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Abstract

Intestinal microparticle uptake is important for drug delivery, environmental pollution and multiple organ dysfunction syndrome. This paper
explores further whether uptake occurs at mucosa associated lymphoid tissue (MALT) via the microfold (M) cells of Peyer’s patch domes or through
villous epithelium. It does this by comparing the results of exposure of either severe combined immunodeficient (SCID) mice (lacking MALT) or
normal BALBc mice, to oral gavage with 2 wm fluorescent latex microparticles. At 5 and 30 min after gavage, full circumference samples along the
small intestine were processed for fluorescence microscopy and microparticle numbers were collected for surface and tissue sites. Uptake occurred
in both BALBc and SCID mice within 5 min of particle administration and increased further in the following 25 min. In BALBc mice, almost all
particles (96%) are in non-MALT sites in MALT circumference samples, with very few at the domes: uptake was also substantial in entirely villous
samples. In SCID mice, particle numbers were only slightly lower than those of the BALBc mice, and occurred exclusively by the villous route.
These findings confirm that the villous uptake route must be considered when assessing the extent of the dose delivered following pharmaceutical

or toxicological oral exposure to microparticles.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The key question being explored in this paper is whether
microparticle uptake (Volkheimer et al., 1968) is able to take
place in animals that entirely lack microfold (M)-cell contain-
ing Peyer’s patches, since this would show that the presence of
large quantities of mucosa associated lymphoid tissue (MALT),
such as Peyer’s patches, is not essential to the uptake process.
The literature background to this question is that some groups
report that uptake of microparticles through the small intestinal
mucosal epithelium occurs at M cells of Peyer’s patches (Ermak
et al., 1995; Jepson et al., 1995; Thomas et al., 1996; Beier and
Gebert, 1998). However, transepithelial passage through villous
epithelium has been proposed as an alternative route (Desai et
al., 1996; Hillyer and Albrecht, 2001). This difference of opin-
ion may be due to the differences in experimental models, such
as the administration of particles by single or multiple dosing,
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the use of isolated intestinal loops as opposed to in vivo in situ
models, or variations in the time-points chosen for sampling.
Other aspects of the methodology used are equally important.
When total particle numbers are compared at Peyer’s and non-
Peyer’s regions, uptake is reported for both (Limpanussorn et
al., 1998; McClean et al., 1998), but the techniques used do not
identify the precise route. Microscopic approaches are needed
for this (McMinn et al., 1996). Our earlier work, using an in
vivo in situ model, cryosections of full intestinal circumferences
and fluorescence microscopy, showed that early uptake is pre-
dominantly villous: even in the region of Peyer’s patches, the
proportion of latex microspheres found at the follicle-associated
epithelium (FAE) of the patches is very small, only in the order
of 0.2% 30 min after gavage (Hodges et al., 1995), while the
remaining 99.8% are seen elsewhere, with 73.7% associated
with the enterocytes of the numerous villi around the rest of the
patch-containing circumference. Direct comparison of entirely
villous circumferences with those containing both villous and
FAE regions shows no differences in particle numbers, whether
this is estimated as particles per circumference or as particles per
mm? intestinal section area, where the different areas taken up
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by Peyer’s and non-Peyer’s parts of the circumference are taken
into account (Smyth et al., 2005). It is clear that terminology is
important in defining where the uptake is taking place: this is
set out in a later section of this paper.

The current paper directly addresses the hypothesis that if
MALT containing Peyer’s patches are the major uptake route,
this will be absent or sharply reduced in animals lacking
these organised MALT structures. The experimental model uses
female severe combined immunodeficient (SCID) mice orally
gavaged with 2 um latex microparticles. The SCID data are
compared with corresponding normal BALBc mouse particle
numbers. The choice of species for this study is based on the
fact that most work on immune deficient animals has been car-
ried out on SCID mice and also that mouse Peyer’s patches are
known to contain considerable numbers of M cells (Sharma et
al., 1996). The data on microparticle numbers for the two strains
of mouse will be comparable with results already published for
male mice (Doyle-McCullough et al., 2007) and also for rats,
on which most of the in vivo in situ work already published has
been based (Smyth et al., 2005).

