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Abstract

Precision-cut tissue slices of both hepatic and extra-hepatic origin are extensively used as an in vitro model to predict in vivo drug
metabolism and toxicity. Cryopreservation would greatly facilitate their use. In the present study, we aimed to improve (1) rapid freezing
and warming (200 �C/min) using 18% Me2SO as cryoprotectant and (2) vitrification with high molarity mixtures of cryoprotectants,
VM3 and VS4, as methods to cryopreserve precision-cut rat liver and kidney slices. Viability after cryopreservation and subsequent
3–4 h of incubation at 37 �C was determined by measuring ATP content and by microscopical evaluation of histological integrity. Con-
firming earlier studies, viability of rat liver slices was maintained at high levels by rapid freezing and thawing with 18% Me2SO. However,
vitrification of liver slices with VS4 resulted in cryopreservation damage despite the fact that cryoprotectant toxicity was low, no ice was
formed during cooling and devitrification was prevented. Viability of liver slices was not improved by using VM3 for vitrification. Kidney
slices were found not to survive cryopreservation by rapid freezing. In contrast, viability of renal medullary slices was almost completely
maintained after vitrification with VS4, however vitrification of renal cortex slices with VS4 was not successful, partly due to cryopro-
tectant toxicity. Both kidney cortex and medullary slices were vitrified successfully with VM3 (maintaining viability at 50–80% of fresh
slice levels), using an optimised pre-incubation protocol and cooling and warming rates that prevented both visible ice-formation and
cracking of the formed glass. In conclusion, vitrification is a promising approach to cryopreserve precision-cut (kidney) slices.
� 2006 Elsevier Inc. All rights reserved.
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Precision-cut liver slices are frequently used as an in vitro

model for in vivo drug metabolism and toxicity [9,11,29,
35,37]. Cryopreservation would offer a possibility to store
slices, forming a tissue slice bank from which slices can
be used for species-comparison studies on drug metabolism
and toxicity at any desired time-point. Particularly the use
of human tissue, of which the supply is irregular and unre-
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liable, can be highly facilitated in this manner. A number of
cryopreservation methods for liver slices that have shown
to be successful to some extent, have been developed,
amongst others by our laboratory [3,5,7,12,13,23–25,27,
28,31,46]. There is an increasing awareness that extra-he-
patic organs contribute substantially to drug metabolism
and that using liver slices alone may give an incomplete
view of in vivo metabolism [6,8,26,36,41,44]. However, the
cryopreservation of precision-cut slices of extra-hepatic ori-
gin has not received much attention, with only a method
for dog and human kidney slices reported [25].

In the present study we aimed to improve cryopreserva-
tion of rat liver slices and to develop new cryopreservation
protocols for kidney slices. Two approaches were used for



Table 1
Composition of ‘full strength’ VS4 and VM3

VS4a VM3b

Buffer components NaCl (mM) 10 —
NaHCO3 (mM) — 10
KCl (mM) 28.3 28.3
MgCl2 (mM) 0.40 0.40
CaCl2 (mM) 0.05 0.05
Dextrose (mM) 180 90
Mannitol (mM) — 45
Lactose (mM) — 45
Reduced glutathion (mM) 5 5
Adenine HCl (mM) 1 1
K2HPO4 (mM) 7.2 7.2

CPAs Me2SO (g/L) 215.7 223.1
Formamide (g/L) 124.3 128.6
1,2-Propanediol (g/L) 150.0 —
Ethyleneglycol (g/L) — 168.4
Supercool x, iceblocker (g/L) — 10
Supercool y, iceblocker (g/L) — 10
PVP K12/5000 kDa (g/L) — 70

pH 7.4 7.4
Molarity CPAs 7.5 8.4

a From [16].
b From [21].
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this purpose. The first approach was rapid freezing. For
liver slices, we have developed a simple, rapid (200 �C/
min) freezing method [5,7,10] using 18% Me2SO1 and
showed that post-thaw viability and phase I and II bio-
transformation activity of cryopreserved rat liver slices
were maintained at least during 4 h after thawing [5]. This
method was now also applied to kidney slices. The second
approach used was vitrification. Essentially, vitrification is
the solidification of a liquid not induced by crystallization
but by an extreme elevation in viscosity during cooling, so
that the solution becomes a glass [19] and cell damage by
ice crystal formation can be prevented. A liquid can be suc-
cessfully vitrified, when cooling rates used are higher than
the so-called critical cooling rate (vcrc), above which the
chance of ice-crystal formation is small. Likewise, devitrifi-
cation (ice-growth out of ice nuclei that are formed during
cooling) should be prevented by warming with rates above
the critical warming rate of the liquid (vcrw).

Traditionally, the major obstacle to the successful use of
vitrification as a means of cryopreservation has been the
toxicity of the high concentrations of cryoprotectant agents
(CPAs) that must be used to prevent ice crystallization with
cooling and warming rates that are achievable with tissue
[15]. Toxicity can be a direct result of osmotic damage
which arises because the cell membrane is less permeable
to most CPAs than to water. In the present study we tend-
ed to limit osmotic damage by introducing and removing
CPA stepwise, allowing time at each step for the cells to
reverse the better part of their induced volume changes
before moving on to the next step. Moreover, we attempted
to prevent extreme cell swelling during removal of the
CPAs by the use of impermeable sugars in CPA washout
media by balancing in this manner osmoles of intracellular
CPA against osmoles of extracellular sugar, thus making
the extracellular osmolality closer to the intracellular
osmolality [34,38]. Approaches to reduce chemical toxicity
of a CPA solution without diminishing its glass-forming
tendency include the use of a combination of CPAs with
different mechanisms of toxicity, that even possibly antag-
onize each other’s toxicity. For this reason, in the present
study highly concentrated cryoprotectant (CPA) mixtures,
VS4 and VM3, were used for vitrification of tissue slices.
VS4 consists of 1,2 propanediol, Me2SO and formamide
in buffered saline with glucose, with a total molarity of
7.5 [23,24] and Table 1. VM3 is a more recently developed
commercially available (http://www.21cm.com) low toxici-
ty, high molarity (8.44 M) mixture of three permeating
CPAs (ethylene glycol, Me2SO and formamide) and three
extracellular specific ‘‘ice-blocking’’ compounds, that fur-
ther increase its glass-forming tendency without increasing
toxicity [21,22]. Another approach that was used in the
present study to decrease chemical toxicity was to shorten
1 Abbreviations used: WME; Williams medium E, Me2SO; dimethylsulf-
oxide, vcrc; critical cooling rate, vcrw; critical warming rate, FCS; fetal calf
serum, CPA; cryoprotectant, PVP; polyvinylpyrrolidone.
the time-period and the temperature at which slices were
exposed to the CPA mixtures.

