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ABSTRACT

Small intestinal microparticle uptake via a paracellular route is relevant to oral drug delivery and envi-
ronmental pollution. In vitro investigation uses latex microparticle passage across a confluent Caco-2
cell epithelium. This paper examines the influence of culture conditions on transepithelial resistance
(TER); cell dimensions from confocal microscopy; and number of particles below the epithelium. Vari-
ables investigated include level of initial TER; multiple TER measurements; involvement of medium; cell
source; and pretreatment with ethanol or a range of temperatures. Data were collected after exposure
to 2 wm latex particles for 5-120 min: sham groups were exposed to pretreatment but not particles. The
results highlight the importance of very precise control of the experimental environment; confirm the
pattern of sequential-TER increase/decrease in groups exposed only to particles and show accompany-
ing increases in cell dimensions. Greater particle uptake was associated with ethanol-induced decreased
TER, decreased cell height and increased intercellular spaces, similar to previous findings for external
irradiation. Low temperatures raised TER but, despite this, cooling did not alter particle uptake. In con-
clusion, culture microenvironment and sham treatment are crucial considerations in studies of epithelial
microparticle uptake in vitro.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cultured monolayers of cells, such as Caco-2 enterocytes, make
a good model for studies of intestinal responses to environmen-
tal challenge: whereas they are widely used in a range of research
areas, it is important to be aware of the potential impact of culture
conditions and even particular assays on epithelial permeability
(Hidalgo, 1996; Delie, 1998; Ranaldi et al., 2003; Matter et al., 2005;
Zucco et al., 2005; Volpe, 2008), which reflects the state of the
tight junctions (TJs). These could be involved in latex micropar-
ticle uptake, in vivo (McCullough et al., 1995), where such particles
have been seen between enterocytes (Smyth et al., 2005), imply-
ing a paracellular route. The current work takes the exploration of
this process further using an in vitro model (Moyes et al., 2007a).
Intestinal microparticle uptake is relevant to encapsulated drug
delivery (Ravi Kumar, 2000; Artursson et al., 2001; van der Lubben
et al,, 2002; Krauland and Bernkop-Schnurch, 2004), environmen-
tal toxicology (Florence et al., 1995; Florence and Hussain, 2001;
Krauland and Bernkop-Schnurch, 2004; Moulder, 2004; Hodgson
et al., 2005; Stather, 2007) and multi-organ dysfunction syndrome
(Nieuwenhuijzen et al., 1996; Johnson and Mayers, 2001).
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One important example of these variations is the exposure of the
cells to standard laboratory fluids such as fresh culture medium.
When testing the responses of cells in vitro to pharmacological
agents, it is also important to understand the effect of the vehicle in
which they are prepared, such as ethanol. This decreases transep-
ithelial resistance (TER), a measurement of T] permeability, without
any apparent effect on viability, provided the concentration is not
greater than 10% (v/v) (Ma et al., 1999). Temporary removal of cells
from the incubator for experimental procedures could also affect
TER following the associated decrease in temperature, since this is
seen in canine kidney cells cultured below 37°C (Armitage et al.,
1994). Since cultured cells are regularly moved during experiments
between the different temperatures of the incubator and hood, it is
important to investigate the effect of such variations.

Understanding the T] response in epithelium exposed to ethanol
or to variations in temperature could provide insight into the
mechanisms involved in the permeability changes seen after fur-
ther environmental challenge, such as exposure to microparticles,
a common feature of the interface between biological tissues
and their surroundings. Paracellular permeability is unlikely to
be the only factor influencing the transepithelial movement of
such particles and the dimensions of the cells may also be rele-
vant.

The current paper explores these and other influences on Caco-2
cells, testing the following hypotheses:
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Table 1
Laboratory manipulations.

Group name Laboratory manipulations

First

Second Third onwards

Sequential-TER effect
Passage number and
transient hood
temperature effect
Control/TER level on
particle effect
Medium-only effect
Nutrient-deprivation effect

Control/TER measured for each group on day
21 of ATCC Caco-2 culture

TER repeated every 15 min for 75 min
5 or 60 min particle exposure

Sequential/TER
Post-particle/TER

5 or 60 min particle exposure Post-particle/TER
5-120 min apical exposure to culture medium
No medium change on day 20 prior to 5 or

60 min particle exposure pooled

Post-medium/TER
Post-particle/TER

Outline of treatments and TER measurements for all laboratory manipulation groups. Treatments are outlined in full in Section 2.4.1.

1. that variation in Caco-2 cell culture conditions will affect epithe-
lial TJ permeability, as measured by changes in TER.

2. that Caco-2 TER will be respectively decreased or increased by
exposure to ethanol or lower ambient temperatures.

3. that Caco-2 cell dimensions, which may influence epithelial per-
meability, will be affected by the pretreatments used, such as
exposure to ethanol or variations in temperature.

4. that the numbers of microparticles passing completely through
a Caco-2 epithelial layer will be increased if the TJs are opened
or the dimensions are altered.

2. Materials and methods
2.1. Protocol outline

The effects of variations in the environmental parameters of
a Caco-2 intestinal enterocyte model were followed by record-
ing changes in epithelial T] permeability as measured by TER and,
for some samples, changes in cell dimensions and particle uptake
through the epithelium.

The TER values of American Type Cell Culture (ATCC) Caco-2
intestinal epithelial layers were measured on day 21 of culture:
this value was designated ‘control/TER’. These samples were then
exposed to 2 wm latex particles for 5-120min in a 37°C incu-
bator (Table 1) and designated the ‘particle-only’ group. All 21
experiments included in this paper contained particle-only samples
which then collectively formed a combined particle-only group.

The effects were also recorded (Table 1) of making multiple
sequential-TER measurements; of variations in passage number;
of variations in the lower temperature at which the TER was mea-
sured (transient hood temperature effects); and of the level of the
control/TER before the addition of particles. Variation in methods
of addition of culture medium included exposure of Caco-2 cells to
1 w1 of medium alone for comparison with particle addition; or to
nutrient deprivation. Pretreatments included exposure to ethanol
or different temperatures for ‘longer term’ temperature exposure
(Table 2, column 2). All TER measurements and additions of fluids
or particles were made in the culture hood at approximately 24 °C.
Measurements of ATCC cell dimensions and particle uptake were
made at the end of the experimental procedure for appropriate
groups.

Differences in TER (Moyes et al., 2007a) and cell dimensions
(Moyes et al., 2008) between these and cells from the European
Collection of Cell Cultures (ECACC) were also compared.

2.2. ATCC Caco-2 cell culture

ATCC Caco-2 cells (HTB-37™, passage 28-39), were cultured in
a 37°C incubator with a 5% CO, atmosphere in ATCC-formulated
Eagle’s Minimum Essential Medium supplemented with 10%
foetal bovine serum (FBS) Gold (PAA Laboratories) and 1% peni-

cillin/streptomycin (Gibco®). The cells were seeded at a density of
1 x 108 cells per 6-well polyester Transwell® insert (3 wm pores,
Corning Costar) and were cultured to confluence over 21 days.
The standard feeding regime involved replacement of the fluids in
upper and lower wells with fresh culture medium (1.5 and 2.5 ml,
respectively) every 2-3 days and on day 20 of culture. Data were
taken from 21 experiments.

2.3. Assays and sample preparation

2.3.1. TER—measurements and data analysis

2.3.1.1. Measurements. Before cell seeding, the TER of the
Transwell® insert membrane with culture medium (TERpsert) Was
measured using a Millicell®-ERS instrument (Millipore). On day
21 of culture, the TER for the epithelium on the insert was mea-
sured (control/TER), to confirm the confluence of the cell layer.
Other TER measurements included those after pretreatment (pre-
treatment/TER) or after particle addition (post-particle/TER). TER
measurements were calculated in © cm? to determine the TER of
the epithelium alone and allow for its total surface area, using the
following equation; [TER — TER nsert] x 4.5 cm? (Wells et al., 1998).
The TER meter and electrodes were tested intermittently and if
necessary adjusted according to the manufacturer’s instructions.

2.3.1.2. Calculation of changes in transepithelial resistance (TER).
TER data were displayed in one of three ways: as raw values,
percentage changes, or delta changes obtained by subtraction of
two sequential measurements. Increased TER was taken to indicate
tighter TJs and decreased TER looser TJs.