There is already evidence that SCID mice are able to take up
microorganisms, including bacteria (Ohsugi et al., 1996; Havell
et al., 1999; Mutwiri et al., 2001) and parasites (Mead et al.,
1991; Umemiya et al., 2005; Koudela et al., 1999), but it is also
important to understand the mechanism of uptake of more inert
microparticles, with respect to drug delivery systems (Eatock
et al.,, 1999; Ravi Kumar, 2000) and the effect of pollutants
(Bhattacharyya, 1983; Leazer et al., 2002).

The aim of the current paper is to explore microparticle
uptake in animals lacking organised MALT such as Peyer’s
patches. The objectives are firstly, to confirm that in vivo in
situ microparticle uptake in normal (BALBc) mice is mostly
by the villous route at times soon after administration, even
when regions containing MALT are studied; and secondly, to
record the extent of uptake in animals lacking MALT and in
particular M-cell containing Peyer’s patches, thus testing the
hypothesis that the villous uptake, which is so important in
normal mouse intestine, occurs also in these immune deficient
animals.

2. Materials and methods
2.1. Summary of protocols

Two groups of mice, normal and immune-deficient, were used
to explore the effects on microparticle uptake of the absence of
organised MALT. Procedures used include oral gavage with latex
microparticles and preparation of intestinal samples for resin
histology or for cryosectioning and subsequent fluorescence
and confocal scanning laser microscopy. Sample collection was
carried out through two separate experiments. To verify the
effectiveness of the particle administration procedure for the
experimental model used here, observations were made of the
animals’ response during particle administration and of the visi-
bility of fluorescent particles in organs at post mortem or during
sample preparation. Data collected included numbers of Peyer’s
patches in the BALBc mice and, for both strains, particle num-

bers in cross sections of small intestine, 5 and 30 min after
gavage.

2.2. Animal groups and care

The experiments were carried out on two groups of
young adult 9 week old, virgin female mice, namely BALBc
(n=12 experimental, 12 control) and SCID (n =12 experimen-
tal, 12 control) in the Zentrum fiir Experimentelle Medizin,
Institut fiir Anatomie II: Experimentelle Morphologie, Univer-
sitdtsklinikum Hamburg-Eppendorf Hamburg, with the approval
of the Behorde fiir Arbeit und Gesundheit (BAGS). The BALBc
(n=24 total) mice from the breeding program of the central
animal facilities of the University Medical Centre, Hamburg
Eppendorf, Germany were fed a maintenance diet-V1536-003
ssniff R/M-H (www.ssniff.de) and maintained under conven-
tional conditions. The pathogen-free SCID (n =24 total) mice
from the same source were supplied with a sterile rodent diet
as above and housed in sterile filter-top cages (autoclaved at
118 °C) on sterile Espe bedding (Abbed). Unlimited water was
freely available to both strains.

2.3. Microparticles

The microparticles were plain (non-ionic) yellow-green flu-
orescent polystyrene latex microspheres (2.5% solids latex in
water) with YG dye excitation maxima of 458 nm and emis-
sion maxima of 540 nm (Polysciences, Warrington, PA, USA).
The particles were approximately 2 wm in diameter, although
the exact dimensions varied slightly with batch. Particle dosage
was a 0.1 ml suspension containing 5.68 x 108 particles.

2.4. Microparticle administration

Mice from each group were randomly assigned to receive
either control or experimental treatment. Experimental animals
(n=12 per group) were orally gavaged with 0.1 ml particle sus-
pension, using a 22 gauge gavage needle. Control mice (n=12
per group) were gavaged with the same volume of sterile double-
distilled water. After gavage, animals were replaced in their orig-
inal cages with water freely available, but access to food denied.

2.5. Sample collection

Animals were killed either 5 min (n =6 per group) or 30 min
(n=6 per group) later by an overdose of Sagatal' anaesthesia,
delivered by intra-peritoneal injection. Appropriate measures
were also taken to avoid cross-contamination from particle-
fed to control-fed animals and samples. Immediately after
death, animals were fixed by perfusion of 3% 0.1 M sodium
cacodylate-buffered glutaraldehyde into the left ventricle: the
small intestine was measured and divided into nine equal
segments (Smyth et al., 2005).

