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Subzero Osmotic Characteristics of Intact and
Disaggregated Hepatocyte Spheroids
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This study has been conducted to examine basic transport characteristics of pig hepatocytes cultured as
spheroids for use in a bioartificial liver. Static osmotic experiments were conducted by subjecting hepatocyte
spheroids in solutions of increasing sucrose concentrations. A Boyle—van't Hoff plot was used to extrapolate an
osmotically inactive volumey,, of 0.60, which is unusually high and might not represent the inactive volume
of the individual cells. The spheroids were disaggregated and low-temperature cryomicroscopy experiments
performed to examine the transport and intracellular ice formation (IIF) characteristics. A hydraulic permeabil-
ity, Lo, Of 7.6 X 10" m*Ns and an activation energ,,, of 82 kJ/mol was determined for the individual cells.

The kinetic (2,) and thermodynamiad,) coefficients for IIF were determined to be 5¢910° m?s * and 3.0x

10° K*, respectively. These results infer a decrease in the temperature range over which IIF is observed comparec
to freshly isolated pig hepatocytes. The technique of freeze substitution was used to examine the structure inside
the spheroid during freezing. At a low cooling rate of 1°C/min, increasing amounts of intercellular ice formed
between the cells. At a higher cooling rate of 100°C/min small intracellular ice crystals formed. This study shows
the location of ice in a freezing hepatocyte spheroid and confirms that the cells cultured as spheroids do not
transport water in the same manner as isolated cetis1999 Academic Press
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When cultured on positively charged polystybiotransformation functions are higher in sphe-
rene (24, 13), modified extracellular matrixroids (16). These attributes indicate that hepa:
molecules (13, 31), or spinner vessels (36}ocyte spheroids may be suitable for use in ar
hepatocytes have been observed to form multartificial liver (36, 16).
cellular aggregates roughly spherical in shape The clinical and commercial application of
referred to henceforth as spheroids. The sphRepatocyte spheroids for different tissue engi-
roids are compact structures with extensive Ce|heering applications requires the ability to be
to-cell contact and tight junctions (36) whichcryopreserved. Specifically, cryopreservation
contrasts with aggregates of hepatocytes. TRgould permit pooling of spheroids to reach re-
size of the spheroid may vary between 70 anguired cell numbers, completion of safety/
140 um based on the species of hepatocyte angerility testing, and coordination of supply with
the method of culture (15, 25, 36). Not allpatient care needs. In a recent study by Laza
hepatocytes cultured under spheroid-formingpq colleagues (16), spheroids cultured in spin
conditions become spheroids. Previous studies, pioreactors maintain urea production syn-

have shown that roughly 20 to 30% of thnegis yp to approximately 8 days in culture.
isolated hepatocytes cultured will form spheppmin synthesis is maintained for longer pe-

roids (13, 24). When compared to isolated Ce"?iods. Recent studies looking at hypothermic