Percentage changes were calculated as [((pretreat-
ment/TER — control/TER) = control/TER) x 100] or as
[((post-particle/TER — control/TER) = control/TER) x 100]:  these
percentage changes were used for ease of comparison of
data across many treatment groups. Delta changes were
calculated as [(pretreatment/TER)— control/TER] or as [(post-
particle/TER) — control/TER] and were used for detailed numerical
comparisons between treatments.

The effects on groups of cells of two sequential treatments (pre-
treatments and particle exposure) were documented in two ways,
designated ‘combined’ and ‘time equivalence’:

(i) Combined pretreatment/particle effects. These concerned the
change in epithelial permeability in the same experimental
group after both pretreatment and particle addition. The cal-
culations used were [post-particle/TER — control/TER] for all
groups.

(ii) Pretreatment time equivalence calculations for comparison of
combined and sham effects. This accounted for the continued
pretreatment effect that occurred during the particle incuba-
tion period, by the comparison of two groups with the same
total experimental exposure time, one with particle addition



Table 2
Cell dimension measurements and derived percentage intercellular volume and cell-cell boundary/crosswire for the ATCC morphology-control (shaded box), particle-only and ethanol and temperature pre-treated cells.

Group Treatment group Cell dimensions in wm (+SEM) Derived data
Cell height Height below Major apical Minor apical Major basal Minor basal Percentage Cell-cell
above insert insert width width width width intercellular boundary/
volume crosswire
(x108)
Morphology-control
A Morphology-control 27.2+1.7 1.9+ 1.0 147 £ 0.5 8.7+ 04 10.1 £ 0.4 7.1+ 04 232 10.5
ATCC particle-only
B Particle[only-5 323+1.14 14 +£0.8 154 £ 04 11.2 + 044 12.2 +£ 0.6% 8.5+ 034 21.0 8.8
C Particle/only-60 329+1.1W 2.5 + 0.8 17.3 £ 0.64 11.6 + 0.54 11.6 + 0.4W 8.3 + 0.3 27.6 8.2
Ethanol exposure
D Ethanol/sham-5 23.5+1.6W 1.5+ 1.0 17.1 + 0.64 11.6 + 0.54 94+ 03 6.7 £ 0.3 37.5 8.2
E Ethanol/sham-60 239+15 22+ 1.1 15.0 + 0.5P 10.7 + 044 94 + 04 6.6 + 0.3 329 9.1
F Ethanol/particle-5 23.0+1.54) B 1.9+ 1.0 16.6 + 0.5* B 10.6 + 0.47 (B 9.3 + 038 6.5 + 0.38 35.6 8.9
G Ethanol/particle-60 243+1.8¢ 31+13 16.3 + 0.54 (B) 11.1 + 0.54 9.3 + 03¢ 6.4 + 03¢ 36.5 8.7
Longer term temperature exposure
Cell culture incubator: 37°C
H Incubator/sham-5 25.6+1.8 31+1.0 14.6 £ 0.5 9.0+ 04 93+ 05 6.4+ 04 29.2 10.3
A Incubator/sham-60 Dimensions as
described in
‘Morphology-
control’
I Incubator/particle-5 28.5+1.8® 3.1+£08 144 £ 0.5 9.5 + 0.4 11.3 + 0.5 H 7.8 + 0.5M 18.7 10.0
J Incubator/particle-60 27.3+1.3€ 52+ 07AH1 14.9 + 0.5¢ 10.7 + 0.5 ! 10.7 + 0.4 75+04 26.1 9.2
Sterile culture hood: 24°C
K Hood[sham-5 24.7+1.3 5.6 + 0.94 13.3 + 0.4 A 92 +04 9.6 + 0.5 6.8+ 03 24.8 10.5
L Hood[sham-60 27.3+1.7 4.0+ 1.0 15.0 +£ 0.7 9.1+ 05 10.1 £ 0.5 6.7 +£ 04 26.8 10.2
M Hood|particle-5 21.0+£13AB L1 38+ 1.1 15.2 + 0.4 9.6 + 0.48 11.2 £ 0.5% K 7.6 + 0.48 21.9 9.7
N Hood|particle-60 23.3+1.9¢ 0.7 £ 06-M 153 £ 05 103 + 044 114 £ 034 1) 8.0 + 0.3% 21.9 9.3
Ice: 0°C
(o) Ice[sham-5 26.3+1.6 3.7+1.0 13.7 £ 0.6 94 + 0.5 9.1+04 6.1 + 0.4 30.6 10.2
P Ice[sham-60 285+1.9 26+ 1.1 14.7 £ 0.7 10.0 + 0.6 99+ 05 6.8 + 0.4 28.7 9.6
Q Ice[particle-5 249+1.58 35+ 1.1 13.8 + 0.6(® 9.8 + 0.68 9.1 £ 04 B LM 6.3 £ 033 1LM 30.7 10.0
R Ice[particle-60 26.4+1.4C 4.1 +£0.7 15.6 + 0.49. Q 10.3 + 0.4% 9.9 + 0.4W. CN 6.5 + 03¢ 0. N 325 9.2

The explanation of treatment group names is given in Sections 2.4.3 and 2.4.4. Standard error of the mean (SEM) is for n=27 samples from 3 independent experiments. Apical widths for all treatment groups, are significantly larger
than the equivalent basal dimensions (p =0.09-0.0001) when calculated on a cell by cell basis, as described in Section 2. Further statistical differences (p <0.05) and strong trends, designated by brackets (p <0.1), are indicated
by a superscript letter identifying the group (first column) to which that dimension differs, e.g. ‘A’ beside the height for the 5 min particle-only group indicates a significant difference from the morphology-control. All ‘derived’
values were calculated from the mean dimensions in this table, and therefore ranking rather than statistical testing was used.
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and one without (sham): for example, the group pre-treated on
ice for 15 min followed by particle exposure for 5 min, also on
ice (ice/particle-5) was compared to a sham group treated for
20 min with the temperature change only (ice/sham-5).

2.3.2. Cell dimensions

Epithelial layers were fixed in 3% glutaraldehyde for a minimum
of 20 min, mounted on to coded microscope slides with Vectashield
containing propidium iodide (Vector Laboratories Ltd.) and sealed
around the edges. Cell dimensions were measured by confocal
microscopy, as described previously (Moyes et al., 2008), for the
ATCC particle-only Caco-2 cells, ethanol and temperature pretreat-
ment groups and the ECACC particle-only Caco-2 cells (previously
published data, Moyes et al., 2008). These dimensions included
cell height above and below the insert and also major and minor
widths, both apical and basal (n >27). ‘Derived’ dimensional data
were calculated from the measurements listed above: these were
percentage intercellular volume, total cell-cell boundary/single
crosswire and (for ATCC only) percentage of total epithelial height
below the insert.

A ‘morphology-control’ was used as a comparator for all pre-
treated and particle-only groups, since this group had only been
exposed to two TER readings 75 min apart, during which time the
cells remained in the 37°C incubator: this was the sham for the
relevant group exposed to particles for 60 min and its treatment
was designated as incubator/sham-60.

2.3.3. Estimation of numbers of sub-membranous particles

For ATCC groups, these included ‘lower well fluid’ and ‘wash’
counts: the former were the number of particles that had passed
through the epithelium and the latter, for samples collected most
recently, were those collected after washing the basal side of the
insert with PBS. Both samples for each well were individually cen-
trifuged and re-suspended in PBS, which was then mounted on to
coded microscope slides for counting, to give the total number of
sub-membranous particles. Similar, but not identical, methods of
counting lower well particles were previously used for the ECACC
samples to produce the data set out in Moyes et al. (2007a, 2008).

2.4. Experimental groups

2.4.1. Routine laboratory manipulation

2.4.1.1. Sequential-TER measurements, passage number and tran-
sient temperature exposure. Following an initial control/TER on day
21, further sequential measurements were taken every 15 min for
75 min in the cell culture hood. Between assays, cells were incu-
bated at 37°C (Table 1). Throughout experimental procedures,
records were intermittently made of hood temperature, which
was always between 21 and 24°C. Control/TER data were anal-
ysed statistically with respect to their Caco-2 passage number
and the exact hood temperature to which they were transiently
exposed during TER measurement. To explore possible effects of the
level of control/TER on subsequent treatment, changes following
particle exposure for 5 or 60 min were pooled from the five exper-
iments with the lowest mean control/TER and the five with the
highest.