! Sagatal, i.e. pentobarbitone sodium (60 mg/ml) available from Rhone
Merieux Ltd., Spire Green Centre, Harlow, UK.
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2.6. Preparation of resin sections for histology

For resin histology, full circumference portions from the sam-
ples were washed in 0.1 M sodium cacodylate buffer, dehydrated
in ethanol, through 50%, 70%, 90% and 100% solutions and then
embedded in epoxy resin. Sections approximately 2 pm thick
were cut on a Reichert-Jung Ultracut E microtome, dried and
stained with toluidine blue and then examined and photographed
using standard light microscopy techniques.

2.7. Preparation of cryosections

Samples of full circumference rings approximately 5 mm
in length, including MALT (a Peyer’s patch) if present, were
also prepared from all nine segments as previously pub-
lished (Smyth et al., 2005). They were washed with three
changes of 0.1M sodium cacodylate buffer, blotted dry,
frozen in liquid nitrogen-cooled isopentane and cut using
a Leica CM1900 cryostat to produce 14 pm-thick sections.
These were stained with 1 pwg/ml propidium iodide for 30 min
and washed with buffer to remove excess stain. They were
then mounted on APES-coated (3-aminopropyltriethoxysilane)
slides, using Gelvatol mounting medium (Cairn Chemicals
Ltd., Chesham, Buckinghamshire, UK). At least three sec-
tions per sample were analysed with fluorescence microscopy.
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The presence of organised MALT such as Peyer’s patches was
recorded.

2.8. PFarticle counting

The segments were designated as either ‘MALT”’ or ‘entirely
villous” (Fig. 1). If a segment contained one Peyer’s patch or
more, a full circumference sample was prepared from one of
these. If a segment had no Peyer’s patches and was entirely
villous, a full circumference sample was selected at random for
study.

Particle numbers were counted with a Leitz (Leica) Dia-
plan fluorescence microscope using fluorescein filter settings,
with maximum excitation of 445 nm and maximum emission
of 550 nm. The particles were allocated to several sites, with
the names of these differing slightly according to whether the
segment was MALT or entirely villous.

For MALT segments, the regions and sites were: ‘luminal’
(luminal, inter-villous); ‘mucosal surface’ (surface enterocytes,
surface goblet cells); ‘villous’ (villous enterocytes, goblet
cells, lamina propria); ‘cryptal’ (cryptal epithelium, pericryptal
stroma); ‘dome’ (follicle-associated epithelium where present,
or lymphocyte-associated epithelium, lymphoid tissue); and
‘deeper tissues’ (submucosa, blood vessels, muscularis externa
and serosa).

Fig. 1. Terminology and particle visualization. Resin histology (a) and (b) and confocal scanning laser microscopy (c) and (d) of mouse small intestine. The resin
histology sections illustrate the terminology used. MALT section (a) shows domes covered with FAE (D) and villi (V), the latter taking up most of the circumference.
Such segments are only found in BALBc mice: this image has been digitally cleaned to illustrate better the dome regions. Entirely villous segments (b), shown here
from a SCID mouse, are also found in BALBc mice, in the segments lacking FAE domes. Confocal scanning laser microscopy (c) and (d) of cryosections stained
with propidium iodide reveals particles in BALBc (c¢) and SCID (d) mice, on the mucosal surface (thick arrows) and within enterocytes (arrow heads): the thin arrow
shows a particle which is probably within the villous stromal compartment. Bars equal approximately (a) 1.0 mm; (b) 1.3 mm; (c) 18.0 wm; (d) 12.9 pm.
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For entirely villous segments, the sites included only the
luminal, villous, cryptal and deeper tissues groups of possible
locations for the particles.

For comparison of uptake through a possible M cell/Peyer’s
route as opposed to a villous route, the particle numbers in MALT
segments and entirely villous segments were compared animal
by animal: in the MALT segments, the particles were designated
as ‘dome’ or ‘villous’: particles in submucosal and deeper layers
were not included.

The fact that particles were in and not on sections was con-
firmed in a proportion of sections using a Bio-Rad MRC 600
laser scanning confocal microscope with argon laser, operated
in dual-channel mode, using serial optical slicing: some images
were also recorded using a Zeiss LSM510 META detector
system.

2.9. Calculation of tissue particle numbers/tissue uptake

For this, numbers were added for all but luminal and mucosal
surface regions. An estimate of total tissue particle numbers was
obtained by calculating the sum of the mean values for all nine
segments. The percentage of total administered particles was
calculated using the following equation:

percentage administered dose

( (tissue uptake /length sampled (14 x 9 wm)) X intestinal length) 100
= X
total particles gavaged

Particle numbers were compared across the groups for total
particle numbers and for proximodistal distribution: statistical
analysis was carried out on these data. However, for the dis-
play of uptake as ‘dome’ or ‘villous’, the separation of the
segments into MALT and entirely villous subgroups meant that
not all ‘n’ numbers were large enough to permit statistical
analysis.

