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Abstract
The small intestine of the piglet has evolved to be permeable immediately after birth to facilitate the
uptake of colostrum-derived immunoglobulins, other macromolecules, and cells. However, the precise
timing of gut closure in today’s precocious pig is not known. We gavaged piglets immediately after birth
and at 1 hour after birth with Cy5-labeled Ovalbumin (Cy5-Ova) then harvested their small intestine’s 6-7
hours later. To assess localization of Cy5-Ova in the small intestinal epithelial cells, we perform
immunohistochemistry using a basolateral surface marker and a recycling endosome marker called pIgR,
the late endosomal marker Rab7, and the lysosomal marker LAMP-1. Cy5-Ova co-localized with Rab7 and
LAMP-1 in the duodenum and jejunum of 0 hour old and 1 hour old gavaged piglets, but only in the ileum
of 0 hour gavaged piglets. These data suggest that movement of Cy5-Ova through the late endosomes to
the lysosomes was much reduced in the ileum of 1 hour gavaged piglets, possibly impacted by prior
processing of colostral macromolecules. Cy5-Ova was largely present in epithelial cell digestive and
transport vacuoles, but it did not colocalize with pIgR-positive endosomes in 0 hour and 1 hour gavaged
piglets. Understanding the relationship between the localization of Cy5-Ova and small intestinal
permeability may contribute to establishing whether oral vaccination in the newborn can capitalize on the
transient permeability before gut closure to promote immune protection. 

Introduction
Fetal and newborn piglet intestinal enterocytes possess an apical canalicular system which allows for the
production of cytoplasmic vacuoles of various sizes, which are vital for colostrum uptake (Skrzypek et al.,
2018). These fetal-derived enterocytes have large vacuoles (leading to these cells being named
vacuolated fetal enterocytes (VFEs)) that absorb and transport macromolecules either to the basolateral
surface where they are expelled, or to the lysosomes where they are digested (Skrzypek et al., 2018;
Skrzypek et al., 2007). VFEs are �rst formed in the duodenum in the pig fetus. In the second trimester of
pregnancy, VFEs become redistributed towards the jejunal and ileal regions of the small intestine
(Olszewski et al., 2021; Smith and Jarvis, 1978). VFEs can non-selectively absorb high molecular weight
substances by pinocytosis or endocytosis at the apical area of the enterocyte (Fujita et al., 2007; Michael
Danielsen and Hansen, 2016) but only for a short time after birth (Salmon, 2012; Sangild, 2003). VFEs are
comprised of giant transport vacuoles that disappear 2-3 days after birth and giant digestive vacuoles
that are present for up to 3 weeks of age (Baintner, 1994; Baintner, 2007) until VFEs are replaced by adult-
type enterocytes that lack an apical canicular system (Skrzypek et al., 2007). Transport vacuoles are
formed immediately apical to the nucleus of the enterocyte after newborn piglets consume colostrum and
the macromolecules are taken up via endocytosis. The transport vacuoles then migrate to the basolateral
area of the cell where the majority of macromolecules, including IgG, completely bypass the Golgi
cisternae to release the luminal substances into the intercellular space via exocytosis with preservation of
their biological activity (Baintner, 1994; Baintner, 2007; Burton and Smith, 1977; Rodewald and
Kraehenbuhl, 1984; Zabielski, 1998). In contrast, digestive vacuoles are relatively large, formed near the
apical regions of the cell, and do not migrate (Baintner, 1994; Baintner, 2007). These digestive vacuoles
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contain nutrients from colostrum and milk that are decomposed into their base components due to
enzymes released by connecting lysosomes (Baintner, 1994).

Enterocytes have a basolateral and an apical domain which is critical for epithelial cell homeostasis and
function. Cellular homeostasis is dependent on the internalization of small solutes, macromolecules, and
plasma membrane receptors driven by endocytosis. Endocytosis is mediated by a complex interplay of
Rab GTPases that function by regulating epithelial membrane tra�cking as well as tethering and
budding of vesicles at different locations within epithelial cells (Gillingham et al., 2014; Homma et al.,
2019). Rab7 regulates late endosomal membrane fusion and tra�cking in the perinuclear region via the
interaction of Rab7-RILP-dyenin-dynactin for the biogenesis and maintenance of the lysosomal
compartment (Zhang et al., 2009).