2.4.1.2. Variable addition of medium. The effect of the apical addi-
tion of 1 wl of the culture medium to that already present on day 21
was explored, to compare this with the effect of adding the same
volume of microparticles (Table 1; n=4 independent experiments).
The nutrient-deprivation regime only omitted the final medium
change on day 20, all other parameters remained unchanged. Data
for comparison of standard and nutrient-deprivation schedules
were taken from 2 experiments (Table 1).

2.4.2. Addition of latex microparticles

Fluoresbrite® yellow-green latex particles in distilled water
(Polysciences Inc.) were added to the apical medium of relevant
inserts (1 wl; 2+0.1 um diameter; 5.68 x 106 particles/w.l). Plates
were then incubated at 37 °C for between 5 and 120 min ‘particle
times’.

2.4.3. Groups exposed to ethanol pretreatment

Following the measurement of an initial control/TER on day 21,
the existing culture medium was replaced in full with ATCC cul-
ture medium, warmed to 37 °C, containing 10% ethanol (v/v) for
60, 65 or 120 min (n>2 independent experiments). Those pre-
treated for 60 min were then exposed to particles for either 5 min
(ethanol/particle-5) or 60 min (ethanol/particle-60) and compared
with groups exposed to ethanol alone for 65 min (ethanol/sham-5)
or 120 min (ethanol/sham-60), respectively.

TER was measured after pretreatment for all groups (pretreat-
ment/TER) and after particle exposure (post-particle/TER).

2.4.4. Groups exposed to longer term variations in temperature

Following the measurement of an initial control/TER on day 21,
the cells were exposed to one of the following three temperatures
for 15, 20 or 75 min; to the normal temperature of the incubator at
37°C; to the temperature of the cell culture hood, at approximately
24°C; or to melting ice at 0°C in the cell culture hood. Those pre-
treated for 15 min were then exposed to particles for either 5 or
60 min and compared to their ‘sham’ equivalent. For example, those
maintained at 37°C for 15min, designated incubator/particle-5
or incubator/particle-60, were compared with groups exposed
to temperature alone for 20 min (incubator/sham-5) or 75 min
(incubator/sham-60), respectively. The incubator/sham-60 was
also termed the morphology-control.

TER was measured after temperature pretreatment for all
groups (pretreatment/TER) and after particle exposure (post-
particle/TER) where appropriate (n>two independent experi-
ments). Similar protocols were used for the other two pretreat-
ment temperatures. This produced hood/particle-5, ice/particle-
5, hood/particle-60, ice/particle-60, hood/sham-5, ice/sham-
5, hood/sham-60, and ice/sham-60 groups. There were also
TER values for incubator/pretreatment, hood/pretreatment and
ice/pretreatment, used as comparators for the relevant particle
exposed TER values.

2.4.5. Groups of Caco-2 cells from different sources

Caco-2 cells from ECACC (No. 86010202, passage 30-45)
were routinely cultured as for those from ATCC, but in Dul-
becco’s Modified Eagle’s Medium, supplemented with 10% FBS,
1% penicillin/streptomycin and 1% non-essential amino acids (all
Gibco®). ECACC cell membranes were stained with 3.5 pg/ml
FM1-43FX (Cambridge Bioscience) for 5min. The cell dimension
measurements were made in a group exposed to particles for
30 min (data previously published, n =8 independent experiments,
Moyes et al., 2008). Only particles in the lower well fluid were
counted.

2.5. Statistical analysis

ANOVA statistical analysis was carried out on all TER and cell
dimension data and Mann Whitney U analysis on particle counts.
The results of data comparisons included in the text are either sig-
nificantly different (p < 0.05) or show strong trends (p <0.1). Linear
regression analysis was used to explore the possible relationships
between TER, passage number and the temperature in the hood at
which the TER was measured.
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Control/TER, particle effects, passage number and culture hood temperature.

11

Mean control/TER + SEM (2 cm?) Delta TER change from relevant control/TER for 5 or 60 min samples Passage Temperature (°C)
for data pool of all untreated number

samples for each experiment 5 min 60 min

514 + 14 143 £ 15 59 +18 27 21.9
359 £ 12 85+9 -6+3 28 23.5
413 £+ 06 115+ 6 7+£7 29 23.0
657 + 07 119+ 14 74 + 14 29 23.0
425 + 12 141 + 32 93+9 31 23.5
540 + 07 98 +9 -9+3 32 233
543 + 14 138 £ 19 92 +7 32 223
357 + 03 113 +£ 10 45+ 3 33 24.0
397 £ 04 169 + 4 15+ 24 34 21.0
381 + 16 152 + 8 -60 £ 11 35 24.0
516 + 117 188 + 15 138 £ 10 36 23.2
365 + 09 139 + 16 35+ 14 36 24.0
723 £ 25 207 £ 14 120 + 18 36 24.0
328 £ 09 75 £ 10 31+8 38 235
532 +23 144 + 5 50+ 8 38 24.8
416 £+ 07 174 +£ 22 2410 39 22.0
387 £ 09 125 + 14 55+ 13 39 22.7
395 + 10° 244 + 12 182+ 9 39 23.5
541 + 22 156 + 17 -3+12 39 244
351 + 60 167 £ 15 126 £+ 51 42 23.5
540 + 12 182 + 22 84+ 19 42 24.5
457 + 23 Particle-only mean control/TER for all 21 experiments

535 £+ 20 Morphology-control mean control/TER from data subsets of “*’ above experiments

The mean control/TER, taken on day 21 of Caco-2 culture, and subsequent post-particle/TER data are displayed, for all experiments included in this paper, in order of passage
number, regardless of the date at which the experiment took place. Delta TER change is calculated from the individual control/TER values, for either the 5 or 60 min particle

exposure inserts, on a sample-by-sample basis. While their control/TER values are included in the whole particle-only pool for the experiment (column 1) they may vary

from the calculated mean.
2.6. Ranking of derived values for ATCC cell dimensions

No statistical analysis was possible for data that were calculated
from a single mean value, such as the derived dimensions described
above (Section 2.3.2): comparisons were made of these by ranking
the values.

2.7. Establishment of criteria for quality control and sample
selection

Only wells with control/TER on day 21 of at least 70 2 higher
than that of TER; s,y Were considered confluent. Experiments were
also only included if the relevant particle-only groups showed a
marked TER increase, implying TJ closing, 5 min after microparticle
addition. After noting the possible causes of errors in the pilot data,
steps were taken to avoid these. For example, during experiments,
two individuals were involved in the recording and checking of TER
measurements. In order to identify signs of cell death, the epithelial
layers were assessed for damage. Samples exhibiting holes were
removed and their related data discounted.

3. Results

All results were for ATCC Caco-2 cells, apart from previously
published data from ECACC Caco-2 cells (Moyes et al.,2007a, 2008).
Confocal microscopy showed that cells from all ATCC groups had
no multilayering above the insert membrane, but some cellular
material within and below its pores, detailed below as sub-insert
epithelium. For every ATCC group, the columnar nature of the
epithelium was confirmed by height being significantly greater
than apical dimensions (p=0.0001; Table 2): the latter were
significantly greater than the basal measurements (p=0.0001),
demonstrating the presence of a basal intercellular space. The
apex and base of the cells were polygonal, with one width mea-
surement always significantly greater than the other (p=0.0001;
Table 2).

3.1. ATCC controls

3.1.1. Control/TER values

The mean control/TER value, measured on day 21 of Caco-2
culture for 21 independent experiments, was 457 +23 Q cm? and
varied across experiments with a range of 328-723 Q cm? (Table 3).
The TER quality control procedures led to fewer than 5% of the total
samples collected being discarded. The mean control/TER value
for the morphology-control groups was 535 + 20 £ cm?, above the
mean but within the range.

3.1.2. Morphology-control group dimensions

The morphology-control group cells were 27.2 wm high above
the insert, 14.7 wm by 8.7 wm wide apically and 10.1 wm by 7.1 pm
basally (Table 2). The length of apical cell-cell boundary per cross-
wire of 10.5 x 106 was one of the highest for groups unexposed
to particles. This group was also among the lowest of the rank-
ings, both for intercellular space deep to the apical junctions
between adjacent cells (23.2% of epithelial volume) and for sub-
insert epithelium (6.5% of total epithelial height).