storage of hepatocyte spheroids found thal
- spheroid could be stored for up to 3 days at 4°C
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fore, frozen storage of the spheroids would bsuprazero temperatures will be determined. Thi:
desirable. information will be essential in understanding
The post-freeze—thaw survival of cells dethe flow of water in a multicellular system and
pends upon a variety of factors. During freezthe development of appropriate preservation
ing, solute is rejected from the solid phase prgprotocols for hepatocyte spheroids.
ducing an abrupt change in concentration in the
unfrozen portion of solution. A cell responds to METHODS
this perturbation by expressing water to reach
new equilibrium state between intracellular an )
extracellular solutions. At high cooling rates, Pig hepatocytes were harvested from 8- to
equilibrium cannot be maintained because th0-kg male pigs using a two-step situ colla-
rate at which the chemical potential in the exgenase perfusion technique that was modifie
tracellular solution is being lowered is muchfom the original method developed by Seglen
greater than the rate at which water can diffus@9)- The pig was initially anesthetized with
out of the cell (14). The end result of thisketamine anc_l rompun tq allow for intubation
imbalance is that intracellular ice formation@nd mechanical ventilation and subsequently
(IIF) is observed which is lethal to the cell (cf.@nesthetized with isoflurane and paralyzed witt
Ref. 32 for review). At low cooling rates, cellsSuccinylcholine. The liver was first perfused
are exposed for long periods of time to high//VO with oxyge_znated perfusion s_olutlon I_(Per
extracellular concentrations resulting in poten) @t 300 mi/min for 20 to 40 min. Per | is a
tially damaging high intracellular concentra-c@lcium-free solution with 143 mM sodium
tions (18, 23). Mechanical stresses during sloghloride, 6.7 mM potassium chloride, 10 mM
freezing are also felt to contribute to damag&'ePes (Gibco, Grand Island, NY), and 1 g/L
(11, 20). EDTA (S|gma_ Chemical Co., St. Lows,_MO) at
Organized tissues have a three-dimensionBH 7-4- The liver was then perfusex vivoat
structure that requires additional consideratiomsd0 MI/min with oxygenated perfusion solution
with regard to cryopreservation. Multicellular!! (Per I1). Per Il consists of 100 mM Hepes, 67
tissues contain multiple cell types, extracellulafM sodium chloride, 6.7 mM potassium chlo-
matrix, and other structures such as blood ve&de, 4.8 mM calcium chloride, 1% (v/v) bovine
sels. The heterogeneity in composition ang/bumin, and 1 g/L collagenase-D (Sigma), pH
structure combined with limitations in heat and/-6- Once the liver was visually dissolved (after
mass transfer result in distinct differences i?0—30 min), it was broken up and irrigated with
freezing environment experienced by individuafo!d William's E medium (Gibco) supple-
cells embedded in the tissue during freezingneénted with 15 mM Hepes, 0.2 U/ml insulin
The surface area available for mass transfer isilly); 2 MM L-glutamine (Gibco), 100 U/ml
also determined by the tissue organization&€nicillin (Celox, Hopkins, MN), and 100
structure and the extracellular volumes (27). Alng/ml streptomycin (Celox). The released cells
of these influences affect the viability and disWere filtered through nylon mesh with 1g0n
tribution of viabilities within a tissue that is OPenings and washed via three centrifugation:
cryopreserved. (50 _g) and_re'_s_uspensmns in the William's E
The water content and flux of water are a cerfM€dium. Viability for the harvests as deter-
tral element to the description of the biologicaMined using trypan blue exclusion ranged from
response of a cell (or spheroid) to the freeze—thafip o 98%.
process. The overall objective of this investiga- ,
tion is to determine experimentally the basiCulture of Hepatocyte Spheroids
osmotic response of the hepatocyte spheroid. Hepatocyte spheroids were formed in spinnel
Specifically, the osmotic response of the spheressel culture using technique described ir
oid to hypertonic stresses present at sub- amdore detail in Ref. (15). Briefly, isolated hepa-

(?ell Isolation and Spheroid Culture
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tocytes were inoculated into a spinner flask cortransparent heating layer made of indium tin
taining 100 ml of medium to a final concentra-oxide, a thermocouple for sensing temperature
tion of 3 X 10° viable cells per milliliter. The and a sapphire substrate designed to isolate tf
medium consisted of William's E mediumthermocouple from the freezing solution and
(Gibco, Grand Island, NY) containing 0.292reduce temperature gradients. Gaseous nitrc
mg/mlc-glutamine (Gibco), 0.2 U/ml of porcine gen, chilled in a bath of liquid nitrogen, pro-
insulin (Lilly Research Laboratories, Indianapvided refrigeration for the cryostage. Stage tem-
olis, IN), 25 ng/ml of epidermal growth factor, perature during experiments was regulated by
50 g/ml linoleic acid, 500 mg/ml bovine serumthe Tempsoft software (Interface Techniques)
albumin, 1 nM dexamethasone, 4 ng/ml glucawhich controlled the amount of power to the
gon, 6.25 mg/ml transferrin, 20 ng/ml of liverheating layer. For a freezing experiment, a 3- tc
growth factor, 6.25 ng/ml of selenium, 0.1 mM5-ul sample of the cell suspension, or a 2b-
CuSQ, - 5H,0, 3 nM H,SeQ, 50 pM ZnSQ - sample of spheroid suspension, was placed be
7H,0, 15 mM Hepes, 100 U/ml penicillin (Ce- tween the cryostage window and a glass cover
lox, Hopkins, MN), 100 mg/ml of streptomycin slip. The sample was cooled from room temper-
(Celox). All components were from Sigma un-ature to a holding temperature, typicathy2°C,
less otherwise indicated. The flask was culturedhere a chilled probe was used to seed ice
in a 37°C incubator with 5% COwhile being formation in the extracellular solution. Immedi-
stirred using a magnetic stirring plate set at ately after seeding, the sample was cooled at
speed of 90 rpm. Spheroid formation was comew constant rate to a final temperature-e10
plete approximately 48 h after inoculation of theao —20°C, depending on the cooling rate. For
isolated cells into the spinner flask. The sphahe determination of IIF parameters, samples
roids could be maintained in the spinner flaske/ere instead cooled at 100°C/min te40°C.
for several weeks with medium changes everyhe stage was then warmed to room tempera
2-3 days. ture and the sample was removed. Due to dif-
ficulties in recovering the sample, the cells fro-
zen using the cryomicroscopy system could no
The controlled freezing experiments werée tested postthaw for viability.
performed using a cryomicroscope (cf. 4) which ) ) ,
consisted of a Zeiss general research micr§2Smotically Inactive Volume of Spheroid
scope (Carl Zeiss, FRG) fitted with a specially The total water content of the cells in the spher-
designed cryostage described in detail els®id consists of the water available for transport
where (4). Images from the light microscopend the osmotically inactive water. The osmoti-
were transmitted to a video cassette recordeally inactive volume of the spheroids was ob-
(JVC HR-S6900U) and a color monitor (Sonytained by placing a sample of spheroids into hy-
PVM 1344Q) by a camera (Optronics LX450A)pertonic solutions of increasing osmolarity (300—
to allow direct visual observation and recordind 000 mOsm). The hypertonic solutions were
of the freezing experiments. A computer-basechade by adding sucrose to William’s E medium.
temperature controller and video interfacén order to reduce the experimental scatter, a spe
(Thermascope and Datavideo, Interface Tecleific spheroid was placed in each of the solutions
niques, Cambridge, MA) was used to specifyested. After equilibration, the static volume of the
and control the stage temperature. AXLO spheroids was determined using image analysic
bright-field objective (Carl Zeiss) combinedThe cross-sectional area of the spheroid was me:
with a 2X optovar (Carl Zeiss) was used forsured for each concentration and converted to
magnification of the experiments. The freezingolume assuming that the spheroid was spherica
studies were performed on a thin convectiofror each experiment, at least eight spheroids wer
stage. The experimental sample was placed orfalowed through the different concentrations of
composite window consisting of an opticallysucrose solutions.