2.10. Data analysis

All analysis was done blind on coded specimens and the
assessment of particle counts in small intestinal cryosections was
carried out by the same observer. Data sets were analysed, where
appropriate, using the Kruskall-Wallis and Mann—Whitney U
non-parametric statistical tests with significance reported at
p<0.05.

3. Results
3.1. Terminology for location of uptake

This has been described in Section 2. In summary, the term
segment is used for one of the nine equal parts of the small intes-
tine, the term sample for a full circumference piece cut from a
fixed segment, the term section for a 14 um cryosection or resin
section prepared from a sample and the term site for one of
the cell or tissue locations within the intestinal tissue in a sec-
tion. As above, the term MALT segment is used when a full

circumference sample from it contains a dome and surround-
ing villi: the subdivisions here are MALT (dome) and MALT
(villous). The domes take up a very small part of the circum-
ference (Fig. 1a). The other segments are described as entirely
villous.

3.2. Confirmation of success of gavage

The effectiveness of the gavage procedure for the experimen-
tal animal model used here was confirmed by the observation at
dissection, through the gastrointestinal wall, of yellow fluores-
cence related to the presence of particles and by the presence of
particles in the lumen of the small intestine. Particles were not
found in any small intestinal sections of animals gavaged with
distilled water.

3.3. Immune status

A majority, 65.7%, of the BALBc full circumference sam-
ples were from MALT segments, but none from the SCID mice
groups contained any organised MALT (Fig. 1b). Only one
example of disorganised lymphoid tissue was seen in a SCID
mouse, but this could not be regarded as a structurally complete
Peyer’s patch.

Particles can be identified associated with various intesti-
nal sites in both groups of mice (Fig. 1c and d). Total tissue
uptake was 0.04% (S.E.+0.004) of the administered dose at
5 min for BALBc mice. This increased significantly to 0.27%
(S.E. £ 0.02) at 30 min. The same pattern of significant increase
was seen for the SCID groups, with 0.01% (S.E. £ 0.003) and
0.21% (S.E. £0.03) the levels at 5 and 30 min, respectively. The
two groups differed in total uptake only at 5 min, when BALBc
values were nearly seven times higher (Table 1, Fig. 2).

BALB 5

SCID 5,
BALB 30

BALB 5,
SCID 30

Mean particle uptake per circumference
(6]
(=]
(=]
1

BALB S

SCID 5

BALB 30 SCID 30

Fig. 2. Mean particle uptake. Mean tissue uptake of latex particles for small
intestinal segments 1-9 per 14 pm? circumference sections, at 5 and 30 min
after administration, in both virgin female BALBc and SCID mice (n=6 per
group). Bars indicate standard error of the mean. Above each column is a note of
any other groups (in italics) that differ from it significantly (p < 0.05) following
comparison with both Kruskall-Wallis and Mann—-Whitney U non-parametric
statistical tests (e.g. for column 1, there was a significant difference when mean
particle uptake per circumference in the BALBc 5 min group was compared with
that in the SCID 5 min group and in the BALBc 30 min group).
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Table 1
Mean tissue distribution of latex particles 5 min after administration
Small intestinal segments 1-9 (1st value is from BALBc group/2nd value is Total 1-9
from SCID group)
1 2 3 4 5 6 7 8 9
Tissue site/region
Lumen, in the centre 713 5/<1 1/0 No particles in either group 12/3
Intervillous, between villi 52/19 22/<1 <1/0 No particles in either group 74/19
Luminal (subtotal) (86/22)
Enterocyte surface, adsorbed 95/16 38/<1 86/0 No particles in either group 135/16
Goblet cell surface, adsorbed 12/5 5/0 <1/0 No particles in either group 17/5
Mucosal surface (subtotal) (152/21)
Enterocyte 35/8 12/<1 <1/0 No particles in either group 48/8
Goblet cell 4/1 1/0 <1/0 No particles in either group 5/1
Lamina propria 20/5 14/<1 <1/0 No particles in either group 34/5
Villous regions (subtotal) (87/14)
Cryptal epithelium 2/2 1/0 <1/0 No particles in either group 372
Pericryptal stroma 4/1 5/<1 <1/0 <1/0 <1/0 No particles in either group 10/1
Cryptal regions (subtotal) (13/3)
Dome epithelium 0/0 2/0 No particles in either group 2/0
Underlying lymphoid tissue if present 0/0 2/0 No particles in either group 2/0
MALT (subtotal) (4/0)
Submucosa 4/1 2/0 <1/0 0/0 0/0 0/0 <1/0 0/0 0/0 71
Blood vessels 2/0 <1/0 No particles in either group 2/0
Muscularis and serosa 2/<1 <1/0 No particles in either group 2/<1
Deeper tissues (subtotal) (11/1)
Total tissue uptake (Villous, cryptal, 115/18