Previously we found that the cooling rate required to
permit vitrification of VS4 in liver slices is ca. 10 �C/min
until the glass transition point (approximately �125 �C)
[4], which is easy to achieve. However, the warming rate
required to prevent devitrification of liver slices varied
between 20 and 1600 �C/min in slices of different rat livers
[4]. These rates are high and technically difficult to achieve.
The vcrc and vcrw of VM3 were shown to be lower than for
VS4 and are, respectively, <1 and �3 �C/min [22], allowing
cooling and warming rates to be optimized in the present
study so that apart from visible ice formation also cracking
of the formed glass (induced by uneven cooling and warm-
ing) could be prevented.

The viability of liver and kidney slices was tested by
measuring their ATP content and by evaluating the histo-
morphology. Both ATP content and slice histomorphology
have been shown to be sensitive to cryopreservation dam-
age [30] and to correlate with slice metabolic capacity
(unpublished data).

Materials and methods

Animals

All procedures on vertebrate animals were done under
DEC (committee of animal ethics) approval. Male rats
(Wistar, obtained from Harlan CPB, Horst, The Nether-
lands) were used for all experiments and were housed under
standard vivarium conditions. All animals had free access
to food and water until being anaesthetized for surgery.



I.A.M. de Graaf et al. / Cryobiology 54 (2007) 1–12 3
Chemicals

Formamide, 1,2-propanediol, Krebs Henseleit buffer,
Hepes buffer, insulin, gentamicin, adenine, trehalose and
glutathione were obtained from Sigma, Axel, The Neth-
erlands; William’s medium E (+glutamax) (WME), phos-
phate buffered saline and foetal calf serum (FCS) were
from Gibco BRL, Breda, The Netherlands; Premixed
VM3 and VMP solutes were a gift from 21st Century
Medicine, Rancho Cucamonga, California, USA. Univer-
sity of Wisconsin solution (UW) was purchased from
DuPont Pharmaceuticals, Waukegan, IL, USA. The Cel-
sis Biomass ATP assay kit was derived from Omnilabo,
Breda, The Netherlands. Me2SO (>99.9% pure) and all
other chemicals were from Baker, Deventer, The
Netherlands.

Preparation of liver and kidney slices

Due to the fact that experiments were done at different
laboratories, small deviations in the preparation and incu-
bation protocol described further on have occurred for
some experiments (mainly experiments with kidney slices
and VM3 and 18% DMSO). Viability of control slices
did not differ between the two laboratories (data not
shown). Procedures for which these apparently immaterial
variations existed are noted with an * below.

Animals were anaesthetised with 65% CO2, 35% O2

before the liver and/or kidneys were removed. *For some
experiments rats were anaesthetised with isoflurane and
N2O/O2. From the liver, cores (8 mm in diameter) were
produced using a 9 mm tissue-coring tool (Alabama
R&D) attached to a mechanical drill (Metabo, The Nether-
lands) that was placed perpendicular to the liver lobe sur-
face. Kidney cores were produced likewise, except that
5 mm diameter cores were produced using a 6 mm coring
tool which allowed for visual separation of medulla and
cortex slices. Subsequently, these cores were sliced using a
Krumdieck tissue slicer filled with ice-cold oxygenated
Krebs Henseleit buffer. All slices were stored in ice-cold
oxygenated WME with 10% FCS until further use (usually
Table 2
Stepwise CPA introduction and removal

VS4 addition stepsa

25%VS4 50% VS4 75% VS4 100% V
15 min 15 min 15 min 15/30 m

VM3 addition stepsb

8% VMPb 15% VMP 26% VMP VM3
15 min 15 min 15 min 15 min

Note.Values in the table represent the time span of each step, given in minutes
a Steps designate % v/v of undiluted VS4 in VS4 buffer. 100% v/v VS4 = 49
b Steps designate % w/v VMP or VM3 solutes in LM5 buffer as indic

cryoprotectants (�8.44 M).
c Trehalose was present at a concentration of 300 mM in all of these washout

VMP washout step.
60–90 min). *In some experiments, slices were stored in
University of Wisconsin solution.

Pre-incubation with the CPA

Slices were pre-incubated in 25 or 100 ml Erlenmeyer
flasks (six slices per 25 ml flask, 18 slices per 100 ml flask)
placed in a gently shaking water bath filled with ice. Each
Erlenmeyer flask contained 5 ml (25 ml flask) or 15 ml
(100 ml flask) CPA mixed in various proportions with
(oxygenated) carrier solution. The CPAs used were 18%
v/v Me2SO, VS4, and VM3. VS4 consists of Me2SO, 1,2-
propanediol and formamide (weight ratio 21.5:15:12.4)
(Table 1) in a carrier solution containing buffered saline,
glucose, adenine and glutathione (see Table 1 for the final
composition of ‘full strength’ VS4). VS4 has a total concen-
tration of 7.5 M. The cryoprotectants of VM3 have been
described in [21]. VM3 has a total concentration of 8.4 M
and contains in addition to Me2SO, formamide, and ethyl-
ene glycol, two commercially available anti-nucleating
agents or ‘‘ice blockers’’ [47,48] and 7% low molecular
weight polyvinylpyrrolidone (PVP). VM3 was prepared in
a carrier solution called LM5 [21], for the final composition
of ‘full strength’ VM3, see Table 1. Because both VS4 and
VM3 are highly concentrated CPA solutions, pre-incuba-
tion was executed stepwise with the intention to limit
osmotic damage. For this purpose, VS4 was mixed to var-
ious concentrations with VS4 buffer (see Table 2; VS4 buff-
er is VS4 without CPAs). For VM3 introduction, a special
pre-incubation solution, VMP (which consisted of VM3
minus PVP; [21]) was mixed in various proportions with
VS4 buffer (the exact pre-incubation schedule is given in
Table 2). In some experiments, as indicated in the results
section, the last step of pre-incubation (with ‘full strength’
VM3), was done at �20 �C, in an attempt to further
decrease VM3 toxicity. 18% Me2SO (v/v), used for rapid
freezing, was applied to liver slices in one single step of
30 min on ice. For kidney slices a two-step protocol was
used, in order to limit osmotic damage. These slices were
incubated for 15 min in 10% Me2SO followed by 15 min
in 18% Me2SO.
VS4 washout stepsa

S4 75% VS4 50% VS4 25% VS4
in 10 min 10 min 10 min

VM3 washout stepsb,c

26% VMP 15% VMP 8% VMP
10 min 10 min 10 min

with each row representing consecutive pre-incubation or washing steps.
% w/v cryoprotectants (7.49 M).
ated. VM3 = 61% w/v cryoprotectants (8.44 M) and VMP = 54% w/v

steps as well as in the 0% VMP 10 min step immediately following the 8%
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Cryopreservation

For rapid freezing with 18% Me2SO, 3–6 slices were
placed in 2 ml cryovials (Greiner, Alphen a/d Rijn, The
Netherlands) with 0.5 ml 18% Me2SO. Hereafter, the cryo-
vials were directly submersed in liquid nitrogen [5,7].