Cryomicroscopy System
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Disaggregation of Spheroids Specifically, each sample containing a piece of
nylon mesh and several spheroids was placed in

tured hepatocytes can exhibit differences in wat&?! 0: a solutim 2 g OsQ/100 ml acetone at
transport characteristics (37). In order to obtain an 29" C- Tt]e samples were then held-#20 S: for
estimate for the water transport characteristics gf+ " ~60°C for 2 h,=30°C for 2 h, and 0°C for
the cells in the spheroid, a small number of Sphg,_o min and then equnlbrate_d t_o room _temperature
roids were disaggregated and the freezing chard@-2 FSU 010 freeze substitution device (Balzers
teristics of the hepatocytes isolated from th&,lechtenstem). The _osmlumlgcetone med|_um wa:
spheroid were determined using cryomicroscopycmeved from the |c_e-subs:c)|tuted spheroid sam
Small aggregated and isolated cells were remové’{)es and replaced with 100% acetone. The sam
by filtration of the samples through a 40n nylon ~ P'€S Were washeo_l atroom temperature three time
mesh (Falcon, Franklin Lakes, NJ). The spheroid@'_th acetone, tv_\nce V.V'th a 1.1 acetone:Quetol
larger than 4Qum in diameter are placed in tryp_m|xture, and twice with pure Quetol (Electron

sin—EDTA (Gibco) solution and agitated with aM|croscopy Sciences, Ft. Washington, PA) in or-

pipette every 5 min. After 15 to 20 min, theder to impregnate the freeze-substituted materia

spheroids were mostly disaggregated into isolatércpe sample embedded with Quetol was polymer

cells with a minority of cells joined to form cou- |_zed (ljntarz) (;ven t];(]).r kl 2hat70 I\(/J; al? g :_r:enl Sec
plets and triplets. The solution was diluted with a |or:te OUI.t mm ICt ness E?(; Sa ' d ux _T_{]
equal volume of culture medium and then centri- atern ramicrotome ( , Sweden). The

. . . sections were mounted on microslides heated on
fuged at 7@ in a Marathon 6K centrifuge (Fisher ) . o N
9 9 ge ( hot plate and stained with toluidine blue. A similar

ientific, Hampton, NH) for 10 min. Th r-
Scientific, Hampton, NH) for 10 © supe rotocol was used by Pazhaynnur and colleague

natant was discarded and the cells were resus- : o X
pended in William’s E medium. 997) to determine dehydration in intact tissues.