MALT + deeper regions)

Data are mean numbers of particles per 14 pm? circumference section for virgin female BALBc and SCID mouse small intestinal segments 1-9 (n=6 per group).
MALT is either Peyer’s patches (BALBc groups) or lymphocyte-associated epithelium (SCID groups), if present. The ratio of luminal/mucosal surface particle
numbers for mean values for segments 1-9 for BALBc mice is 1.76 and for SCIDs is 0.95. Corresponding ratios for mucosal surface/total tissue uptake are 0.76 for

BALBc mice and 0.86 for SCIDs.

These differences are related to the details of prox-
imodistal transit (Fig. 3), the extent of uptake and the
specific sites involved. However, the ratios of overall par-
ticle numbers for luminal/mucosal surface and mucosal
surface/total tissue uptake were similar across the strains
(Tables 1 and 2).

In both strains 5min after gavage, luminal particles were
concentrated proximally, but BALBc mice had substantial num-
bers (>10 per circumference) as far distally as segment 2,
one segment more distal than the SCID animals (Table 1):
in addition, particles at this level were also found in the
mucosal surface region as far as segment 3 in the BALBc
group. This was reflected in greater BALBc tissue particle
numbers in these proximal parts of the small intestine and
larger numbers of particles which had moved through the
epithelial layer into the stroma, blood vessels and deeper
layers.

By 30 min after particle administration, the equal uptake in
the two strains reflected increases in the intervening 25 min by
factors of approximately 7 for the BALBc groups and 30 for
the SCID groups (Table 2, Fig. 2). The higher, sharper luminal
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Fig. 3. Proximodistal particle distribution. Mean tissue distribution of latex par-
ticles per 14 wm? circumference samples in small intestinal sections 1-9 for
time-points 5 and 30 min after administration for virgin female BALBc and
SCID mice (n =6 per group). Standard errors are shown above each point.
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Table 2
Mean tissue distribution of latex particles 30 min after administration
Small intestinal segments 1-9 (1st value is from BALBc group/2nd value is Total 1-9
from SCID group)
1 2 3 4 5 6 7 8 9
Tissue site/region
Lumen, in the center 3/6 87/15 46/4 5/3 25/15 21/7 18/17 37/<1 <1/0 242/66
Intervillous, between villi 9/32 15/40 41/55 99/58 89/171 277/185 743/28 350/<1 92/<1 1712/570
Luminal (subtotal) 1954/636
Enterocyte surface, adsorbed 9/28 24/44 42/78 96/93 113/123 362/167 506/49 187/<1 77/<1 1415/584
Goblet cell surface, adsorbed 1/4 4/7 7/10 15/12 18/21 36/22 68/7 16/0 15/<1 180/83
Mucosal surface (subtotal) 1595/667
Enterocyte 6/17 10725 26/41 53/51 42/64 61/26 99/6 32/0 9/<1 337/231
Goblet cell <12 1/4 3/6 7/9 8/13 1517 19/2 10/0 2/<1 65/42
Lamina propria 2/4 6/18 14/28 19/30 22/33 65/16 56/5 12/<1 4/<1 200/133
Villous regions (subtotal) 602/406
Cryptal epithelium <1/ <12 1/4 4/5 4/4 8/4 12/2 <1/0 <1/0 31/24
Pericryptal stroma <1/1 2/3 4/5 8/7 5/16 18/4 18/4 3/0 <l/k1 59/40
Cryptal regions (subtotal) 90/64
Dome epithelium 0/0 <1/0 2/0 2/0 <1/0 2/<1 2/0 <1/0 <1/0 9/<1
Underlying lymphoid tissue if present 0/0 <1/0 3/0 3/0 <1/0 4/1 4/0 1/0 <1/0 1711
MALT (subtotal) 26/1
Submucosa 1/<1 1/3 4/5 4/7 8/13 27/12 7/4 1/0 <1/0 55/46
Blood vessels <l/<l1 0/3 <1/1 0/1 <1/4 2/<1 <l/<1 <1/0 0/0 3/10
Muscularis and serosa <l/ikl <12 <12 <l/4 2/3 2/3 3/2 <1/0 0/0 9/15
Deeper tissues (subtotal) 67/71
Total tissue uptake (Villous, cryptal, 785/542