To prevent ice-crystal formation during cooling and
warming with VS4, higher cooling and warming rates were
required than could be reached with the cryovials [4].
Therefore, slices were pre-incubated with VS4, then rapidly
transferred to aluminium foil pads placed on melting ice.
The foil was kept double-folded until the slices were actu-
ally placed between the two sides of the foil to prevent
water condensation on the foil. Thereafter, the slices were
cryopreserved by direct immersion of the double-folded foil
in liquid nitrogen. Cooling rates were ca. 800 �C/min [4].
VM3 has a lower vcrc and vcrw than VS4, i.e. <1 and
<3 �C/min respectively, so cooling rates of slices were var-
ied to obtain a protocol that prevented both ice formation
upon cooling and warming and cracking of the formed
glass. For this purpose a computer-controlled cooling/
warming device (Sylab Ice-cube, Hoekloos cryoservice,
Hedel, The Netherlands) was used.

Rewarming and CPA removal

Slices cryopreserved with 18% Me2SO were re-warmed
by placing the cryovials in a 37 �C water bath until ice
was no longer visible (ca. 1.5 min), quickly washed in
WME + 10% FCS (10 s) and then incubated at 37 �C.
For kidney, a two-step washing protocol was used, with
the intention to limit osmotic damage. These slices were
incubated for 10 min in 10% Me2SO at 0 �C before incuba-
tion at 37 �C. Slices that were vitrified in cryovials with
VM3 were re-warmed within the computer-controlled cool-
ing/warming device (the warming rate used was varied
within the experiments as indicated in the result section).
VS4 pre-incubated slices that were vitrified after being
sandwiched between aluminium foil, were re-warmed by
placing the foil in VS4 on melting ice. The warming rates
achieved by this method are discussed below. After re-
warming, VS4 and VM3 were removed according to the
stepwise protocols given in Table 2. For removal of
VM3, 300 mM trehalose was mixed with the washing
solutions.

To determine possible adverse effects of pre-incubation
with the CPAs on the slices, slices underwent the procedure
of CPA addition and washout without being
cryopreserved.

Incubation and viability testing

Slices were incubated in a 25 ml Erlenmeyer flask (one
slice/flask for 8 mm liver slices or two slices per flask for
5 mm kidney slices) in a shaking water bath (110 shakes/
min), under humid carbogen (95% O2, 5%CO2) in 5 ml
WME, supplemented with FCS (5%), 0.1 lM insulin,
50 mg/l gentamicine and D-glucose (to a medium concen-
tration of 25 mM). *For some experiments, slices were
incubated in 6-wells plates (one slice per well) in WME
containing gentamycin and glucose (for details see [9]).
After incubation for 3–4 h at 37 �C viability was deter-
mined by measuring ATP content and by microscopical
evaluation of histological integrity.

The ATP content of liver and kidney slices was deter-
mined as follows. Liver slices were cut in two equal parts.
One part was used for histomorphological examination
(see below). The other part was immersed in 70% ethanol
in HPLC water, containing 2 mM EDTA (pH 10.9). One
of the two kidney slices from an Erlenmeyer flask was used
for the determination of ATP content and the other for his-
tomorphology examination. For ATP determination, slices
were homogenized using a Branford sonifier (50% duty
cycle, 5 s). An aliquot of the homogenate was taken and
mixed 1/1 with Nucleotide Releasing Medium from the
assay kit. Thereafter, the solution was diluted 1/10 with
0.025 M Hepes buffer to decrease the ethanol concentra-
tion. Subsequently, to 100 ll of the solution, 50 ll lucifer-
in/luciferase solution from the assay kit was added and
the amount of luminescence as a measure of ATP content
was measured using a Lumac Biocounter M500 (Lumac,
The Netherlands). *For some experiments, ATP was deter-
mined in a slightly different matter (see [9]). ATP content
was determined relative to the protein content of the slices.

Slice protein content was determined in the slice
homogenate as described previously [30], except that
now an I-lab 600 automatic spectrophotometer
(Instrumentation Laboratory, Lexington, USA) was used
for the measurements.

For histomorphological examination slices were fixed in
70% ethanol and further processed as described by de
Graaf et al. [5]. Slice integrity was determined in the
haematoxylin and eosin stained cross sections by estimat-
ing the percentage of viable cells. Viability was scored in
general by one observer. For some experiments, scoring
was done by two (independent) observers, of which one
had no prior knowledge of the experimental set-up, but
no significant difference between the scoring of the two
observers appeared then; For each of the three slices of
one treatment, one section was made of its cross section.
Within this cross section, all cells were scored (in this
way, very roughly, 5000 cells were scored for kidney and
8000 cells for liver). Living and death cells were not
actually counted, but their percentage was estimated. Cells
were judged as ‘dead’, when they exhibited irreversible
injury indicated by eosinofilic cytoplasm, and nuclear
changes like pyknosis (condensed nucleus), karyorrhexis
(fragmented nucleus) or karyolysis (loss of nucleus).

Differential scanning calorimeter measurements

A differential scanning calorimeter (DSC7, Perkin
Elmer, Oosterhout, The Netherlands) was used for deter-
mination of vcrw of slices pre-incubated with VS4 for two
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purposes (a) to monitor whether or not optimal equilibra-
tion with a CPA had taken place (in case of optimal equil-
ibration the vcrw of the slices do not further decrease with
increasing pre-incubation time) and (b) to determine
whether or not the feasible (or maximally achievable)
warming rate of 800 �C/min was higher than the vcrw of
the VS4 pre-incubated slices, so that devitrification was
prevented. Detailed description of DSC measurements on
slices was published by us previously [4].
Statistical analysis

Statistical significance of decrease of viability after treat-
ment of slices by the various protocols was determined by a
one tailed, paired, student-t test.
Results

Tissue slice viability after pre-incubation with 18% Me2SO

and rapid freezing

Previously, we have reported that viability and function-
ality of rat liver slices cryopreserved by rapid freezing in the
presence of 18% Me2SO were maintained close to fresh slic-
es levels for at least 4 h after thawing. Results in the present
study are consistent with this observation (Fig. 1). Both the
ATP content and the amount of viable cells in cryopre-
served slices, 4 h after thawing, were approximately 70%
of fresh slice levels. Fig. 2B shows a virtually intact slice
that was cryopreserved with 18% Me2SO and cultured for
3 h: few pycnotic cells can be seen only at the edges of
Fig. 1. Viability of liver (L), renal cortex (C) and renal medulla (M) slices after
of untreated slices (not pre-incubated with 18% Me2SO or cryopreserved). M
(renal cortex slices) and 9.7 ± 2.2 (renal medullary slices) nmol/mg protein. H
intact (not necrotic) cells in the slice cross section. Mean % of intact cells of un
77.7 ± 1.8 (renal medullary slices) due to the unavoidable damage caused by t
testing. Bars give the means of 2–5 experiments (three slices per experiment) +
those of slices that were only treated with 18% Me2SO with p < 0.05 (t-test) (#
the slice. Also in accordance with previous studies [5], via-
bility of fresh liver slices was not affected by pre-incubation
with 18% Me2SO.