Previous studies have shown tleat vivocul-

Water Transport Model

Freeze Substitution of Spheroids The dehydration observed during the freezing

In order to determine the osmotic behavior 0bf isolated cells obtained from disaggregated
spheroids in the presence of external ice, hepatepheroids performed using a cryomicroscope wa
cyte spheroids were frozen at a controlled coolingnalyzed to determine the water transport charac
rate on the cryomicroscope stage and then freezeristics of those cells. During freezing, the efflux
substituted and sectioned. A 2&- volume of of water was assumed to result from an imbalanct
hepatocyte spheroids and culture medium was the chemical potential between intracellular and
placed on a piece of 4@m mesh resting on the extracellular solution. Using a nonequilibrium
cryomicroscope stage. The samples were cool@termodynamic model developed by Mazur (19),
at a controlled rate (100 and 1°C/min) to a speahe following equation can be written
ified final temperature (between3 and—60°C).

Using prechilled forceps, the mesh and coolefLVI LPART[ n( V=W )
spheroids were removed from the cryomicroscop§ T~ vuB (V= Vp + v(vhy
stage and plunge-frozen in a tray of liquid nitro- AH, (1 1
gen. As controls, spheroid samples at room tem- "R (TR - T)} ,

perature were also plunge-frozen in the same man-
ner without the controlled-rate freezing on thevhereV is the cell volumeT is the temperature
cryomicroscope stage. (absolute)L , is the hydraulic permeabilityd is
In order to permit determination of the ice crysthe surface area of the cei,is the cooling rate,
tal structure inside the spheroid during the freez, is the partial molar volume of waten, is the
ing process, the ice in the frozen hepatocyte sphatumber of moles of salt in the cell; is the
oid samples was removed using a process dfssociation constant for NaCQV,, is the osmot-
freeze substitution (cf. Ref. 26 for more details)ically inactive cell volume fractionTy is the
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equilibrium freezing temperature for pure watewhere the subscript ‘o’ refers to isotonic condi-
(273.15 K), andAH; is the latent heat of fusion tions. The respective kineti€);) and thermo-
of water. This equation is based on the assumpynamic ,) parameters for nucleation can be
tion that equilibria of temperature and pressurdetermined as a function of the specific cell
prevail between the intra- and extracellular metype. Additionally, ) is the viscosity,T; is the
dia. Furthermore, the permeability of the memequilibrium freezing temperature of the cell cy-
brane is rate limited by the passage of watdoplasm,AT is the supercooling, anA is the
through the cell membrane. Assuming an Arsurface area for nucleation.
rhenius relationship (17, 34), the permeability is ,
expressed as a function of temperature Data Analysis
The dehydration of the isolated cells ob-
Lo=L exp( _ @ (1 . 1)) 2] served in the cryomicroscopy experiments was
P RA\T T&//)’ analyzed to provide an estimate of the water
. . transport from each cell. The corresponding im-
wherelL,, is the permeability of the cell mem- P : P g
age analysis was done on a Apple Power Macin
brane to water at the reference temperatiig, )
) S tosh 7600/132 computer (Apple, Cupertino,
andE,, is the apparent activation energy for the-C . .
A) using NIH Image processing software
water transport process. ; :
Lo (U.S. National Institutes of Health). Images ob-
Implicit within the development of these, . L . s
. . . tained at specific time points were digitized
equations is the assumption that thermal equy: :
S . o . . . from the videotape and analyzed. A cursor was
librium exists within the immediate region .
used to trace the outline of the cell boundary

around the cell and the temperature dlfferencend the enclosed area was calculated and er

across the cell membrane is less than 0.01°¢. . . .
. S ) red into a spreadsheet that included other in
The intracellular solution is assumed to be ide F

. . . ... formation such as the temperature. The cross
and dilute. As with most mammalian cells, it is P

sectional area of the cell was related to the cell

assumed that the hydrostatic or turgor pressure . .
volume assuming spherical geometry. For eacl

across the cell membrane is negligible. A more _ . ;
C(§)0|Ing rate, cell volumes were obtained at ap-

complete discussion of the assumptions behin roximately 10 different temperatures and for

this model and the errors associated with the . e :
e same experimental conditions at least eigh
can be found elsewhere (34).
cells were analyzed.