MALT + deeper regions)

Data are mean numbers of particles per 14 wm? circumference section for virgin female BALBc and SCID mouse small intestinal segments 1-9 (n=6 per group).
MALT is either Peyer’s patches (BALBc groups) or lymphocyte-associated epithelium (SCID groups), if present. The ratio of luminal/mucosal surface particle
numbers for mean values for segments 1-9 for BALBc mice is 0.82 and for SCIDs is 1.05. Corresponding ratios for mucosal surface/total tissue uptake are 0.49 for

BALBc mice and 0.81 for SCIDs.

peak at segment 7 in BALBc groups (Table 2) contrasted with a
flatter, more proximal distribution in the SCIDs: this contributed
to the significantly larger number of luminal particles overall
in BALBc groups. However, this was not reflected in overall
increases in surface or tissue particles: although the segment 7
peak was present, this was compensated for by lower particle
numbers elsewhere.

3.4. MALT versus villous uptake

In BALBc mice, 3.5% of the total particle numbers were
found at the MALT domes, while the corresponding figure for
SCIDs was zero, since no organised MALT was present. In the
30 min group, a similar proportion (3.3%) of the particles were
located at the MALT domes in the BALBc groups but there were
no MALT-associated particles in SCID mice.

The amount of MALT in segments 1 through 9 increased
distally (Table 3). When the mucosal epithelial and stromal par-
ticle numbers in MALT circumferences for BALBc mice were
divided into dome and villous sites, it can be seen (Fig. 4) that
almost all the uptake is villous.

3.5. Onward movement of particles

Although the total uptake was similar in villous epithelial and
stromal sites, 30 min after gavage, the BALBc groups had more
particles in the FAE and underlying lymphatic tissue, while the

Table 3
Proximodistal distribution of MALT domes

Segment Number of animals with MALT domes
BALB 5 min BALB 30 min
1 3 3
2 4 4
3 2 5
4 3 4
5 1 3
6 [§ 5
7 4 3
8 5 5
9 5 6

Data are number of segments containing MALT domes at the 5 and 30 min time
point in BALBc mice: n=6 per point. No organised MALT was found in the
SCID mice.
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is villous in BALBc mice, with very few particles in MALT domes: all uptake is villous in SCID mice. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of the article.)

SCID/BALBc segments 1 through 9

SCID animals had significantly more particles in blood vessels,
although the numbers were small (Table 2).

4. Discussion

The aim of this paper is to compare microparticle uptake
in immunologically intact MALT-containing BALBc mice with
that in severe combined immunodeficient (SCID) mice, where

organised MALT is almost non-existent. The discussion begins
by considering some important details of the experimental
model, including the method of calculation of particle uptake.
Intraluminal transit and potential barriers to uptake are then
examined, followed by consideration of the predominant vil-
lous route of uptake and the potential role of the epithelial tight
junctions. Finally, the pathways for the onward movement of

particles are reviewed.
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The experimental model directly compares the two strains of
mice. Morphological examination confirmed that the SCID mice
had normal villous morphology (Hoshi et al., 2001) but greatly
reduced MALT (Furrie et al., 1994). Developmental failure of
the immune system may not always be quite complete, allow-
ing for the possibility of the presence of cryptopatches, isolated
lymphoid follicles or lymphocyte-filled villi (Moghaddami et al.,
1998; Hitosumatsu et al., 2005). However, in the present exper-
iments, only a single example of disorganised lymphoid tissue
was identified in a SCID mouse: uptake of particles through such
regions can therefore be discounted.

