 0.88 (0.022) 0.91 (0.037) 0.496
Testes 234 (2.8) 0.83 (0.024) 0.65 (0.023) 0.55 (0.028)b 0.551
Thymus 3.9 (4.0) 0.74 (0.017) 0.98 (0.039) 0.93 (0.065) ND

a (23).
b Kp calculated using the tissue weight at end of incubation.
ND - not determined.

The water content of tissue pieces was calculated as: with the most swelling observed in muscle (41%) and least in
stomach (20.4%) and intestine (25%), Table I. This slight loss
in stomach and intestine weight was probably a result of theFractional water content 5

W 2 Wdry

W
(1)

luminal washing procedure when the tissue was excised, effec-
tively meaning that the tissue receives a pre-incubation withwhere W and Wdry are the wet and dry tissue weights.
subsequent unrecorded swelling and an unspecified amount ofThe percentage swelling during the incubation was calcu-
adhered buffer. A reduction in testes mass (34%) was recordedlated as:
due to disintegration of the tissue during incubation and conse-
quent incomplete recovery from the vial at the end of theSwelling (%) 5

Winc 2 W

W
3 100 (2)

incubation.

where Winc is the weight of tissue after incubation
The distribution of a marker between tissue and medium Partitioning of 14C-Urea in Rat Tissues

(Kp) was determined experimentally as:

Preliminary experiments with muscle, liver and adipose
Kp 5

cpmT /W
cpmM /VM

(3) tissue indicated that 14C-urea and 3H-inulin attained equilibrium
within 0.5 h of incubation. The partition of 14C-urea between

where cpmT and cpmM are the counts per min of the radioisotope 14 separate fresh tissues and Hanks/HEPES buffer (n 5 10),
in the tissue and medium respectively and VM the volume of based on the original weight of tissue (Kp) varied from as low
medium. 0.23 for adipose tissue to 1.2 for brain and muscle, Table I.

The tissue-to-medium partition coefficient correcting for The majority were also greater than the fractional tissue water
the imbibed media (Kpcorr) was calculated as: content as determined by desiccation. In the worst cases, the

overestimation was 86% for brain and 400% for adipose tissue.
When corrected for the extent of swelling, the agreementKpcorr 5

(cpmT 2 cpmimb)/W

cpmM /VM
(4)

between 14C-urea Kpcorr and fractional water content was sub-
stantially improved, with the majority of tissues showing awhere cpmimb is the additional amount of radioactivity in the
difference of less than 20%. However, Kpcorr was still insuffi-tissue at the end of the incubation resulting from imbibed
cient to totally account for the difference in adipose tissuemedium, which was calculated by assuming that the concentra-
(110%).tion of radioisotope in imbibed medium was the same as in the

Kpcorr could not be applied to testes due to the disintegra-bulk medium at the end of the incubation.
tion of tissue during the incubation. Consequently for testes,
the best estimate of partitioning is obtained through Kp, using

RESULTS the tissue weight at the end of the incubation, accepting that
this will be an overestimate due to an unknown amount ofTissue Swelling
imbibed buffer. For tissues that demonstrated a large amount
of swelling during the incubation, notably muscle and kidney,The mean extent of swelling (n 5 6) observed following

a 2 h incubation at 378C varied widely among the tissues, there was a tendency for Kpcorr to underestimate the fractional
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water content. Overall though, Kpcorr results in a more accurate presumably driven by osmotic pressure to equilibrate the protein
estimate of the total water space of the tissue than Kp. containing tissue with the protein-free medium. Other factors

that can effect tissue swelling are the temperature at which the
slice is held prior to incubation (10), the length of the incubationPartitioning of 3H-inulin into Rat Tissues
as well as the ionic buffer strength, particularly for potassium

The mean 3H-inulin Kp values (n 5 10) based on both
and chloride (13,15).