As indicated previously, the hydraulic perme-

L . . bility, L ,,, and its temperature dependerieg,
There is evidence that high cooling rates resuﬁan be estimated based on the experimentz

in excessiye supercqoling and concomitantly inr'neasurements of cell area as a function of time
tracellular ice form_atlo_n (32). M(_)deI§ hgve b_eerl]emperature using the previously describec
developed to predict ice formation in blologlcalmodel_ The inverse curve-fitting method used to

cel_ls. The disqggregated cells have been Cha”?‘é]ate the experimental measurements to the
terized according to a model based on heteroggy,ye|s yses nonlinear regression analysis t

neous nucleation theory (33). The rate of heter%'roduce the permeability values that would

geneous ice formatiod., can be written as yield the best fit between experimental volume
ne [ T Y2 — T\ measurements and theoretical volumes with the
o] o]
M P[ () ] ]
0

Intracellular Ice Formation Model

\]het: Qo Tf
0

n ATZTS criteria of minimizing they? (17). The values of
L,, andE,, can in turn be used to predict water
and the probability of ice formation is transport and content for an arbitrary freezing
protocol.
1 (T Microscopic sections of the freeze-substi-
PIF =1 —ex _BJ Adedt|, [4] tuted spheroids were examined an Olympus
Tseed BH-2 light microscope (Olympus America Inc.,
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Melville, NY) instrumented with a SPOT digital 1 [ .
camera (Diagnostic Instruments Inc., Sterling +

Heights, MI). Digital images from the camera 08L 4
were sent directly to a Micron Powerdigm XSU

computer (Micron Technology Inc., Boise, ID). *

After the completion of the staining process, th 0.6¢ |

cells are denoted as dark blue and the remaining ~ ©
space that contained ice crystals prior to the
substitution process would be light/transparent.
Subsequent image preparation of the pictures 0.2
was performed using Adobe Photoshop (Adobe

041 ]

VEA®_ = 0.13 (1/0sm) + 0.60 R?=0.74 |

Systems Inc., San Jose, CA) before analysis. 0 | I I
The blue portions of the images were selected 0 1 2 3 4
and copied to a blank background so that the 1/0sm

image would only contain the cellular material FiG, 1. Normalized spheroid volume fractiod/V,, as a
and the uniform background. The image analyfunction of the inverse of solution osmolarity for pig hepa-
sis of the spheroids was done using NIH |mag@cyte spheroids. Error bars indicate standard deviation of
. . . e mean. Linear regression was used to determine th

by placmg a thr?ShOId on the color Intensity an(g]oyle—van’t Hoff relationship for the data represented in
calculating the image area above the set thresfizse figures.
old.

For the freeze-substitution experiments, the
fraction of cellular area of the section was used
to estimate the dehydration as a function of findDsmotic Response at Suprazero Temperature:

temperature. In order to compare the dehydra- Tpe first phase of the investigation involved a
tion from the spheroid initial state, this fractiongetermination of the spheroid osmotic response
was normalized over the initial cell area tht suprazero temperatures_ The Osmotica”y in
spheroid fraction from the samples plunged active spheroid volume fraction was determined
room temperature. Furthermore, if the sectioneghsed on the equilibrium volume of the spheroid
samples are representative throughout the entifehypertonic solutions of increasing concentra-
depth of the spheroids, then any incrementaion. A Boyle-van't Hoff plot, the normalized
unit depth Az) multiplied by the areas would spheroid volume (volume at a given concentra-
approximate a volume. A volume fraction caltion divided by the volume under isotonic con-
culated by this assumption would be the same aitions) as a function of the inverse of solution
the area fraction. The normalized fraction obsmolarity, is given in Fig. 1 for pig hepatocyte
cells was calculated from the cross-sectionapheroids. Extrapolating to infinite concentra-
areas, tion, the osmotically inactive spheroid volume
fraction for the cell was determined to be 0.60.

RESULTS

Normalized Fractior= Acetd Aspheroia [5] Cryomicroscopy of Hepatocytes

Aicend A spheroid Disaggregated from Spheroids

and this is comparable to a volume calculatio The increase in concentration of the extracel-
llar solution during freezing results in a de-

by assuming an incremental depth to the mea- . )
sZrements 9 P Crease in the cell volume as a function of tem-

perature for a given cooling rate. The
dehydration of pig hepatocytes isolated from
Aceis AZ _ Veens [6] spheroids for a constant cooling rate of 1°C/min

AspheroidAZ  Vspneroid is given in Fig. 2A. Based on the decrease in
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FIG. 2. Cryomicroscopy data and model correlation for cells that were disaggregated pig hepatocyte
spheroids. Points are the experimental data and lines are the best fit for the model Egs. [1]-[4]. (A) Normalized
cell volume fraction,V/V,, as a function of temperature. The cells were frozen in William’s E medium at a
cooling rate of 1°C/min. Error bars indicate standard deviation of the means. A total of 8 cells were analyzed
in these experiments. (B) Cumulative fraction of intracellular ice formation as a function of temperature. 70 cells
were frozen at 100°C/min.