Pre-incubation of kidney slices with 18% Me2SO signif-
icantly decreased viability (data not shown). Because this
may be due to osmotic shock, a protocol was developed
to minimize Me2SO toxicity by pre-incubating stepwise
(15 min in 10% Me2SO, 15 min in 18% Me2SO). Moreover,
while liver slices were washed in WME/10% FCS directly
after thawing, kidney slices were first placed in 10% Me2SO
for 10 min before washing. Treated in this manner, both
non-frozen cortical and medullary slices were unaffected
by 18% Me2SO (Fig. 1). Nevertheless, ATP levels of kidney
slices that were treated in this way and then cryopreserved
by rapid freezing were very low, <20% of fresh levels, while
few unaffected cells were found upon histomorphological
examination in either cortical or medullary slices (Figs. 1,
3B and 4B).
Tissue slice viability after pre-incubation with VS4 and

vitrification

Initially, to vitrify kidney slices with VS4, a method was
used that was found to maintain viability of rat liver slices
at acceptable levels [4], incubating 30 min with full strength
VS4 before vitrifying the slices. However, pilot experiments
with kidney slices demonstrated a significant loss of viabil-
ity of especially cortical slices using this method. Therefore,
the length of the pre-incubation step with ‘full strength’
VS4 was varied and it appeared that viability was increased
with shorter pre-incubation time (data not shown). To
pre-incubation with 18% Me2SO (v/v) and rapid freezing, relative to levels
ean ATP content of untreated slices was 9.6 ± 1.5 (liver slices), 5.4 ± 1.1
istomorphologic appearance of slices was quantified as the percentage of
treated slices was 72.2 ± 4.5 (liver slices), 71.3 ± 3 (renal cortex slices) and
issue slicing. All slices were incubated at 37 �C for 3–4 h prior to viability
SEM. ND = intact cells not detected. #Values are significantly lower than
#p < 0.01).



Fig. 2. Histomorphology of liver slices: (A) untreated slice (B) slice cryopreserved by rapid freezing after pre-incubation with 18% Me2SO (C) slice vitrified
with VS4. All slices were incubated at 37 �C for 3–4 h. Examples of necrotic cells in (B and C) are indicated with an arrow.
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ensure that shortening of the pre-incubation period did not
cause incomplete penetration of VS4, kidney slices were
pre-incubated for 10, 20 or 30 min with full strength VS4
and vcrw determined. We have previously shown that the
critical warming rate (i.e. the warming rate required to pre-
vent devitrification, vcrw) of vitrified liver slices is usually
close to the maximal warming rate that can be reached
when slices are warmed between aluminium foil sheets
(800 �C/min, from now on called the feasible warming rate)
[4]. When equilibration with VS4 is incomplete, the vcrw is
expected to be above this level. With kidney slices, vcrw

was not changed by shortening pre-incubation to 10 min,
indicating that VS4 penetration was complete (data not
shown).

After optimisation of the pre-incubation protocol for
VS4 (final protocol in Table 2), liver and kidney slices were
vitrified. The quantitative results are shown in Fig. 5 and
the histomorphological appearance of liver and kidney cor-
tical and medullary slices treated and vitrified with VS4 is
shown in Figs. 2C, 3C and 4C. Some diffuse necrosis can
be observed in liver slices and kidney medulla slices, while
the kidney cortex appears to be much more affected. For
each individual experiment, one slice per organ was used
to assess the vcrw by DSC. Measured vcrw varied between
350 and 3500 �C/min for liver slices and were 298 and
194 �C/min for kidney cortical and 2578 and 498 �C/min
for medullary slices. For some of the livers and kidney
medulla, the vcrw of slices (bars labelled L* and M* in
Fig. 5) was higher than the feasible warming rates of
800 �C/min and to some extend crystallization may have
occurred upon warming. VS4 vitrified liver slices showed
a viability only 40–60% of that of untreated slices, despite
the fact that VS4 toxicity was low (though statistically sig-
nificant, a decrease of only 10%–20% of viability was
observed after VS4 treatment and subsequent incubation)
and no ice was formed during either cooling or warming.
Lower recovery was obtained when devitrification was
expected (L* bars), but the difference was substantial only
for histomorphological integrity and not for ATP recovery
and did not reach the level of statistical significance in
either case. For kidney cortical slices, viability of slices
treated with VS4 ranged from about 50% (histomorpholo-
gy) to 80% (ATP content). Vitrification further reduced
viability substantially despite the fact that vcrw was always
well below the feasible warming rate: recovery was about
10% based on histomorphology or <40% based on ATP
content, in comparison to untreated slices. Renal medul-
lary slices, however, were well preserved by vitrification
with VS4, and there was no indication that devitrification
was lethal to this tissue (although the number of observa-
tions was too limited to draw firm conclusions about the
latter observation).



Fig. 3. Histomorphology of kidney cortical slices (A) untreated slice (B) slice cryopreserved by rapid freezing after pre-incubation with 18% Me2SO (C)
slice vitrified with VS4 (D) slice vitrified with VM3. All slices were incubated at 37 �C for 3–4 h. Examples of necrotic cells in (C and D) are indicated with
an arrow. DT; distal tubulus, PT; proximal tubulus, G; glomerulus.
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Vitrification of liver and kidney slices with VM3

Initially, to pre-incubate kidney slices with VM3, a step-
wise protocol was used with a 30 min pre-incubation period
with VM3 as final step. As with VS4 however, the viability
of kidney cortical slices was decreased by VM3 treatment
while kidney medullary slices were somewhat less affected.
To increase viability of VM3 treated kidney slices, several
variations were made in the pre-incubation protocol. Pilot
experiments demonstrated that kidney slices incubated
with VM3 for 15 min instead of 30 min and washed with
300 mM trehalose added to the washing medium with the
intention to decrease osmotic effects, showed the highest
viability (data not shown). Another small (but not statisti-
cally significant) improvement was achieved by pre-incu-
bating the kidney slices at �20 �C instead of at 0 �C with
VM3 (bars marked with C** or M** in Fig. 6).