3.2. Exposure of ATCC cells to routine laboratory manipulations,
medium or particles

3.2.1. Routine laboratory manipulation effects on TER

Linear regression statistical analysis suggested that, whereas a
higher passage number decreased the TER from the initial con-
trol/TER value (p = 0.0001, Table 3), transient exposure to the lower
temperature of the culture hood during the latter measurement
had no apparent effect: these were not obvious when graphical
techniques were used (data not shown). When control/TER was
measured at hood temperature (23.5 °C for both experiments) then
the samples returned to the incubator, there was a significant delta
increase when the TER was measured again 15 min later (incu-
bator/pretreatment group, p=0.0001; Fig. 1a): this increase was
maintained on sequential measurements every 15 min for 75 min.
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Fig. 1. (a) Second and subsequent TER measurements are raised. Mean & SEM of control/TER for the ATCC sequential-TER effect group is shown at 0 min time-point and after
sequential 37 °C incubations and re-measurement. *** shows significant increases from control/TER (p=0.0001). Data are from 12 inserts over 2 experiments. (b) Particle
exposure increase/decrease TER response. Cells from all particle-only groups, for all 21 ATCC experiments, were exposed to particles for 5-120 min. Significant differences
(p <0.05) are as follows; ‘#’ indicates a significant difference from control/TER, ‘5’, ‘30’ and ‘60’ a difference from the 5, 30 or 60 min particle exposure time. Data are from 12
to 97 inserts over 2 to 21 experiments. (c) Control/TER level affects the amplitude of the ATCC increase/decrease particle response. Significant differences are as outlined in
(b) and ‘Lower’ above the individual histogram bars signifies a significant difference to changes for 5 and 60 min particle exposure times seen for cells with lower control/TER
values. Data are from 20 to 22 inserts over 5 experiments. (d) ATCC particle-only group particle counts increase with exposure time. Statistical differences (p <0.05) and
strong trends (p <0.1), indicated by brackets, are as follows; ‘T 5’ above a histogram bar signifies a difference from 5 min total sub-membranous particle counts, ‘5’, ‘30’ and
‘60’ located within the bars show a difference from the lower well fluid particle counts at those time-points and ‘W’ a difference between lower well fluid and wash numbers.

Data are from 6 to 21 inserts over 2 to 5 experiments.

For the nutrient-deprivation groups the mean control/TER value
was 481+ 18 Qcm?, higher than the control/TER value for the
standard-fed groups of 385 + 7 2 cm?2 (p =0.0001). The range of the
TER values for the nutrient-deprived groups was 201-906 2 cm?
which was also larger than that for the standard-fed groups, namely
231-517 Qcm?.

3.2.2. Particle addition effects on TER

The ATCC particle-only group showed a large significant
increase in TER delta after a 5min particle exposure to 2 um
particles (p=0.0001, Fig. 1b), followed by a significant relative
TER decrease with increasing exposure time (p=0.0001-0.02 for
30-120 min, respectively). This TER ‘increase/decrease’ pattern was
typical of all data subsets and represented a TJ closing and reopen-
ing. When 1 pl of medium alone, as a microparticle control, was
added to standard-fed ATCC Caco-2 cells, the TER was increased at
all time-points by comparison with the control/TER (p = 0.01-0.001,
data not shown).

TER increased to a greater extent 5 or 60 min after particle expo-
sure in epithelial layers with a higher initial control/TER (p = 0.05 for
5min and 0.02 for 60 min; Table 3; Fig. 1c), although both showed
the same increase/decrease pattern of responses. Nutrient depri-
vation delayed the maximum response to microparticle addition

from 5 to 30 min (data not shown) and increased the variability of
the responses when compared to the relevant particle-only group
(data not shown).

3.2.3. Particle addition effects on cell dimensions and particle
uptake

For all groups, confocal microscope Z-stack images showed
that particles were either on the epithelial surface or within the
epithelial layer, although typically resolution was not sufficient to
determine whether particles were within or between cells. How-
ever, as damaged epithelial samples were excluded, particles were
not merely passing through discontinuities (data not shown). By
comparison with the morphology-control group, particle-only cells
5 and 60min after particle addition were taller (p=0.08-0.03),
larger apically (p=0.05-0.0001) and basally (p =0.08-0.0005) and
had less cell-cell boundary at the later time-point (Table 2). The
small amount of sub-insert epithelium in the morphology-control
group (6.5% of total epithelial height) was little changed after par-
ticle addition (4.1 and 7.1% for 5 and 60 min, respectively).

The total number of sub-membranous particles increased with
particle exposure time (Fig. 1d), with significantly more in the lower
well than in the wash fluid (p=0.008-0.1) at 90 and 120 min.
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Table 4
Ethanol pretreatment (yellow dashed boxes) and particle exposure (green bold boxes) effects on TER.
Treatment Experimental timeline (minutes from control/TER) Delta changes
with TER values (©-cm’) in TER (©-cm’)
Particle
Ethanol
Comtrol TER) (1§ c 60 | 65 120 | effect cf ghiectet
Omins control TER pretreatment/
TER
ATCC particle-only
IR 596 213
Particle/only-5 191 118 £17
I +12 500 102
Particle/only-60 30 41
Ethanol exposure e
cocooo
Ethanol/sham-5 f% él; : _________ i ;_(l) : ;;g
: 368 1 12 P
Ethanol/sham-60 Ry £14 pretreal 4 13
r _____________ >
: 309 ; 80
Ethanol/particle-5 345 ! 255 | +19 # 8o 18"
+ 13 +16 151 +19 -131
ticle- }
Ethanol/particle-60 e £10 £15

Mean TER + standard error of the mean (SEM) from 3 independent experiments, before and after treatment with 10% ethanol in culture
medium and particle exposure. All cells were maintained in the incubator for the duration of the experimental treatment, with the
exception of TER measurements which were carried out in the sterile cell culture hood and typically took around 2.5 min. Delta changes
in TER were calculated on a sample-by-sample basis and therefore may differ from direct subtraction of pooled mean control/TER
and pretreatment/TER values. Significant differences (p <0.05) are as follows; ‘#' is a change from control/TER and ‘pretreat’ and
‘sham-5’ a change from the 60 min pretreatment effect or the ethanol/sham-5 group. Time equivalence comparisons were calculated
for ethanol/particle-5 as the [particle effect (blue zigzag box) — ethanol effect (blue zigzag box)]. The same calculation was carried out
for the ethanol/particle-60 group using data in the grey triple-outlined boxes.

3.3. Exposure of ATCC Caco-2 cells to pretreatment and/or
particles

3.3.1. Ethanol and/or particles

3.3.1.1. Effect of sham treatment. The TER was significantly lower
(p=0.0001; Table 4) than the control/TER after exposure to 10%
ethanol, for 60 min (ethanol/pretreatment), 65 min (ethanol/sham-
5) and 120 min (ethanol/sham-60), with the longest incubation
time increasing the effect (p =0.0001). Ethanol exposure for 65 min
in the ethanol/sham-5 group tended to shorten the cells and made
them significantly wider apically (p =0.006, Table 2): it also led to
more intercellular space and less cell-cell boundary. After 120 min
treatment in the ethanol/sham-60 group, the cells were still signif-
icantly wider apically (p =0.006, Table 2), but to a lesser extent than
in the earlier group (p=0.006, Table 2).

3.3.1.2. Combined effect of ethanol and particles. For the combined
effect at the end of treatment with ethanol followed by par-
ticle exposure, there was no increase from control/TER in the
ethanol/particle-5 group, unlike the ATCC particle-only group
(p=0.0001; Table 4; Fig. 2a): instead the ethanol/particle-60 group
had a significant TER delta decrease (p=0.0001). The cells in both
groups were significantly shorter, narrower basally and had more
intercellular space than the corresponding particle-only group
(Table 2).

3.3.1.3. Time equivalence comparison. The time equivalence com-
parison of ethanol/particle with their sham groups, calculated from
Table 4, showed that ethanol pretreatment markedly diminished
the post-particle TER increase seen with the particle-only group at
both 5 and 60 min (p=0.01).

Cells exposed to particles and/or the extended pretreatment
with ethanol generally had similar heights and widths (Table 2).
The total number of particles passing through the epithelium for
samples pre-treated with ethanol and then exposed to particles

was significantly higher than for the ATCC particle-only group at
both 5 and 60 min time-points (Fig. 2b).