cell volume obtained using image analysis, egraction, V,, used in the subsequent theoretical
timates for the hydraulic permeability,,; and analysis. Static osmotic experiments were per
activation energy, Ewere obtained for cooling formed on the disaggregated hepatocyte sphe
rates of 1, 3, and 5°C/min (Table 1). The averroids. Exposure to hypertonic solutions resulted
age value for the reference water permeabilityn extensive cell blebbing and death even for
L, was determined to be 0.76 0.51x 10** short periods of exposure.

m°/Ns and the activation energg,,, was 82+ The ability to predict the probability of IIF
63 kJ/mol. The average cell diameter wasequires the experimental determination of the
22.09+ 2.25um. A minimum volume fraction ice nucleation parameter$), and «,. If the

of the disaggregated cells was found to be 0.3®oling rate used is sufficiently high to suppress
when cooled at 1°C/min. This value was aswater transport out of the cell, the cumulative
sumed to be the osmotically inactive volumdraction of cells as a function of temperature can

TABLE 1
Water Transport Characteristics for Disaggregated Pig Hepatocyte Spheroids Obtained
Using Cryomicroscopy at Different Cooling Rates

B Lpg Ep Cell diameter No. of
(°C/min) (m*/Ns) (kJ/mol) (m) Voin® X cells
1 6.329x 10°% 60.84 19.53 0.316 1.02 10°° 8
3 3.281x 10" 31.98 23.71 0.441 6.2% 10°° 11
5 1.314x 107" 152.6 23.04 0.391 3.68 10* 10
Avg. 7.583x 107" 81.81 22.09 0.383
SD 5.048x 10" 62.98 2.25 0.063

# Minimum volume fraction for the cells during a specific experiment.
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be used to estimate the values of the IIF paran200°C/min) to a final temperature ef60°C,
eters. For a cooling rate of 100°C/min, the cusmall but visible ice crystals (denoted by an
mulative fraction of cells with IIF as a function arrow) are present in the spheroid (Fig. 4). The
of temperature for disaggregated pig hepatocytee crystals are found more commonly in the
spheroids is given (Fig. 2B). The fraction ofcenter of the spheroid and the diameter of the
cells with IIF increases with decreasing tempererystals is typically less than 22m cell diam-
ature. The experimentally determined kineticster. If the cooling rate was reduced, distinct
were then correlated with Egs. [3] and [4] tochanges in the internal structure of the hepato
obtain the nucleation parameterQ, and k, cyte spheroid are observed during cooling. In
which were 5.9X 10° m™? s ' and 3.0x 10° Fig. 5, freeze-substituted sections of spheroids
K®, respectively. cooled at 1°C/min to a final temperature -8,
—5,—-12, or—16°C is given. At—3 and—5°C,
small ice crystals are visible and slight dehy-
Previous studies of rat hepatocyte spheroidfration of the cells in the interior of the sphe-
showed that there was little change in the outepids is observed. As the final temperature is
diameter of a spheroid during conventionatlecreased te-12 and—16°C, the average size
cryomicroscopy (5). Ultrastructural studies obf the visible ice crystals increases and dehy-
hepatocyte spheroids had shown the existendeation of the cells is more prominent.
of bile-cannaliculi-like structures between adja- Using image analysis, the normalized frac-
cent hepatocytes in the spheroids (15). The netibn of cell volume was determined as a func-
phase of the investigation focused on determinion of temperature for a cooling rate of 1°C/
ing the internal structure of the spheroid duringnin (Fig. 6). The normalized fraction of cell
freezing. Specifically, the cell volume and locavolume represents the ratio of cellular area at &
tion of ice crystals as a function of final tem-given temperaturel, divided by the overall
perature and cooling rate was investigatedross-sectional area of the spheroid (cf. Egs. [5
These studies would help determine the role @nd [6]). This parameter reflects the dehydratior
the bile-cannaliculi-like structures in the freezof the cells comprising the spheroid. The nor-
ing response of spheroids. malized fraction of cell volume in the spheroids
In a series of control experiments, spheroiddecreases with decreasing temperature to valu
were taken out of culture and plunged into ligof 0.52 by —16°C. Not surprisingly, the dehy-
uid nitrogen. It is assumed that the cooling ratdration of hepatocytes in intact spheroids is
for these experiments was sufficiently high tsignificantly less than that observed in hepato-
suppress water transport and the sections resutiftes disaggregated from spheroids frozen un
ing from the freeze substitution represent thder the same conditions (cf. Fig. 2A).
normal internal structure of the spheroid. A
photomicrograph of one of the internal structure
of the spheroid is shown in Fig. 3. The cells are The osmotic response of hepatocyte sphe
seen to be compact with very little extracellularoids is an important characteristic of its freez-
area between the cells. The darkest regions wfg behavior. It is clear based on the observa.
the spheroid correspond to the cytoplasntions in this investigation that the osmotic
Lighter regions correspond to the nucleus of theesponse of spheroids is more complex than tha
cells. A light region between two adjacent cellof isolated cells. Although little change in outer
that may correspond to a bile-cannaliculi-likediameter was observed during the freezing of
structure is denoted with an arrow. The methodpheroids using cryomicroscopy, significant
of freeze substitution did not result in visible icechanges in spheroid volume were observec
crystals at this level of magnification for thiswhen the spheroids were exposed to hypertoni
sample. solutions at suprazero temperatures. The osmo
When the spheroid was cooled rapidlyically inactive cell volume fraction of pig hepa-