Because the critical cooling rate (vcrc) and the vcrw

(respectively <1 and �3 �C/min) of VM3 are much lower
than of VS4, it was possible to vary cooling rates. In preli-
minary experiments it was noticed that the glass that was
formed from VM3 in the cryovials was susceptible to
cracking (Fig. 7A) when the vials were rapidly cooled
(100 �C/min), leading to fragmentation of the slices and
viability loss (data not shown). It is known that cracking
in a glass at low temperatures can be avoided by lowering
the cooling rate around the glass transition point [1,20].
Optimisation of the vitrification technique for VM3 has
led to the following protocol: Cryovials containing VM3
and slices were initially cooled to �120 �C at 60 �C/min
and then slowly (5 �C/min) to �150 �C (the lowest temper-
ature that could be reached with the computer controlled
freezing device). Upon re-warming, the vials were slowly
warmed at 5 �C/min until �120 �C and then at 60 �C/min
until 0 �C. In this manner, the obtained glass was virtually
unfractured and the slices were not fragmented after thaw-
ing (Fig. 7B).

Fig. 6 shows the viability of renal cortical and medullary
slices after treatment and vitrification with VM3. The
decrease of viability of cortical slices caused by treatment
with VM3 was limited and reached 65% (histomorphology)
to 75% (ATP content) of fresh slice values. When slices
were also vitrified, viability decreased only very slightly
and generally non-significantly, to approximately 55% to
70% of fresh slice values. Cortical slices that were pre-incu-
bated at �20 �C with VM3 had a somewhat higher viability
with and without vitrification than slices that were treated
at 0 �C, though these differences were not statistically sig-
nificant. A photograph of the relatively well preserved
microscopic appearance of a cortical slice treated and vitri-
fied with VM3 and cultured 3 h after re-warming is shown
in Fig. 3D. ATP content of medullary slices was decreased
to 60% of that of fresh (untreated) slices after treatment
with VM3. Vitrification decreased ATP content only



Fig. 4. Histomorphology of kidney medullary slices (A) untreated slice (B) slice cryopreserved by rapid freezing after pre-incubation with 18% Me2SO (C)
slice vitrified with VS4 (D) slice vitrified with VM3. All slices were incubated at 37 �C for 3–4 h. Examples of necrotic cells in (A and B) are indicated with
an arrow. DT; distal tubulus, VR; vasa recta, TT; thin tubulus, CD; collecting duct.

Fig. 5. Viability of liver (L), renal cortex (C) and medulla (M) slices after pre-incubation with VS4 and vitrification, relative to levels of untreated slices
(not pre-incubated with VS4 or vitrified). Mean ATP content of untreated slices was 17.6 ± 1.6 (liver slices), 5.2 ± 0.01 (renal cortex slices) and 6.2 ± 0.5
(renal medullary slices) nmol/mg protein. Histomorphologic appearance of slices was quantified as the percentage of intact (not necrotic) cells in the slice
cross section. Mean % of intact cells of untreated slices was 71.6 ± 1.9 (liver slices), 61.3 ± 6.3 (renal cortex slices) and 79.2 ± 0.9 (renal medullary slices).
All slices were incubated for 4 h at 37 �C prior to viability testing. L* and M*: of these slices vcrws were higher than feasible warming rates. The final pre-
incubation step with ‘full strength’ VS4 was 30 min with liver slices and 10–15 min with kidney slices. Bars give the means of 2–5 experiments (three slices
per experiment), bar represents one experiment (three slices) in the case of vitrified medulla slices + SEM. $Values are significantly lower than those of
untreated slices with p < 0.05 (t-test). #Values are significantly lower than those of slices that were only treated with VS4 with p < 0.05 (t-test) (##p < 0.01).
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Fig. 6. Viability of liver (L), renal cortex (C) and medulla (M) slices after pre-incubation with VM3 and vitrification, relative to levels of untreated slices
(not pre-incubated with VM3 or vitrified). Mean ATP content of untreated slices was 5.9 ± 0.8 (renal cortex slices) and 13.1 ± 2.2 (renal medullary slices)
nmol/mg protein. Histomorphologic appearance of slices was quantified as the percentage of intact (not necrotic) cells in the slice cross section. Mean % of
intact cells of untreated slices was 78.9 ± 5.9 (renal cortex slices) and 80.0 ± 0.0 (renal medullary slices). **C and **M: slices were pre-incubated at �20 �C
with VM3. All slices were incubated for 3 h at 37 �C prior to viability testing. Bars give the means of three experiments (three slices per
experiment) + SEM, however for **C one experiment was not taken into account because ice crystal formation due to devitrification was observed during
re-warming of these slices. ND = intact cells Not Detected. $Values are significantly lower than those of untreated slices with p < 0.05 (t-test) ($$p < 0.01).
#Values are significantly lower than those of slices that were only treated with VM3 with p < 0.05 (t-test) (##p < 0.01).

Fig. 7. Influence of cooling rate on stability of the formed VM3 glass. (A) Vial was directly submerged in liquid nitrogen (cooling rate �100 �C/min) (B)
vial was cooled at 1.5 �C/min near the glass transition point of VM3 (��125 �C).

I.A.M. de Graaf et al. / Cryobiology 54 (2007) 1–12 9
slightly. The number of viable cells in the slice cross section, as
observed by studying the histomorphology of medulla slices
was barely affected by VM3 treatment (Fig. 6) and decreased
slightly to 80%–85% of fresh slice values after vitrification. A
photomicrograph of the histomorphology of an almost com-
pletely normal-appearing renal medullary slice after vitrifica-
tion and rewarming with VM3 is shown in Fig. 4D.

Pilot experiments with liver slices showed no improve-
ment of viability of slices vitrified with VM3 in comparison
with those vitrified with VS4 (data not shown).

Discussion

Rapid freezing with moderately concentrated cryopro-
tectant solutions (18% Me2SO) has been proposed by our
laboratory as a simple and adequate way to cryopreserve
rat liver slices, maintaining viability and phase I and II bio-
transformation activity of cryopreserved rat liver slices for
at least 4 h after thawing. Others who have used rapid
freezing for the cryopreservation of liver slices (using 18%
Me2SO or more) have found similar results [27,42]. In the
present study, liver slices again remained viable after cryo-
preservation by rapid freezing, however kidney slices were
severely damaged despite the fact that cryoprotectant tox-
icity was prevented by stepwise introduction and removal
of Me2SO.