3.3.2. Longer term temperature variation and/or particles

3.3.2.1. Effect of sham treatment. As previously mentioned for cells
maintained in the incubator (Section 3.2.1; Fig. 1a), a second TER
reading was higher than one taken 15 min earlier (control/TER).
This also occurred for the incubator/sham-5 value after 20 min
(p=0.0001, Table 5), whereas after 75 min the incubator/sham-60
value returned to control/TER level. The corresponding changes
from control/TER for hood/pretreatment and ice/pretreatment
were more marked (p=0.0001 for both, Table 5). There was a near
linear correlation between time and temperature-induced percent-
age TER change from control/TER, calculated from Table 5. When
compared to the morphology-control (incubator/sham-60), the
incubator/sham-5 group had similar dimensions, but cooler tem-
peratures produced fewer changes than ethanol, although there
were some differences in apical and basal widths (Table 2). How-
ever, the amount of sub-insert epithelium appeared higher for the
hood/sham-5 group (18.5% of the total epithelial height) than for
other sham groups.

3.3.2.2. Combined effect of temperature and particles. The combined
TER effect of both incubator pretreatment and particle exposure
at the end of the experiment (Table 5), was similar to that of
the particle-only cells, namely the typical increase/decrease TER
response. Hood or ice pretreatment, however, led to a higher 5 min
increase (p=0.0001 for both), with an even further increase after
60 min compared to its particle-only group or the incubator pre-
treatment (p=0.0001 for both).

For cell dimensions in groups with combined treatments,
the ice/particle-5 and ice/particle-60 cells (Table 2) were sig-
nificantly shorter above the insert and narrower than those
in the particle-only group, but only the shorter exposure time
increased the cell-cell boundary. Pretreatment at incubator or hood
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Fig. 2. (a) Combined ethanol/particle treatment lowers TER, cf. to the particle-only group. Zero line data are control/TER. Significant differences (p < 0.05) are illustrated as ‘#’
for a change from control/TER and ‘5’ or ‘60’ a change from the ATCC particle-only group at those particle exposure times. Data are from 7 to 9 inserts over 3 experiments. (b)
Ethanol/particle groups allow more particles through than particle-only groups. Significant differences are given as in (a). ‘LWF' is lower well fluid. Data are from 6 inserts over
2 experiments. (c) Temperature/particle vs. temperature/sham (time equivalence) shows an unusual initial TER decrease for ice. Zero line data are time equivalence sham
values. Pretreatment time equivalence calculation took into account the continued temperature effect occurring during the particle incubation period. Significant differences
(p <0.05) or strong trends (p < 0.1), indicated by brackets, are illustrated as **’ for a change from its sham group. (d) Sub-membranous particle counts are unchanged by low

temperatures. LWF is lower well fluid. Statistical differences are given as significant differences (p <0.05) and strong trends (p <0.1).

temperatures brought fewer changes to cell shape. However, 5 min
particle exposure appeared to increase the amount of epithelium
below the insert from 4.2% of the total epithelial height for the
particle-only group to 15.5 and 12.3%, respectively, for hood and
ice groups.

3.3.2.3. Time equivalence comparison. Time equivalence compar-
isons of temperature/particle groups with their sham groups
(Table 5; Fig. 2c) showed that long-term cell cooling increasingly
altered the 5min particle effect from a TER increase for incu-
bator and hood groups to a TER decrease for ice. However, the
60 min particle effect was not significantly different from the con-
trol/TER level, irrespective of the direction or extent of its earlier
change. Both ice/particle groups had similar dimensions to the
corresponding ice/sham cells (Table 2). The groups exposed to par-
ticles after hood and incubator temperature pretreatments showed
some significant increases in dimensions by comparison to their
sham groups, but were less high only for the hood/particle-5 group,
whereas the incubator/particle-5 group had less intercellular vol-
ume than its incubator/sham-5 group. The incubator/particle-60
group had less cell-cell boundary thanits incubator/sham-60 group
but a higher proportion of epithelium below the insert (16.1% of

the total epithelial height compared to 6.5%, respectively). The
hood/particle-60 group had a very low proportion of epithelium
below the insert (3%) by comparison with the hood/sham-60
(12.8%).

The number of particles that passed into the sub-membranous
compartment was usually significantly greater at 60 than at 5 min,
but there was no change from the corresponding ATCC particle-
only group for any of the temperature pretreatment groups or times
(Fig. 2d).

3.4. Comparison of Caco-2 cells from different sources

Key results for ATCC particle-only groups for TER and cell dimen-
sions respectively have been summarised in Tables 2, 4 and 5. For
ECACC cells, the data on TER, particle count and cell dimensions
have been previously published (Moyes et al., 2007a, 2008) and
were included here only for comparison with those of the ATCC
particle-only group.

The mean control/TER value for ECACC Caco-2 cells was
993 +36 Q2 cm?, with a range of 302-3041 Q cm? (Moyes et al.,
2007a). This was significantly higher than the ATCC cells (p = 0.002,
Section 3.1.1). Although cells from both sources started from very
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Table 5
Temperature pretreatment (yellow dashed boxes) and particle exposure (green bold boxes) effects on TER.
Treatment Experimental timeline (minutes from control/TER) Delta changes in TER
with TER values (Q-cmz) (ﬂ-cmz)
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Mean TER =+ standard error of the mean (SEM) from 2-3 independent experiments, before and after temperature treatment
and particle exposure. Longer term hood temperature groups exposed cells to this lower temperature for considerably longer
than for a standard TER measurement which was typically around 2.5 min. Delta changes in TER were calculated on a sample-
by-sample basis and therefore may differ from direct subtraction of pooled mean control/TER and pretreatment/TER values.
Significant differences (p <0.05) are as follows; ‘#’ shows a change from control/TER, ‘{" a change from pretreatment/TER,
‘inc’ and ‘hood’ a change from the incubator or hood temperature pretreatment at the same exposure time and ‘pretreat’ a
change from the 15 min pretreatment effect. Time equivalence comparisons were calculated for all temperature groups, i.e.
incubator/particle-5 as the [particle effect (blue zigzag box) — incubator/sham effect (blue zigzag box)]. The same calculation
was carried out for the incubator/particle-60 group using data in the grey triple-outlined boxes.

different control/TER levels, both showed an increase/decrease TER
response. However, by 60 min the ECACC cells showed a delta
decrease, where the TER dropped below the original control/TER,
making it significantly different from the ATCC particle/only-60
group (p=0.007). At later time-points the range of TER change was
larger in ECACC Caco-2 cells (Moyes et al., 2007a).

Confocal microscopy of ECACC Caco-2 cells showed that, 30 min
after particle administrations, they were similar to their ATCC
comparators with respect to lack of multilayering and the posi-
tioning of cellular material (Fig. 3). Cell dimensions for ATCC
particle-only cells after 5 and 60 min were similar (Table 2) and
the height and apical dimensions of the ECACC cells were smaller
than those for the ATCC particle-only group at both time-points
(p=0.004-0.0001; Fig. 3). By comparison to all ATCC groups the
ECACC percentage intercellular space was very low (4.7%), whereas
the cell-cell/crosswire boundary (10.4 x 106) was high.

A complete comparison of ECACC and ATCC sub-membranous
particle numbers was not possible because of the lack of wash par-
ticle samplesin the former treatment group, since the methodology
was still being developed.

4. Discussion

The current paper explores further the effects on Caco-2 cells of
variations in an experimental protocol, in this case microparticle
addition (Moyes et al., 2007a, 2008). The discussion is in two sec-
tions: comments on the model itself and effects of pretreatment on
particle uptake.