Osmotic Response at Subzero Temperatures

DISCUSSION
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FIG. 3. Cross-sectional slice of a hepatocyte spheroid that was plunge frozen from room temperature and
freeze substituted. The internal structure of the spheroid can be observed with cell nuclei and internal structures
resolved.

tocyte spheroids (0.60) was much higher thanes obtained from freshly isolated pig hepato-
the value measured previously for freshly isoeytes (cf. Table 2). This change in water per-
lated pig hepatocytes (0.25, from Ref. 6) andheability parameters was consistent with the
pig hepatocytes obtained from disaggregatedecrease inL,, and E,, observed previously
spheroids using in this investigation (0.32). Thevith isolated rat hepatocytes and rat hepatocyte
linear fit of the data obtained from the Boyle-cultured in a collagen gel (37). Differences in
van't Hoff has a rather poor value fof (0.74), water permeability and IIF characteristics after
which indicates that pig hepatocyte spheroidi® vitro culture of hepatocytes may, in turn,
may not act as perfect osmometers. Similanfluence the selection of optimal freezing con-
studies performed using rat hepatocyte sphelitions for cultured versus freshly isolated hepa-
roids showed a more linear relationship thatocytes. Difference in culture conditions (i.e.,
that observed using pig hepatocytes (data notilture in a collagen gel or cultured to form
shown) and it is not clear whether the differspheroids) may also influence the freezing con-
ences reflect experimental error or specieshtions required. The difficulty in determining
related differences in osmotic properties. the osmotically inactive cell volume fraction for
When cultured to form spheroids and themlisaggregated hepatocyte spheroids observed |
disaggregated, the valueslof, andE,, for pig this investigation is consistent with previous
hepatocytes decrease significantly from the vastudies of the water transport characteristics fol
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[

FIG. 4. Cross-sectional slice of hepatocyte spheroid that was frozen at 100°C/min to a final temperature of
—60°C. The dark regions denote hepatocytes. Light regions indicate the location of fine ice crystals present
inside cells comprising the spheroid. The arrows indicate regions of intracellular ice formation.

freshly isolated hepatocytes (6, 34). As a resulfiriate model to investigate the potential nucle-
osmotically inactive cell volume fractions forating sites for IIF.
hepatocytes are typically determined from de- As indicated in the freeze-substitution stud-
hydration characteristics at subzero temperges, the dehydration characteristics of hepato.
tures. cyte spheroids differ from hepatocytes disag-
The culture of hepatocytes to form spheroidgregated from spheroids and freshly isolated pic
also influenced the IIF characteristics of thdepatocytes (6). This finding is consistent with
cells. The temperature at which 50% of the cellprevious studies in which water transport pa-
formed IIF for a cooling rate of 100°C/min rameters of rat liver tissue were determined.
decreased approximately 9°C when hepatocyt@$ie water transport values for rat liver tissue by
were cultured to form spheroids and then disfreeze substitution microscopy wele,, =
aggregated (when compared to freshly isolategl1 X 107" m%Ns, E,, = 290 kJ/mol, and/, =
pig hepatocytes (6)). The formation of IIF at0.35 (22) which differs from the values obtained
relatively high subzero temperatures representsr isolated rat cells (cf. Table 2). Further study
a significant obstacle to the cryopreservation a6 needed to determine the mechanism respor
isolated hepatocytes (12). The specific mechaible for the changes in permeability observed
nism responsible for the significant decrease iwith different culture conditions.
the temperature over which IIF was observed The freeze-substitution analysis of hepato-
for the cultured hepatocytes was not determined/te spheroids was important in characterizing
in this investigation. The potential exists thaboth the dehydration of the cells in the spheroid
cultured hepatocytes could be used as an appinad the distribution of ice throughout the spher-
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g 1 The method for calculating the normalized
3 ® } cell volume fraction used in Fig. 6 relied on the
3 0.8 assumption that the overall spheroid volume
3 does not change significantly during freezing. In
o addition, it was assumed that the cross-sectione
g 0.6 - % 7l area of the spheroid (at any depth) stays the
2 ¢ same with decreasing temperature. These as
§ 04| . sumptions introduce error into the calculation of
z normalized cell fraction in the spheroid during
& 02l i freezing. Previous cryomicroscopy studies have
® shown that the dehydration of the outer diame-
% 0 \ J | ter of the spheroid is typically less than 14% (5).
z 0 -5 -10 -15 -20 An important element in understanding the