initial and final tissue weights are listed in Table II, in compari- 14C-Urea and 3H-inulin were chosen as markers of totalson with literature values for the fractional extracellular spaces.
tissue water and extracellular space respectively because theyValues based on the preincubation tissue weight were generally
have been investigated extensively with in vitro (16,17), in situhigher than the extracellular tissue fraction, particularly for
(18,19) and in vivo (20,21) studies and because neither bindsmuscle (0.605 vs 0.146) and stomach (0.441 vs 0.130). As expect-
to tissue components. Tissue swelling during in vitro incubationed, the Kp values were somewhat reduced when based on the
resulted in 14C-urea Kp values that were generally greater thantissue weight after 2 h incubation, due to swelling. Overall
the fractional tissue water content. However, correcting forthere was good agreement between extracellular fraction and
imbibed medium under the reasonable assumption that theKp values based on the incubated tissue weight, although for
marker concentration of imbibed fluid was the same as that insome tissues there were significant discrepancies. Also, the Kp
the bulk medium at the end of the incubation (9,22) resultedvalues for 3H-inulin were smaller than the corresponding values
in good agreement between Kpcorr and the fractional tissuefor 14C-urea, indicating that inulin is accessing a smaller tis-
water content. For drugs that are freely able to penetrate cellularsue space.
membranes, failure to correct for tissue swelling will lead to
the greatest overestimation of Kp for compounds with low KpDISCUSSION
values. For compounds exhibiting high Kp values (generally

Preliminary investigations were conducted on several greater than 10), the majority of compound is partitioned or
physiological buffers, including Hanks/HEPES, Leibovitz and bound within tissue cells or membranes and consequently the
Krebs-Henseleit bicarbonate. 14C-Urea Kp values were equiva-

overestimation of Kp from imbibed medium is comparatively
lent in muscle incubated in all three buffers although the pH

small and effectively can be ignored. However, the experimentsof the Krebs buffer had increased substantially by the end of
presented here only indicate the applicability of the techniquethe incubation and consequently it was not investigated further.
for hydrophilic substrates.The buffers used were intentionally protein free, so that the

The 14C-urea Kpcorr values generally agreed closely withsystem would permit an estimate of Kpu, the tissue-to-unbound
Kp values obtained following i.v. bolus dosing in the rat (Tableplasma partition coefficient. This is of particular relevance for
I) and an in situ rat hind limb preparation (19) in muscle (0.55highly protein bound drugs. 14C-Urea and 3H-inulin attained
vs 0.52 respectively), skin (0.59 vs 0.58), bone (0.33 vs 0.42)equilibrium after 0.5 h incubation. However, the incubation
and adipose tissue (0.10 vs 0.37). However, there are somewas extended to 2 h to mirror the conditions likely to be needed
notable differences between the in vitro and in vivo results into ensure equilibrium for drugs with Kp values greater than
brain and kidney, presumably due to the blood-brain barrierthat of the fractional tissue water content.
and an overestimation in vivo of 14C-urea in the kidney tubules,In agreement with the literature (9,10,13,14) tissue swell-
respectively (23). Additional validation of the in vitro methodol-ing was observed to occur in two phases, with an initial rapid
ogy is observed as the volume of distribution calculated fromuptake lasting approximately 20 min, followed by a slower

phase lasting until the end of the incubation. The swelling is the sum of individual in vitro Kpcorr values and tissue volumes

Table II. Reported Extracellular Fraction and Observed Mean 3H-Inulin Estimates (6SE, n 5 10) Based on the Initial (b) and Final (c) Weight
of Tissue Following a 2 h In Vitro Incubation in Hanks/HEPES buffer at 378C in Comparison to Literature Values for In Vitro Incubationsd

Tissue Extracellular fractiona Kp(b) Kp(c) Kpd

Adipose tissue 0.145 0.158 (0.010) 0.142 (0.009)
Bone 0.141 0.201 (0.047) 0.192 (0.038)
Brain 0.038 0.334 (0.017) 0.248 (0.011) 0.36, 0.42, 0.43, 0.30
Heart 0.358 0.471 (0.017) 0.433 (0.013)
Intestine 0.118 0.267 (0.014) 0.285 (0.019)
Kidney 0.305 0.384 (0.022) 0.276 (0.014) 0.37
Liver 0.278 0.253 (0.009) 0.223 (0.009) 0.27
Lung 0.448 0.457 (0.020) 0.384 (0.014)
Muscle 0.146 0.605 (0.043) 0.426 (0.021) 0.45
Skin 0.321 0.427 (0.014) 0.360 (0.009)
Spleen 0.438 0.163 (0.012) 0.152 (0.010)
Stomach 0.130 0.441 (0.017) 0.444 (0.016)
Testes No Result 0.218 (0.011) 0.332 (0.019)
Thymus No Result 0.352 (0.033) 0.335 (0.020)

a (23, 24).
d (9, 13, 25, 26).



Experiments with Markers of Aqueous Spaces 663

M. E. Andersen. Partition coefficients of low-molecular-weight(0.64 l/kg) accurately predicts that from the plasma pharmacoki-
volatile chemicals in various liquids and tissues. Toxicol. Appl.netics following an i.v. bolus dose (23) in the rat (0.66 l/kg).
Pharm. 98:87–99 (1989).