Successful gavage into the gastrointestinal lumen is initially
confirmed by observation of animal behaviour (Smyth et al.,
2005; Doyle-McCullough et al., 2007). The microparticles are
non-ionic, non-toxic and their fluorescent colouring can be
seen at dissection through the gastrointestinal wall, confirming
successful gavage: they can also be quantified in sections by fluo-
rescence microscopy. The intra-peritoneal anaesthetic overdose
used tokill the mice could affect gastrointestinal motility (Sababi
and Bengtsson, 2001) or transit (Freye et al., 1998). Uptake of
microparticles has been reported from 10 min (Jenkins et al.,
1994) to 2 days (Jani et al., 1992): the ‘early’ time points of 5
and 30 min used here allowed observation of the first microparti-
cles crossing the small intestinal barrier. The times were chosen
with reference to earlier work, showing that intestinal tissue par-
ticle numbers for a comparable rat in vivo in situ model were
substantially higher at these early time points than at later times,
such as between 2 and 24 h after particle administration (Hodges
et al., 1995; Hazzard et al., 1996). It is also important to recall
that the use of microscopic techniques allows more accurate
identification of particle numbers taken into the tissue, without
artefactual inclusion of those that are merely attached to the
mucosal surface (McMinn et al., 1996).

When total uptake per administered dose is used to estimate
particle numbers 30 min after gavage, the figure obtained from
the present study of 0.27% for female BALBc mice compares
well with previous reports of 0.13% for female rats (Smyth
et al., 2005), and 0.32% and 0.13% for male mice and rats
respectively (not significantly different; Doyle-McCullough et
al., 2007). When mean numbers per circumference are com-
pared, the female rat levels appear different from those in mice,
while for the males this is not the case. However, the differences
relate only to the relative levels of significance. The total uptake
figures for the BALBc mouse model 30 min after administra-
tion are also consistent with published data, from 0.01 to 0.37%
(LeFevreetal., 1985; Ebel, 1990; Jenkins et al., 1994). Although
these microparticle numbers represent only a small fraction of
the dose administered, it has implications for drug and vaccine
administration and for toxicology (Florence and Hussain, 2001).

Before addressing the experimental data on tissue particle
numbers, intra-luminal transit must first be considered, since
intestinal uptake will only occur once this is achieved. In the
female, such as the model used here, stomach emptying may
be influenced by bolus characteristics, stress, stage of oestrous
cycle and age (Naliboff et al., 2004; Gonenne et al., 2006). Lig-
uid doses should pass quickly through the pyloric sphincter to
the small intestine (Fich et al., 1990) and this was seen for the

current model of latex particles suspended in distilled water at
5 min in all animals, confirming previous reports of rapid deliv-
ery (Jenkins et al., 1994; Hazzard et al., 1996). Luminal and
surface particles were found more distally and in higher num-
bers in the BALBc group than in the SCIDs, where uptake must
be affected by this slower transit: this is reflected in greater tis-
sue particle numbers distally in the BALBc mice. Once transit
mechanisms have delivered the particles to the intestinal lumen,
their uptake through the epithelium must be preceded by a jour-
ney through its mucus covering, known to be open to variation
(Sharma et al., 1995; Sharma and Schumacher, 2001). The next
barrier is the glycocalyx, which has been reported to prevent
uptake of 1 wm diameter microparticles (Frey et al., 1996).

It is clear from the data presented here that uptake does occur
in SCID intestine, thus addressing the aim of the work. This
confirms for inert particles what has already been reported for
organisms in primary or secondary uptake (Ohsugi et al., 1996;
Havell et al., 1999), although the mechanism may be different:
comparison of levels of uptake is also difficult, since record-
ing the presence of pathogens either involves counting cultured
organisms, as above, or qualitative descriptions of morpholog-
ical changes (Autenrieth and Firsching, 1996; Umemiya et al.,
2005), as opposed to direct observation, in the case of latex
particles in small intestinal tissue.

This study confirms reports that uptake in an in vivo in situ
model is predominantly villous, as described for rats (Hodges et
al., 1995; Doyle-McCullough et al., 2007). The fact that 96% of
the particle numbers are at non-dome sites in BALBc mice fits
well with these earlier figures: the first objective of this study
has therefore been addressed.