osmotic response to spheroids during freezing
at slower cooling rates requires knowledge of
FIG. 6. Normalized fraction of cells in the spheroid as ahe distribution of ice Crystals throughout the
function of temperature, cooled at 1°C/min. The fraction of h id. The f bstituted fi b
cells is obtained by assuming that the ratio cellular area t%p eroid. e reeze-s'u stitute S_ec lons 0
spheroid area is uniform throughout the volume of thdained show the formation of large ice crystals
spheroid and normalizing this ratio over the control samplefn the central portion of the spheroid during
that were plunge-frozen from room temperature. freezing. The size of the ice crystals increases a

the temperature decreases. It is not possible t

oid during freezing. For rapidly cooled sampleState conclusively whether the ice observed is
(100°C/min) ice crystals of diameters of Ln intra- or intercellular ice. The images shown in
or less were observed throughout the cells of tHglg- 5 show the growth of large ice crystals as
spheroid. Although it was difficult to determinethe temperature decreases. The size of thes
the precise location of cell and nuclear memcrystals was larger than the size of a single cell
branes, the ice crystals appeared to be locatedAs a result, it is unlikely that the large ice

both cytoplasmic and nuclear regions. The siz&fystals observed represent intracellular ice for-
and distribution of ice crystals observed in thignation. The formation of large crystals in the
investigation are consistent with those observegktracellular ice may explain why the overall

in previous studies of rapidly frozen liver tissuevolume of the spheroid does not decrease durin
(2). freezing. Measurements of the normalized cell

Temperature (C)

TABLE 2
Water Transport Parameters for Isolated Hepatocytes of Different Species

Ly X 10% Ep Q,, X 10°° Ko, X 107°
Species (m*/Ns) (kJ/mol) A (m?s™ (K®)
Humarf 1.6 216 0.23 7.6 0.75
Rat’ 15 341 0.51 110 1.4
Rat cells digested from
collagen sandwich 0.63 238 ND 237 0.33
Pig* 5.8 480 0.25 13 0.48
Disaggregated pig spheroid 0.076 82 0.32 5.9 3.0
 Cf. Ref. (6).

® Cf. Refs. (37, 34).
¢ Not determined.
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volume fraction indicate extensive dehydration3. Casciari, J. J., Sotircos, S. V., and Sutherland, R. M.
of cells in the spheroid. The ubiquitous distri-

bution of the ice crystals also implies that ice
formation in the extracellular space is not lim-

ited to the bile-cannaliculi-like channels found
in the spheroid. In spite of the extensive ice5.
formation in the extracellular space, freeze-
substituted sections show evidence of cell-to-
cell contact in the spheroid even after extensivey
dehydration. Little or no ice crystals are ob-
served in the outer layer(s) of cells in the spher-

oid.

7.

SUMMARY

The pig hepatocyte spheroids exhibit trans-s.
port characteristics that are distinct from those
of isolated cells. The spheroids dehydrate in

hypertonic solutions, but less than might be
expected from the dehydration of freshly iso-

lated pig hepatocytes. The disaggregation of the
cultured spheroids and subsequent cryomicro-
scope analysis shows a decrease in water per-
meability parameters and changes in the intrd®
cellular ice formation coefficients consistent
with previous studies. During slow cooling,
large ice crystals are observed in the interior of
the spheroid and these crystals most probably-
form in the extracellular space. Rapidly cooled
spheroids exhibit small but visible ice crystals
distributed in the nuclear and cytoplasmic rejs.
gions.
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