The effects of laboratory manipulation on TER described here
confirm the variations across laboratories, with passage number
and temperature (Delie and Rubas, 1997; Sambuy et al., 2005;
Hughes et al., 2007; Volpe, 2008). The level of TER could also be
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Fig. 3. Particle-laden ECACC cells are smaller than ATCC cells. Representative con-
focal images to illustrate ATCC and ECACC Caco-2 cells stained red with propidium
iodide or FM1-43 FX, respectively. The ATCC particle-only group was exposed to
particles for 60 min (a and b) and the ECACC model exposed for 30 min (c and d).
(a and c) Intercellular junctions can be seen as polygonal outlines in this transverse
plane and particles are visible within the epithelium. (d) A particle is visible below
the epithelium and insert membrane. The Z plane views (b and d) are compiled from
a minimum of 57 sequential images 0.85 wm apart. Schematics of ATCC cell dimen-
sions were based on data from Table 2, which also shows statistical differences,
whereas those for ECACC were taken from Moyes et al. (2008). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

related to the influence of the medium (Ranaldi et al., 2003), since
the current data confirm that addition of a volume of medium sim-
ilar to that of the particle suspension increases the TER (Moyes et
al., 2007a). ATCC monolayers have a lower control/TER value than
ECACC monolayers, in keeping with reported variations in cells
from different sources (Delie and Rubas, 1997). The smaller ECACC
apical width may contribute to their higher control/TER, as this
would imply more cells/unit area and therefore more T] regions.

The fact that TER is so affected by these factors dictates the use
of standard laboratory and recording techniques and the exclusion
of samples whose data do not meet defined criteria, such as those
with low control/TER values or those lacking the increase/decrease
pattern response to particle addition. Furthermore, the impact
of temperature and sequential-TER recording suggests that the
number of TER measurements should be minimised, their timing
planned, and their values considered critically. The results show
that variations in Caco-2 cell culture conditions affect epithelial TJ
permeability as measured by TER, thus validating the first hypoth-
esis of this study.

Control/TER values from readings for confluent ATCC Caco-2
cells are within the range of literature values (Delie and Rubas,
1997) and provide an adequate comparator for other treatment
groups. They also influence the extent of the particle-induced TER
change, but do not alter the increase/decrease response pattern.

However, of the 50% increase in TER recorded 5 min after particle
exposure, up to half may be due to the ‘cooling and sequential-
TER effect’. The lack of agreement between this particle-induced
increase/decrease pattern and the unchanged TER reported by
McClean et al. (1998) is probably due to differences in the type
of particle and electrophysiological technique. The current results
show that Caco-2 cell source affects epithelial TJ] permeability as
measured by TER, which further addresses the first hypothesis. This
increase/decrease pattern confirms earlier results on ECACC cells
(Moyes et al., 2007a, 2008), although the ATCC increase is higher
and the subsequent decrease is less marked.

The height of the columnar epithelium of the morphology-
control group is 27.2wm, within the literature range of
17.5-29.6 um for Caco-2 cells in vitro (Hidalgo et al., 1989;
van't Hof and van Meer, 1990; Nicklin et al., 1992) and of
25-29.6 pm for in vivo human enterocytes (Delie and Rubas, 1997).
The apical dimensions of 14.7 wum x 8.7 wm are smaller than the
18.95wm x 11.78 wm quoted by des Rieux et al. (2005) and the
36.3 wm x 19.8 wm of cells on cover-slips (de Carvalho et al., 2006).
The fact that these dimensions are so near to literature values and
that only a very few samples are rejected on the basis of the pres-
ence of holes in the epithelial layer, implies that the viability of the
sheet is not compromised. However, this could be explored further
with the use of tests specifically designed to identify apoptosis or
necrosis (Galluzzi et al., 2009).

The increase in cell size on addition of particles is a new finding.
Dimensional changes could be caused by the presence of parti-
cles, by T] changes producing cellular effects separate from their
gate/fence roles (Matter et al., 2005) or by changes in the cytoskele-
ton via its association with T] proteins (Madara, 1987; Aijaz et al.,
2006). The changes in cell dimensions may take longer than TER
to return to normal: these differences in timing could be explored
further by identifying the changes in T] and adhesion proteins using
immunocytochemistry. This technique displays the network of pro-
teins associated with these apicolateral membrane specialisations
and how they are disrupted after some treatments (Ma et al., 1999;
de Carvalho et al., 2006; Musch et al., 2006). The more detailed
information given here on sub-insert epithelial dimensions are
similar to those for ECACC cells (Moyes et al., 2007a). This small
amount of sub-insert material shows that the particle-induced
height increase above the insert is not just due to a redistribution
of cellular volume through the pores.

With respect to uptake through to the lower well for particle-
only groups, analysis of ratios of particle numbers shows that the
rapid early uptake in the first 5min is not maintained; there are
4-5 times as many particles at 60 min as at 5 min, but if the pro-
cess are strictly time-dependent the ratio would be 12/1. Although
uptake of latex microparticles is similar in the Caco-2 model and in
the in vivo, in situ rodent small intestine (Moyes et al., 2007a), the
continuing increase in particle numbers at 60 min in vitro cannot
be directly comparable to changes in vivo, since there is no onward
movement as there is inintestinal tissue (Hodges et al., 1995; Smyth
et al., 2008).

The second major point for discussion relates to the effects of
pretreatments, which can be used to predict how the particle-only
response might be affected by them. The ethanol-induced changes,
which include looser TJs, apical spreading and larger intercellu-
lar spaces, all predict more particle uptake. The small amount of
sub-insert epithelium confirms that the total epithelial height is
genuinely thinned by the ethanol and not redistributed through
the pores. The TJ loosening is possibly due to separation of the ZO-
1 protein from the cellular junctions, forming intercellular gaps (Ma
et al., 1999). Although this is, as mentioned above, not likely to be
associated with major cell loss, application of cell viability tech-
niques to samples from all groups would allow further information
on this to be collected. The apical spreading and lower epithelium
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could be due to ethanol-induced cytoskeletal changes, such as
disruption of perijunctional actin and myosin filaments through
activation of myosin light chain kinase (Ma et al., 1999), dysfunc-
tion of NF-kappaB input to the F-actin assembly (Banan et al., 2007)
and changes in arrangement of microtubules (Joseph et al., 2008).
These tie into the roles of TJs in wider aspects of cell behaviour
(Aijaz et al., 2006). Chronic ethanol intake affects rodent intesti-
nal absorption (Kaur et al., 1993), with toxic compounds crossing
into deeper tissues (Bjarnason et al., 1984). The ethanol pretreat-
ment effect on TER is relevant to these in vivo considerations. It is
also relevant with respect to its use as a vehicle, for example for
reproductive hormones, where the lower concentrations needed
to dissolve estrodiol and progesterone still decrease TER of Caco-2
cells after exposure for 21 days (Moyes et al., 2007b).

Maintenance of the cells at different temperatures produces a
range of outcomes, as already reported for physiologically relevant
temperatures above 37 °C, suggesting a T] opening (Dokladny et al.,
2006). However, exposing cells to lower temperatures, as seen here,
produces TER and dimensional changes which may counteract each
other. These higher TERs confirm those for Caco-2 cells moved from
the incubator to a cooler sham treatment room (Moyes et al., 2008)
and are in line with the response of chilled canine kidney (MDCK)
cells, attributed to the changing ionic conductivity of the culture
medium (Armitage et al., 1994). The TER increase, predisposing to
less particle uptake, is counteracted by a trend to smaller basal
dimensions: the reduced uptake predicted by the high TER will only
take place if it is the only important parameter.

In summary, the second hypothesis is supported, since Caco-2
TERs are respectively decreased or increased by exposure to ethanol
or lower ambient temperatures. However, the third hypothesis is
only partially supported, since Caco-2 cell dimensions, which may
influence permeability, are affected by ethanol but less so by varia-
tions in temperature. When the combined effects of pretreatment
and particles are considered, the above predictions can be com-
pared against actual particle numbers.

As predicted, ethanol-induced total particle uptake is signifi-
cantly larger than that of particle-only groups, being nearly 200
times higher after 5min. However the ethanol-induced increase
shows less clearly than the particle-only groups the pattern of
a high immediate rate diminishing with time, implying that the
opened TJs and associated dimensional changes allow such an
early increase in uptake that it cannot continue to rise. The
ethanol-induced TJ opening is more important in the combined
response than any effect of particle addition because the com-
bined ethanol/particle TER is not different from the sham value
at both time-points, implying that ethanol opens TJs substantially
and the added particles merely use this already opened route. This
TJ opening, with possible disruption of ZO-1 protein and perijunc-
tional actin and myosin (Ma et al., 1999) probably contributes to
the greatly increased number of sub-membranous particles: fur-
ther work using immunocytochemical techniques would be useful
here.

All the changes in cell dimensions with ethanol treatment also
contribute to the increase in particle uptake and there are few
differences between pretreatment/particle groups and the corre-
sponding sham values, confirming the conclusions from the TER
results that ethanol is more important than particle addition in
producing the final combined effect.