The absence of MALT, however, by no means stops micropar-
ticle uptake. Although the figure for percentage uptake at 5 min
for SCID small intestinal tissue is significantly lower than that
for the BALBc strain, both values are small. Similar uptake lev-
els in the two strains 25 min later imply that the SCID group rate
has been higher in the intervening period. These findings address
the second objective of the work and are in line with the report
that Listeria infection, previously thought to be mediated only
through Peyer’s patches, was found in SCID mice (Havell et al.,
1999) and therefore related to uptake mediated by enterocytes.

It could be argued for the BALBc mice that microparticles
might enter through the MALT route before moving through the
connective tissue and upwards into nearby villi and that even
the 5 min time point used here is too late to observe the ‘M cell
phase’ of this process. However, there are three flaws in this
argument. Firstly, large numbers of particles are found in the
villous epithelium itself instead of just in the stroma, as would be
the case if they were coming from the Peyer’s patches; secondly,
microparticle uptake continues through the villous route even in
the SCID animals with no organised MALT; and finally, when
sampling is done even earlier, two minutes after gavage, uptake at
villous enterocytes still occurs to a greater extent than at MALT
(Campbell et al., 2000).

The pathway of trans-epithelial uptake is still open to debate.
For the villous route (Desai et al., 1996; McClean et al.,
1998; Hillyer and Albrecht, 2001), uptake in vivo may be both
intra- and intercellular, via enterocytes. The intracellular (para-
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cellular) mechanism is observed for the endocytotic uptake
of nanoparticles (Fattal et al., 1998). The paracellular route
involves movement through tight junctions (TJs), which per-
form gate and barrier functions between the apical parts of
adjacent cells and can be manipulated to allow pharmaceu-
tical agents through the epithelial barrier (Gonzalez-Mariscal
et al., 2005). The knockdown of JAM1, a component of TJs,
increases paracellular permeability in epithelial monolayers
(Mandell et al., 2005) and this protein is needed to control
the paracellular migration of monocytes during immune reac-
tions (Martin-Padura et al., 1998). The possible involvement of
TJs in uptake in the in vivo in situ model has recently been
simulated in vitro (Moyes et al., 2007), but the mechanism for
microparticle uptake by the paracellular route is not yet clearly
understood.

Finally, little can be deduced from the current data about the
onward movement of particles after their initial uptake through
the small intestinal wall. However, the observation that the SCID
mechanism led to more particles in intestinal blood vessels
than BALBc groups thirty minutes after gavage suggests that
the former group might rely more on a blood route of par-
ticle onward movement, since their lymphoid involvement is
reduced. This correlates with reports of hepatic disease in SCID
mice that have taken up pathogenic organisms such as Liste-
ria, Cryptosporidium and murine rotavirus (Riepenhoff-Talty et
al., 1989; Mead et al., 1991; Havell et al., 1999), implicating
a blood/portal vein/liver route from the small intestinal wall.
Also relevant is the likely involvement of macrophages in the
removal of E. coli after intragastric delivery (Ohsugi etal., 1996).
This implies that following the TJ-moderated paracellular path
proposed above, there may be microparticle translocation via
a route involving macrophages, intestinal veins and the portal
vein in the immune-deficient mice, whereas the lacteal, tho-
racic duct, lymph node route will also be important in normal
rodents.

The current data therefore do not address the important ques-
tion of how to increase uptake into Peyer’s patches in order
to increase the immunological response to orally administered
vaccines. They do however complete the series of experiments
underlining the fact that uptake apparently taking place at the
Peyer’s containing samples appears in an in vivo in situ model
occur almost entirely at the adjacent villi and not through the
FAE of the dome of the patch. This highlights the fact that the
results are of importance in the context of past data on the routes
of uptake. However, the results also point to the tight junctions
between the villous epithelial cells as a possible route of entry
and therefore draw attention to the importance of the literature
on the role of these junctions in drug delivery across epithelial
layers such as are seen in the small intestine (Gonzalez-Mariscal
et al., 2005).

In conclusion, the data presented confirm that microparticle
uptake apparently occurring at Peyer’s patches in normal BALBc
mice is almost entirely due to passage through villous epithe-
lium, whether near or distant from MALT. They also show that,
despite the absence of organised MALT, uptake of inert parti-
cles occurs in immune-deficient mice. This may imply that the
previously reported uptake of biologically active entities is not

wholly dependent on an invasive process initiated by the micro-
organisms, but may also involve the trans-epithelial mechanism
used by the latex microparticles.
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