Within the present study, viability of slices was deter-
mined by examining slice histomorphology and by measur-
ing their ATP content. Both parameters have appeared to
be very sensitive to cryopreservation damage in previous
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studies [30,43]. Both these studies found that ATP content
of cryopreserved slices decreased rapidly after thawing,
while phase I metabolism appeared to more stable. Also
for kidney slices it was found that mitochondria were target
of cryopreservation damage resulting in a decrease in ATP
content of slices, while other functional parameters were
retained [45]. Moreover, recently, at our laboratory we also
found a significant positive correlation between CYP3A
mediated metabolism of testosterone in human (fresh) liver
slices during the first 3 h after slice preparation and ATP
content at t = 0 (directly after cutting the slices) (unpub-
lished data). For these reasons, we feel that these parame-
ters are good (first) indicators of slice viability and
predictive for slice functionality i.e. metabolic capacity,
and thus suitable for method development as done in the
present study.

The mechanism by which rapid freezing maintains via-
bility of liver slices is not completely clear. de Kanter and
Koster [7] have proposed that vitrification within the slice,
promoted by compartmentalization of water within the tis-
sue, could possibly explain the success of rapid freezing.
Recent studies by DSC measurements, however, have
pointed out that with 18% Me2SO and rapid freezing, ice
was formed in liver slices in the same amount as in the
cryopreservation solution, with ice crystals probably
formed both within the liver cells and in the intercellular
space [4]. A number of authors have reported examples
of cell types that survive intracellular ice formation caused
by freezing rapidly [32,33,49], provided that these cells were
rapidly thawed as well. It was proposed that small intracel-
lular ice crystals would re-arrange during slow warming,
growing to a size deleterious to the cells [33]. With liver slic-
es, slow warming after rapid freezing also results in loss of
viability (unpublished data), consistent with the hypothesis
that intracellular ice re-crystallization is responsible for
cryopreservation damage by rapid freezing with 18%
Me2SO. The question arises why rat kidney slices do not
survive rapid freezing. Possibly, they are more susceptible
to injury from small intracellular ice crystals. Studies to
compare the exact location and size of ice crystals in
rapidly frozen liver and kidney slices would be helpful for
explaining the differences between the responses of these
different tissues.

In principle, vitrification can overcome the problems
due to both intracellular and extra-cellular ice formation
since it allows ice-free cooling to liquid nitrogen tempera-
tures. Traditionally, the major obstacle to the successful
use of vitrification as a means of cryopreservation has been
the toxicity of the high concentrations of CPAs that must
be used to prevent ice crystallization [15,19,18]. In the pres-
ent study we noticed that different tissues were affected dif-
ferently by CPA toxicity. Renal cortex slices were
particularly sensitive to VS4 exposure. Injury caused by
CPA exposure can arise from either direct biochemical
changes in the tissue or from osmotic forces if the latter
are not adequately controlled. Approaches to reduce chem-
ical toxicity of a CPA solution without diminishing its
glass-forming tendency include using a combination of
CPAs with different mechanisms of toxicity, using agents
that antagonize each other’s toxicity and using reduced
temperatures of exposure [2,17,19] and this is the scientific
basis of the development of traditional high molarity mix-
tures of CPAs like VS4. More recently, two new approach-
es have been developed that are beginning to overcome the
obstacle of CPA toxicity. The first includes the use of mix-
tures of dimethylsulfoxide, an amide (like formamide), and
ethylene glycol that are thought to preserve hydration of
cellular biomolecules even when used at extremely high
concentrations [21]. The second is the use of specific ‘‘ice-
blocking’’ compounds that include molecules able to pre-
vent the nucleation of ice [47,48]. VM3 is a new-generation
vitrification solution that combines both of these new
approaches. In the present studies, for kidney slices, the
8.4 M VM3 solution appeared to be generally less damag-
ing than the 7.5 M VS4 solution.

Another approach to reducing chemical toxicity is to
decrease the exposure time to the CPA. When decreasing
the exposure time, one should confirm that the tissue is still
adequately equilibrated with the CPA. The use of a DSC
can be of help for this purpose, monitoring possible eleva-
tion of critical cooling and warming rates when equilibra-
tion is not complete upon reduction of exposure time. In
the present study, we indeed found that reducing the expo-
sure time to VS4 and VM3 reduced toxicity without
increasing critical warming rates.

In the present study we limited osmotic damage by
introducing and removing CPA stepwise, allowing time at
each step for the cells to reverse the better part of their
induced volume changes before moving on to the next step.
However, the exact protocol could be further optimised. In
addition, impermeable sugars were added to the CPA
washout media because this is known to reduce or prevent
cell swelling during CPA removal by balancing osmoles of
intracellular CPA against osmoles of extracellular sugar,
thus making the extracellular osmolality closer to the intra-
cellular osmolality [34,38]. The use of 300 mM trehalose in
the washing medium increased viability of VM3-treated
renal cortical slices.

Vitrification at readily attainable cooling rates was
originally proposed by Fahy [14] and Fahy and Hirsh
[15] as a method for avoiding all damaging events associat-
ed with freezing, provided only that CPA toxicity could be
prevented. A major attraction of vitrification according to
Fahy and Hirsh is that in principle there is no need to wor-
ry about finding optimal cooling and warming rates for dif-
ferent cell types in an organ as long as cooling and
warming rates are rapid enough to avoid ice crystal forma-
tion during freezing and thawing, a prediction confirmed
by experimental results [40]. The cooling rate needed to
permit vitrification of 10 mg samples of VS4 in VS4 buffer
according to DSC measurements (approximately 10 �C/
min) is easily achievable with slices. The warming rate
required to prevent devitrification of these samples has
been found to be much higher (1500–6990 �C/min) [4].
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However, we have found previously that liver slices have less
tendency to devitrify than bulk solutions [4], in agreement
with the results of Peyridieu et al. for kidney and cardiac tis-
sue [39], resulting in vcrw for slices that are much lower than
for VS4 itself. In most tissue samples devitrification is pre-
vented using warming rates of 800 �C/min. However in the
present study, in tissue slices that had a vcrw higher than
the feasible warming rate and in which devitrification was
anticipated, viability was not different from that of slices with
a vcrw lower than the feasible warming rates. This suggests
that devitrification may be tolerable if insufficient time is
allowed for recrystallization on rewarming.