With respect to other treatments that increase particle uptake,
the ethanol-induced increase in lower well particle numbers is in
the same range as that for irradiated ECACC Caco-2 cells, despite the
fact that pretreatment and particle times differ (Moyes et al., 2008).
The dimensional changes are also broadly similar, although there
are some differences in width and intercellular space. The possible
mechanistic differences could be explored further by investigation
of the changes in junctional proteins.

The situation for temperature/particle-related changes is less
straightforward than that for ethanol, since the high TER caused
by cooling is not matched by clear evidence of low particle uptake,
although the ice-treated group does have the smallest increase in
particle numbers from 5 to 60 min of all of the groups. For cell
dimensions, apical and basal parameters appear to act on parti-
cle uptake in opposite directions, apart from the hood/particle-60
group, where both would reduce uptake. The one parameter consis-
tently facilitating increased uptake and therefore counterbalancing
the increased TER is cell height, where there is no change after pre-
treatment at lower temperatures, but a continuing decrease in all
cooled particle groups. It may be relevant that pretreatment times
used here and taken from the literature are different for tempera-
ture (Armitage etal., 1994) and ethanol (Maetal., 1999): the shorter
pretreatment time for temperature groups possibly does not allow
dimensional changes to develop fully and reduced uptake could be
produced by longer cooling. For now, the prediction that fewer par-
ticles would be taken up at lower temperatures is not met, implying
that TER is not the sole important factor: the final outcome is a
balance between decreased particle uptake due to higher TER and
increased uptake due to the lower height of the epithelium.

The results for pretreatment with ethanol and temperature vari-
ation provide some insight into the changes after particle addition.
From the TER increase associated with low temperature, it could
be deduced that the initial increase after particle addition might be
related to the transient cooling it produces. On the other hand, the
subsequent TER particle-induced decrease and associated increase
particle uptake may have a TJ-related mechanism similar to that
produced by ethanol.

Control of particle uptake is therefore multi-factorial, with
TER, epithelial height and intercellular spaces all important, thus
addressing and supporting the last hypothesis. The demonstration
of the significance of laboratory microenvironment, including the
sequential-TER measurements and temperature effect, also high-
lights the importance of taking such factors into account when
estimating the true effects of an experimental treatment such as
the exposure to ethanol or external irradiation.

Acknowledgements

We are grateful to the Department of Health’s Radiation Pro-
tection Research Program for financial support. The authors would
also like to thank the following people; Professor Dame K. E. Davies
for the use of cell culture facilities; Dr S. H. Smyth and Ms R. Moran
for help with establishing the model and the University of Oxford’s
Department of Statistics.

References

Aijaz, S., Balda, M.S., Matter, K., 2006. Tight junctions: molecular architecture and
function. Int. Rev. Cytol. 248, 261-298.

Armitage, WJJ., Juss, B.K,, Easty, D.L., 1994. Response of epithelial (MDCK) cell junc-
tions to calcium removal and osmotic stress is influenced by temperature.
Cryobiology 31, 453-460.

Artursson, P., Palm, K., Luthman, K., 2001. Caco-2 monolayers in experimental and
theoretical predictions of drug transport. Adv. Drug Deliv. Rev. 46, 27-43.

Banan, A., Keshavarzian, A., Zhang, L., Shaikh, M., Forsyth, C.B., Tang, Y., Fields, J.Z.,
2007. NF-kappaB activation as a key mechanism in ethanol-induced disrup-
tion of the F-actin cytoskeleton and monolayer barrier integrity in intestinal
epithelium. Alcohol 41, 447-460.

Bjarnason, I, Peters, T.J., Wise, R.J., 1984. The leaky gut of alcoholism: possible route
of entry for toxic compounds. Lancet 1, 179-182.

de Carvalho, AD., de Souza, W., Morgado-Diaz, ].A., 2006. Morphological and
molecular alterations at the junctional complex in irradiated human colon ade-
nocarcinoma cells, Caco-2. Int. ]. Radiat. Biol. 82, 658-668.

Delie, F., Rubas, W., 1997. A human colonic cell line sharing similarities with entero-
cytes as a model to examine oral absorption: advantages and limitations of the
Caco-2 model. Crit. Rev. Therap. Drug Carrier Syst. 14, 221-286.

Delie, F., 1998. Evaluation of nano- and microparticle uptake by the gastrointestinal
tract. Adv. Drug Deliv. Rev. 34, 221-233.



18 S.M. Moyes et al. / International Journal of Pharmaceutics 387 (2010) 7-18

des Rieux, A., Ragnarsson, E.G., Gullberg, E., Preat, V., Schneider, Y., Artursson, P.,
2005. Transport of nanoparticles across an in vitro model of the human intestinal
follicle associated epithelium. Eur. J. Pharm. Sci. 25, 455-465.

Dokladny, K., Moseley, P.L., Ma, T.Y., 2006. Physiologically relevant increase in tem-
perature causes an increase in intestinal epithelial tight junction permeability.
Am. J. Physiol. Gastrointest. Liver Physiol. 290, G204-G212.

Florence, A.T., Hillery, A.M., Hussain, N., Jani, P., 1995. Nanoparticles as carriers for
oral peptide absorption: studies on particle uptake and fate. J. Control. Rel. 36,
39-46.

Florence, A.T.,Hussain, N.,2001. Transcytosis of nanoparticle and dendrimer delivery
systems: evolving vistas. Adv. Drug Deliv. Rev. 50 (1), S69-S89.

Galluzzi, L., Aaronson, S.A., Abrams, J., Alnemri, E.S., Andrews, D.W., Baehrecke, E.H.,
Bazan, N.G., Blagosklonny, M.V., Blomgren, K., Borner, C., Bredesen, D.E., Bren-
ner, C., Castedo, M., Cidlowski, J.A., Ciechanover, A., Cohen, G.M., De Laurenzi, V.,
De Maria, R., Deshmukh, M., Dynlacht, B.D., El-Deiry, W.S., Flavell, R.A., Fulda, S.,
Garrido, C., Golstein, P., Gougeon, M.L., Green, D.R., Gronemeyer, H., Hajnoczky,
G., Hardwick, J.M., Hengartner, M.O., Ichijo, H., Jaattela, M., Kepp, O., Kimchi,
A., Klionsky, D.J., Knight, R.A., Kornbluth, S., Kumar, S., Levine, B., Lipton, S.A.,
Lugli, E., Madeo, F., Malorni, W., Marine, ].C., Martin, S.J., Medema, ].P., Mehlen,
P., Melino, G., Moll, U.M., Morselli, E., Nagata, S., Nicholson, D.W., Nicotera, P.,
Nunez, G., Oren, M., Penninger, ]., Pervaiz, S., Peter, M.E., Piacentini, M., Prehn,
J.H.M., Puthalakath, H., Rabinovich, G.A,, Rizzuto, R., Rodrigues, C.M.P., Rubin-
sztein, D.C., Rudel, T., Scorrano, L., Simon, H.U,, Steller, H., Tschopp, J., Tsujimoto,
Y., Vandenabeele, P., Vitale, 1., Vousden, K.H., Youle, R.J., Yuan, ]., Zhivotovsky,
B., Kroemer, G., 2009. Guidelines for the use and interpretation of assays for
monitoring cell death in higher eukaryotes. Cell Death Differ. 16, 1093-1107.

Hidalgo, I.J.,Raub, T.J., Borchardt, R.T., 1989. Characterization of the human colon car-
cinoma cell line (Caco-2) as amodel system for intestinal epithelial permeability.
Gastroenterology 96, 736-749.

Hidalgo, 1]., 1996. Cultured intestinal epithelial cell models. Pharm. Biotechnol. 8,
35-50.

Hodges, G.M., Carr, E.A., Hazzard, RA., Carr, K.EE., 1995. Uptake and translocation
of microparticles in small intestine. Morphology and quantification of particle
distribution. Dig. Dis. Sci. 40, 967-975.

Hodgson, A., Scott, J.E., Fell, T.P., Harrison, J.D., 2005. Doses from the consumption of
Cardiff Bay flounder containing organically bound tritium. J. Radiol. Protect. 25,
149-159.

Hughes, P., Marshall, D., Reid, Y., Parkes, H., Gelber, C., 2007. The costs of using
unauthenticated, over-passaged cell lines: how much more data do we need?
Biotechniques 43, 575, 577-578, 581-582, passim.