The Kp estimates for 3H-inulin were in good agreement 6. J. E. Murphy, D. B. Janszen, and M. L. Gargas. An in vitro method
with literature values for brain, kidney, liver and muscle, Table for determination of tissue partition coefficients on non-volatile

chemicals such as 2,3,7,8-tetrachlorodibenzo-p-dioxin and estra-II. In all tissues, 3H-inulin accessed a smaller space than 14C-
diol. J. Appl. Toxicol. 15:147–152 (1995).urea which corresponded to the extracellular fraction deter-

7. J. M. Gearhart, G. W. Jepson, H. J. Clewell, III, M. E. Andersen,mined in vivo (fe) for the majority of tissues. However, in brain, and R. B. Conolly. Physiologically based pharmacokinetic and
intestine, muscle and stomach, the inulin space was larger than pharmacodynamic model for the inhibition of acetylcholinesterase

by diisopropylfluorophosphate. Toxicol. Appl. Pharmacol.fe and smaller in spleen. A volume of distribution of 0.32 l/kg
106:295–310 (1990).is predicted from the 3H-inulin Kp values based on the final

8. R. N. Upton, L. E. Mather, and W. B. Runciman. The in vitrotissue weight, which compares favourably with the fractional
uptake and metabolism of lignocaine, procainamide and pethidine

extracellular tissue volume in the rat (0.19). by tissues of the hindquarters of sheep. Xenobiot. 21:1–12 (1991).
It would be useful to correct for media entering the extra- 9. H. M. Pappius and K. A. C. Elliott. Water distribution in incubated

slices of brain and other tissues. Can. J. Biochem. 34:1007–cellular space on swelling, but only the total amount of media
1022 (1956).imbibed is known and not its distribution between intra and

10. S. Varon and H. McIlwain. Fluid content and compartments inextracellular spaces. An attempt was made to calculate this isolated cerebral tissues. J. Neurochem. 8:262–275 (1961).
distribution, knowing fe and tissue swelling in vitro, but unfortu- 11. P. Poulin and K. Krishnan. Molecular structure-based prediction

of the partition coefficients of organic chemicals for physiologicalnately this proved inconsistent due to the variability in the
pharmacokinetic models. Toxicol. Meth. 6:117–137 (1996).data and the small values involved. Therefore, where a test

12. P. Poulin and F.-P. Theil. A Priori prediction of tissue:plasmacompound demonstrates an in vitro Kp value equivalent to that
partition coefficients of drugs to facilitate the use of physiologi-

of inulin, for the purposes of in vitro/in vivo scaling, through cally-based pharmacokinetic models in drug discovery. J. Pharm.
a physiologically based pharmacokinetic model for example, Sci. 89:16–35 (2000).

13. R. S. Bourke and D. B. Tower. Fluid compartmentation andit is recommended that the in vivo value for fe replaces in
electrolytes of cat cerebral cortex in vitro—I. Swelling and solutevitro Kp.
distribution in mature cerebral cortex. J. Neurochem. 13:1071–In conclusion, this study has demonstrated that accurate 1097 (1966).

estimates of total tissue water and extracellular spaces can be 14. W. M. Sperry and F. C. Brand. Absorption of water by liver slices
from “physiological” saline solutions. Proc. Soc. Exp. Biol. (Newachieved through an in vitro system with marker compounds.
York) 42:147–150 (1939).For total tissue water, and consequently for drugs having no

15. R. S. Bourke. Studies of the development and subsequent reduc-barrier to permeability, the effect of tissue swelling should be
tion of swelling of mammalian cerebral cortex under isosmotic

taken into account when calculating Kp. With a limited number conditions in vitro. Exp. Brain Res. 8:232–248 (1969).
of tissues inulin only provides an indication of the extracellular 16. K. Okamoto and J. H. Quastel. Water uptake and energy metabo-

lism in brain slices from the rat. Biochem. J. 120:25–36 (1970).space and in this case, the in vivo value should be used for
17. S. R. Cohen. The dependence of water content and “extracellular”scaling purposes. It is recommended that both urea and inulin

marker spaces of incubated mouse brain slices on thickness. Alter-are suitable compounds to check on the viability of the in vitro ations produced by slicing, and fluid spaces in intact and altered
technique prior to the investigation of test compounds. tissue. Exp. Brain Res. 20:435–457 (1974).

18. W. Herms, and G. Arnold. Diuresis, inulin clearance, sodium
reabsorption and oxygen consumption of the isolated erythrocyte–
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