According to the proposition of Fahy and Hirsh [15], in
slices with a vcrw lower than the feasible warming rate, vit-
rification should not further decrease viability. In the pres-
ent study this was indeed the case when VM3 pre-incubated
kidney slices were vitrified: most of the viability loss was
caused by treatment with VM3, and very little injury was
caused by vitrification and rewarming per se. In contrast,
liver slices that were vitrified with VM3 and both liver
and kidney cortical slices that were vitrified with VS4 at
800 �C/min had a clearly lower viability than slices that
were treated with the mixtures but not vitrified, despite
the fact that no ice formation was observed (or measured).
There are several possible explanations for this injury. One
possibility is that the decrease of viability is due to ‘‘chilling
injury,’’ which is injury caused by cooling per se that is not
cooling rate dependent, and another is that the injury
observed is caused by ‘‘thermal shock,’’ which is injury
induced by high cooling rates such as those used with
VS4. Support for the existence of thermal shock in kidney
slices comes from studies showing that rabbit kidney corti-
cal slices cooled slowly to �30 �C (a temperature greater
than their freezing point in the studies performed) recov-
ered better than slices cooled rapidly to the same tempera-
ture [17]. The present experiments suggest that both these
types of injury can be avoided during the vitrification of
VM3 treated rat renal cortex slices with low cooling rates.

In conclusion, rapid freezing after pre-incubation with
18% Me2SO maintains viability of liver slices as determined
by measuring ATP content and examining slice histomor-
phology, but is deleterious for rat kidney slices for reasons
that remain to be understood. Vitrification with relatively
non-toxic, high molarity mixtures as VS4 and particularly
VM3 is a promising alternative approach for cryopreserva-
tion of particularly kidney slices, maintaining viability of
these slices at acceptable levels.

References

[1] A. Baudot, P. Boutron, J.L. Desotes, Physical vitrification of rabbit
aortas without any fracture, Cryobiology 43 (2001) 375.

[2] S.J. Baxter, G.H. Lathe, Biochemical effects of kidney of exposure to
high concentrations of dimethyl sulphoxide, Biochem. Pharmacol. 20
(1971) 1079–1091.

[3] S.H. Day, D.A. Nicoll-Griffith, J.M. Silva, Cryopreservation of rat
and human liver slices by rapid freezing, Cryobiology 38 (1999)
154–159.
[4] I.A. de Graaf, H.J. Koster, Water crystallization within rat precision-
cut liver slices in relation to their viability, Cryobiology 43 (2001)
224–237.

[5] I.A. de Graaf, D. van der Voort, J.H. Brits, H.J. Koster, Increased
post-thaw viability and phase I and II biotransformation activity in
cryopreserved rat liver slices after improvement of a fast-freezing
method, Drug. Metab. Dispos. 28 (2000) 1100–1106.

[6] I.A. De Graaf, C.E. Van Meijeren, F. Pektas, H.J. Koster, Compar-
ison of in vitro preparations for semi-quantitative prediction of
in vivo drug metabolism, Drug. Metab. Dispos. 30 (2002) 1129–1136.

[7] R. de Kanter, H.J. Koster, Cryopreservation of rat and monkey
precision-cut slices, ATLA 23 (1995) 653–665.

[8] R. De Kanter, M. Monshouwer, A.L. Draaisma, M.H. De Jager, I.A.
de Graaf, J.H. Proost, D.K. Meijer, G.M. Groothuis, Prediction of
whole-body metabolic clearance of drugs through the combined use
of slices from rat liver, lung, kidney, small intestine and colon,
Xenobiotica 34 (2004) 229–241.

[9] R. de Kanter, M. Monshouwer, D.K. Meijer, G.M. Groothuis,
Precision-cut organ slices as a tool to study toxicity and metabolism
of xenobiotics with special reference to non-hepatic tissues, Curr.
Drug. Metab. 3 (2002) 39–59.

[10] R. de Kanter, P. Olinga, I. Hof, M. de Jager, W.A. Verwillegen, M.J.
Slooff, H.J. Koster, D.K. Meijer, G.M. Groothuis, A rapid and
simple method for cryopreservation of human liver slices, Xenobio-
tica 28 (1998) 225–234.

[11] S. Ekins, Past, present, and future applications of precision-cut liver
slices for in vitro xenobiotic metabolism, Drug. Metab. Rev. 28 (1996)
591–623.

[12] S. Ekins, Vitrification of precision-cut rat liver slices, Cryo-Letters 17
(1996) 7–14.

[13] S. Ekins, G.I. Murray, G.M. Hawksworth, Ultrastructural and
metabolic effects after vitrification of precision-cut rat liver slices with
antifreeze proteins, Cryo-Letters 17 (1996) 157–164.

[14] G.M. Fahy, Analysis of ‘‘solution effects’’ injury: cooling rate
dependence of the functional and morphological sequellae of freezing
in rabbit renal cortex protected with dimethyl sulfoxide, Cryobiology
18 (1981) 550–570.

[15] G.M. Fahy, A. Hirsch, Prospects for organ preservation by vitrifi-
cation, in: D. Pegg, I.A. Jacobson, N.A. Boston (Eds.), Organ
Preservation Basic and Applied Aspects, The Hague: MTP press Ltd,
1982, pp. 399–404.

[16] G.M. Fahy, S.E. Ali, Cryopreservation of the mammalian kidney.
II. Demonstration of immediate ex vivo function after introduc-
tion and removal of 7.5 M cryoprotectant, Cryobiology 35 (1997)
114–131.

[17] G.M. Fahy, C. Da Mouta, L. Tsnonev, B.S. HKhirabadi, P. Mehl,
H.T. Meryman, Cellular injury associated with organ cryopreserva-
tion, in: J.J. Lemasters, C. Oliver (Eds.), Cell Biology of Trauma,
CRC Press, 1995, pp. 333–356.

[18] G.M. Fahy, T.H. Lilley, H. Linsdell, M.S. Douglas, H.T.
Meryman, Cryoprotectant toxicity and cryoprotectant toxicity
reduction: in search of molecular mechanisms, Cryobiology 27
(1990) 247–268.

[19] G.M. Fahy, D.R. MacFarlane, C.A. Angell, H.T. Meryman, Vitri-
fication as an approach to cryopreservation, Cryobiology 21 (1984)
407–426.

[20] G.M. Fahy, J. Saur, R.J. Williams, Physical problems with the
vitrification of large biological systems, Cryobiology 27 (1990) 492–
510.

[21] G.M. Fahy, B. Wowk, J. Wu, S. Paynter, Improved vitrification
solutions based on the predictability of vitrification solution toxicity,
Cryobiology 48 (2004) 22–35.

[22] G.M. Fahy, B. Wowk, J. Wu, J. Phan, C. Rasch, A. Chang, E.
Zendejas, Cryopreservation of organs by vitrification: perspectives
and recent advances, Cryobiology 48 (2004) 157–178.

[23] R. Fisher, C.W. Putnam, L.J. Koep, I.G. Sipes, A.J. Gandolfi, K.
Brendel, Cryopreservation of pig and human liver slices, Cryobiology
28 (1991) 131–142.