Johnson, D., Mayers, 1., 2001. Multiple organ dysfunction syndrome: a narrative
review. Can. J. Anaesth. 48, 502-509.

Joseph, R.A,, Shepard, B.D., Kannarkat, G.T., Rutledge, T.M., Tuma, D.J., Tuma, P.L.,
2008. Microtubule acetylation and stability may explain alcohol-induced alter-
ations in hepatic protein trafficking. Hepatology 47, 1745-1753.

Kaur, ]., Jaswal, V.M., Nagpaul, ]J.P., Mahmood, A., 1993. Effect of chronic ethanol
administration on the absorptive functions of the rat small intestine. Alcohol
10, 299-302.

Krauland, A.H., Bernkop-Schnurch, A., 2004. Thiomers: development and in vitro
evaluation of a peroral microparticulate peptide delivery system. Eur. J. Pharm.
Biopharm. 57, 181-187.

Ma, T.Y.,Nguyen, D., Bui, V., Nguyen, H., Hoa, N., 1999. Ethanol modulation of intesti-
nal epithelial tight junction barrier. Am. J. Physiol. 276, G965-G974.

Madara, J.L., 1987. Intestinal absorptive cell tight junctions are linked to cytoskele-
ton. Am. J. Physiol. 253, C171-C175.

Matter, K., Aijaz, S., Tsapara, A., Balda, M.S., 2005. Mammalian tight junctions in the
regulation of epithelial differentiation and proliferation. Curr. Opin. Cell Biol. 17,
453-458.

McClean, S., Prosser, E., Meehan, E., O'Malley, D., Clarke, N., Ramtoola, Z., Bray-
den, D., 1998. Binding and uptake of biodegradable poly-pL-lactide micro- and
nanoparticles in intestinal epithelia. Eur. J. Pharm. Sci. 6, 153-163.

McCullough, J.S., Hodges, G.M., Dickson, G.R., Yarwood, A., Carr, K.E., 1995. A mor-
phological and microanalytical investigation into the uptake of particulate
iron across the gastrointestinal tract of rats. J. Submicrosc. Cytol. Pathol. 27,
119-124.

Moulder, J.E., 2004. Post-irradiation approaches to treatment of radiation injuries
in the context of radiological terrorism and radiation accidents: a review. Int. J.
Radiat. Biol. 80, 3-10.

Moyes, S.M., Smyth, S.H., Shipman, A., Long, S., Morris, J.F., Carr, K.E., 2007a. Param-
eters influencing intestinal epithelial permeability and microparticle uptake in
vitro. Int. J. Pharm. 337, 133-141.

Moyes, S.M., Smyth, S.H., Morris, ].F., Carr, K.E., 2007b. Effect of microenvironment
and reproductive hormones on Caco-2 cell epithelial permeability. J. Anat. 210,
775-777.

Moyes, S.M., Killick, E.M., Morris, ].F., Kadhim, M.A., Hill, M.A.,, Carr, K.E., 2008.
Changes produced by external radiation in parameters influencing intesti-
nal permeability and microparticle uptake in vitro. Int. J. Radiat. Biol. 84,
467-486.

Musch, M.W., Walsh-Reitz, M.M., Chang, E.B., 2006. Roles of ZO-1, occludin, and actin
in oxidant-induced barrier disruption. Am. J. Physiol. Gastrointest. Liver Physiol.
290, G222-G231.

Nicklin, P.L., Irwin, W.J., Hassan, L.F., Mackay, M., 1992. Proline uptake by monolayers
of human intestinal absorptive (Caco-2) cells in vitro. Biochim. Biophys. Acta
1104, 283-292.

Nieuwenhuijzen, G.A., Deitch, E.A., Goris, RJ., 1996. Infection, the gut and the
development of the multiple organ dysfunction syndrome. Eur. J. Surgery 162,
259-273.

Ranaldi, G., Consalvo, R., Sambuy, Y., Scarino, M.L., 2003. Permeability characteristics
of parental and clonal human intestinal Caco-2 cell lines differentiated in serum-
supplemented and serum-free media. Toxicol. In Vitro 17, 761-767.

Ravi Kumar, M.N., 2000. Nano and microparticles as controlled drug delivery devices.
J. Pharm. Pharmaceut. Sci. 3, 234-258.

Sambuy, Y., De Angelis, I., Ranaldi, G., Scarino, M.L., Stammati, A., Zucco, F., 2005. The
Caco-2 cell line as a model of the intestinal barrier: influence of cell and culture-
related factors on Caco-2 cell functional characteristics. Cell Biol. Toxicol. 21,
1-26.

Smyth, S.H., Doyle-McCullough, M., Cox, O.T., Carr, K.E., 2005. Effect of reproduc-
tive status on uptake of latex microparticles in rat small intestine. Life Sci. 77,
3287-3305.

Smyth, S.H., Feldhaus, S., Schumacher, U., Carr, K.E., 2008. Uptake of inert micropar-
ticles in normal and immune deficient mice. Int. ]. Pharm. 346, 109-118.

Stather, J.W., 2007. The polonium-210 poisoning in London. J. Radiol. Protect. 27,
1-3.

van't Hof, W., van Meer, G., 1990. Generation of lipid polarity in intestinal epithelial
(Caco-2) cells: sphingolipid synthesis in the Golgi complex and sorting before
vesicular traffic to the plasma membrane. J. Cell Biol. 111, 977-986.

van der Lubben, .M., van Opdorp, F.A., Hengeveld, M.R., Onderwater, J.J., Koerten,
H.K., Verhoef, ].C., Borchard, G., Junginger, H.E., 2002. Transport of chitosan
microparticles for mucosal vaccine delivery in a human intestinal M-cell model.
J. Drug Target. 10, 449-456.

Volpe, D.A., 2008. Variability in Caco-2 and MDCK cell-based intestinal permeability
assays. J. Pharm. Sci. 97, 712-725.

Wells, C.L., van de Westerlo, E.M., Jechorek, R.P., Haines, H.M., Erlandsen, S.L., 1998.
Cytochalasin-induced actin disruption of polarized enterocytes can augment
internalization of bacteria. Infect. Immun. 66, 2410-2419.

Zucco, F., Batto, A.F., Bises, G., Chambaz, ]., Chiusolo, A., Consalvo, R., Cross, H., Dal
Negro, G., de Angelis, 1., Fabre, G., Guillou, F., Hoffman, S., Laplanche, L., Morel,
E., Pincon-Raymond, M., Prieto, P., Turco, L., Ranaldi, G., Rousset, M., Sambuy,
Y., Scarino, M.L,, Torreilles, F., Stammati, A., 2005. An inter-laboratory study to
evaluate the effects of medium composition on the differentiation and barrier
function of Caco-2 cell lines. Altern. Lab. Anim. 33, 603-618.



	Culture conditions and treatments affect Caco-2 characteristics and particle uptake
	Introduction
	Materials and methods
	Protocol outline
	ATCC Caco-2 cell culture
	Assays and sample preparation
	TER—measurements and data analysis
	Measurements
	Calculation of changes in transepithelial resistance (TER)

	Cell dimensions
	Estimation of numbers of sub-membranous particles

	Experimental groups
	Routine laboratory manipulation
	Sequential-TER measurements, passage number and transient temperature exposure
	Variable addition of medium

	Addition of latex microparticles
	Groups exposed to ethanol pretreatment
	Groups exposed to longer term variations in temperature
	Groups of Caco-2 cells from different sources

	Statistical analysis
	Ranking of derived values for ATCC cell dimensions
	Establishment of criteria for quality control and sample selection

	Results
	ATCC controls
	Control/TER values
	Morphology-control group dimensions

	Exposure of ATCC cells to routine laboratory manipulations, medium or particles
	Routine laboratory manipulation effects on TER
	Particle addition effects on TER
	Particle addition effects on cell dimensions and particle uptake

	Exposure of ATCC Caco-2 cells to pretreatment and/or particles
	Ethanol and/or particles
	Effect of sham treatment
	Combined effect of ethanol and particles
	Time equivalence comparison

	Longer term temperature variation and/or particles
	Effect of sham treatment
	Combined effect of temperature and particles
	Time equivalence comparison


	Comparison of Caco-2 cells from different sources

	Discussion
	Acknowledgements
	References