12 I.A.M. de Graaf et al. / Cryobiology 54 (2007) 1–12
[24] R.L. Fisher, S.J. Hasal, J.T. Sanuik, K.S. Hasal, A.J. Gandolfi, K.
Brendel, Cold- and cryopreservation of dog liver and kidney slices,
Cryobiology 33 (1996) 163–171.

[25] R.L. Fisher, S.J. Hasal, J.T. Sanuik, K.S. Scott, A.J. Gandolfi, K.
Brendel, Cold- and cryopreservation of human liver and kidney slices,
Cryobiology 30 (1993) 250–261.

[26] R.L. Fisher, M.S. Smith, S.J. Hasal, K.S. Hasal, A.J. Gandolfi, K.
Brendel, The use of human lung slices in toxicology, Hum. Exp.
Toxicol. 13 (1994) 466–471.

[27] R. Glockner, M. Rost, K. Pissowotzki, D. Muller, Monooxygenation,
conjugation and other functions in cryopreserved rat liver slices until
24 h after thawing, Toxicology 161 (2001) 103–109.

[28] R. Glockner, P. Steinmetzer, C. Drobner, D. Muller, Application of
cryopreserved precision-cut liver slices in pharmacotoxicology—
principles, literature data and own investigations with special
reference to CYP1A1-mRNA induction, Exp. Toxicol. Pathol. 50
(1998) 440–449.

[29] C. Lerche-Langrand, H.J. Toutain, Precision-cut liver slices: charac-
teristics and use for in vitro pharmaco-toxicology, Toxicology 153
(2000) 221–253.

[30] W.J. Maas, I.A. de Graaf, E.D. Schoen, H.J. Koster, J.J. van de
Sandt, J.P. Groten, Assessment of some critical factors in the freezing
technique for the cryopreservation of precision-cut rat liver slices,
Cryobiology 40 (2000) 250–263.

[31] W.J. Maas, W.R. Leeman, J.P. Groten, J.J. van de Sandt, Cryopres-
ervation of precision-cut rat liver slices using a computer-controlled
freezer, Toxicol. In Vitro 14 (2000) 523–530.

[32] A.P. MacKenzie, Death of yeast in the course of slow warming, in: G.
Wolstenhome, M. O’Conner (Eds.), The Frozen Cell, Churchill,
London, 1970, pp. 89–96.

[33] P. Mazur, S.P. Leibo, E.H. Chu, A two-factor hypothesis of freezing
injury. Evidence from Chinese hamster tissue-culture cells, Exp. Cell.
Res. 71 (1972) 345–355.

[34] H.T. Meryman, Freezing injury and its prevention in living cells,
Annu. Rev. Biophys. Bioeng. 3 (1974) 341–363.

[35] P. Olinga, D.K.F. Meijer, M.H.J. Slooff, G.M.M. Groothuis, Liver
slices in in vitro pharmaco-toxicology with special reference to the use
of human liver tissue, Toxicol. In Vitro 12 (1997) 77–100.

[36] S.A. Pahernik, J. Schmid, T. Sauter, F.W. Schildberg, H.G. Koebe,
Metabolism of pimobendan in long-term human hepatocyte culture:
in vivo–in vitro comparison, Xenobiotica 25 (1995) 811–823.

[37] A.R. Parrish, A.J. Gandolfi, K. Brendel, Precision-cut tissue slices:
applications in pharmacology and toxicology, Life Sci. 57 (1995)
1887–1901.

[38] D. Pegg, M.P. Diaper, Freezing versus vitrification; Basic principles,
in: C.T. Smit Sibenga, P.C. Das, H.T. Meryman (Eds.), Cryopres-
ervation and Low Temperature Biology in Blood Transfusion,
Kluwer Academic Press, Dordrecht, 1990, pp. 55–69.

[39] J.F. Peyridieu, A. Baudot, P. Boutron, J. Mazuer, J. Odin, A. Ray, E.
Chapelier, E. Payen, J.L. Descotes, Critical cooling and warming
rates to avoid ice crystallization in small pieces of mammalian organs
permeated with cryoprotective agents, Cryobiology 33 (1996) 436–
446.

[40] W.F. Rall, G.M. Fahy, Ice-free cryopreservation of mouse
embryos at -196 degrees C by vitrification, Nature 313 (1985)
573–575.

[41] G.W. Sandker, R.M. Vos, L.P. Delbressine, M.J. Slooff, D.K. Meijer,
G.M. Groothuis, Metabolism of three pharmacologically active drugs
in isolated human and rat hepatocytes: analysis of interspecies
variability and comparison with metabolism in vivo, Xenobiotica 24
(1994) 143–155.

[42] A.K. Sohlenius-Sternbeck, E. Floby, M. Svedling, A. Orzechowski,
High conservation of both phase I and II drug-metabolizing activities
in cryopreserved rat liver slices, Xenobiotica 30 (2000) 891–
903.

[43] V.P. Vanhulle, G.A. Martiat, R.K. Verbeeck, Y. Horsmans, P.B.
Calderon, S.L. Eeckhoudt, H.S. Taper, N. Delzenne, Cryopreserva-
tion of rat precision-cut liver slices by ultrarapid freezing: influence on
phase I and II metabolism and on cell viability upon incubation for
24 h, Life. Sci. 68 (2001) 2391–2403.

[44] A.E. Vickers, R.L. Fisher, K. Brendel, J. Guertler, R. Dannecker,
B. Keller, V. Fischer, Sites of biotransformation for the cyclo-
sporin derivative SDZ IMM 125 using human liver and kidney
slices and intestine. Comparison with rat liver slices and
cyclosporin A metabolism, Drug Metab. Dispos. 23 (1995) 327–
333.

[45] A. Vittorelli, C. Gauthier, C. Michoudet, G. Baverel, Metabolic
viability and pharmaco-toxicological reactivity of cryopreserved
human precision-cut renal cortical slices, Toxicol. In Vitro 18
(2004) 285–292.

[46] S.M. Wishnies, A.R. Parrish, I.G. Sipes, A.J. Gandolfi, C.W.
Putnam, C.L. Krumdieck, K. Brendel, Biotransformation activ-
ity in vitrified human liver slices, Cryobiology 28 (1991)
216–226.

[47] B. Wowk, G.M. Fahy, Inhibition of bacterial ice nucleation by
polyglycerol polymers, Cryobiology 44 (2002) 14–23.

[48] B. Wowk, E. Leitl, C.M. Rasch, N. Mesbah-Karimi, S.B. Harris,
G.M. Fahy, Vitrification enhancement by synthetic ice blocking
agents, Cryobiology 40 (2000) 228–236.

[49] M.A. Zieger, E.E. Tredget, L.E. McGann, Mechanisms of cryoinjury
and cryoprotection in split-thickness skin, Cryobiology 33 (1996)
376–389.