Lysosomes are the terminal degradative compartments of cells and they contain hydrolytic enzymes
such as acid hydrolases that degrade cell debris into precursor molecules for macromolecule synthesis.
Lysosomal-associated membrane protein 1 (LAMP-1) is a highly N-glycosylated protein which is
transported from the trans-Golgi network to lysosomes via endosomes (Wilke et al., 2012; Xu et al., 2012).
It has a short C-terminal tyrosine-based sorting signal which binds the medium subunits of clathrin
adaptor protein-1 (AP-1) and AP-2 resulting in intracellular sorting of lysosomal membrane proteins into
clathrin-coated vesicles at the cell surface (Honing et al., 1996; Janvier and Bonifacino, 2005). AP-1
regulates the basolateral fusion of lysosomes and, together with vesicle-associated membrane protein 7
(VAMP7), synaptosome associated protein 23 (SNAP-23), membrane cholesterol, and syntaxin-4
regulates lysosomal exocytosis (Samie and Xu, 2014; Xu et al., 2012).

Polymeric immunoglobulins (pIgs) are synthesized from lamina propria plasma cells in the small
intestine. They contain a J-chain and a small acidic polypeptide which connects two IgAs to form dimeric
IgA, also known as pIgA (Asano and Komiyama, 2011; Strugnell and Wijburg, 2010). pIgA binds to the
transmembrane pIgR on the basolateral surface of the polarized intestinal epithelial cell (IEC) and the
pIgR-pIgA complex is internalized into the basolateral early endosome followed by the microtubule-
dependent delivery of the pIgR-pIgA complex to the common recycling endosome (CRE) (Verges, 2016;
Verges et al., 2004). The pIgR-pIgA complex then travels to the apical surface of the cell within a series of
tubules and vesicles from specialized subdomains of the CRE where it fuses with the apical plasma
membrane and is expelled (Strugnell and Wijburg, 2010; Verges, 2016; Verges et al., 2004).

We intended to discern the localization of Cyanine-5 labeled ovalbumin (Cy5-Ova) consumed immediately
after birth (0 hour old gavaged piglets) and 1 hour after birth (1 hour old gavaged piglets) using a series
of markers pertaining to polarized IECs including pIgR (basolateral surface or endosome marker), Rab7
(late endosomal marker), and LAMP-1 (lysosomal marker). The 0 hour and 1 hour time points were
chosen to assess whether the presence of ingested colostrum affected antigen uptake and/or
localization within the small intestine.

Materials And Methods
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Animal Use and Ethics

This work was approved by the University of Saskatchewan's Animal Research Ethics Board and adhered
to the Canadian Council on Animal Care Guidelines for humane animal use.

Labeling of Ova with Cy5

Ovalbumin from chicken egg white (Ova) (Sigma-Aldrich Canada Ltd, Oakville, ON; A5503) was labeled
with Cyanine-5 (Cy5) reactive dye (Ambion/ThermoFisher Scienti�c, Burlington, ON, Canada; 5831G). The
following formula was used to determine the amount of Cy5 needed for labeling: 8 x molecular weight
(MW) of Cy5 x (amount of Ova)/ MW of Ova. Each Cy5 tube was re-suspended in 100 ml of dimethyl
sulfoxide (DMSO; Sigma-Aldrich; D2650). A 1:10 ratio of Cy5 dye to protein and 0.3 M sodium carbonate
buffer (Sigma-Aldrich) were incubated overnight at 4°C with nutation and then placed on top of a 3K
Amicon centrifugal �lter (ThermoFisher Scienti�c) before centrifugation at 16,000 x g for 10 minutes.
After centrifugation, �lters were inverted, and samples were washed 4 times with distilled water. The
�lters were then placed in new microcentrifuge tubes and then centrifuged at 1000 x g for 2 minutes to
dispense the Cy5-labeled Ova.

Degree of Labeling of Cy5 to Ova

To calculate the degree of labeling of Cy5 to Ova, absorbance values of Cy5 at A280 and A555 were �rst
calculated with a Biochrom Spectrophotometer (Libra S22, MBI Lab Equipment, Kirkland, QC). Next, the
protein concentration was calculated using the molar extinction coe�cient of Ova. Finally, the moles of
Cy5 per moles of Ova were calculated using the molar extinction coe�cient of Cy5.

Tissue Collection

Piglets were randomly selected from 3 litters immediately after birth, marked, and fed 300 mg of Cy5-Ova
suspended in a total volume of 14.2 ml phosphate-buffered saline (PBS; Sigma-Aldrich) with a gavage
tube gently inserted into their stomachs (termed “0 hour old gavaged”, n=3, one per litter). Other piglets
were marked immediately after birth; however, they were not fed 300 mg of Cy5-Ova until 1 hour after
birth (termed “1 hour old gavaged”, n=3, one per litter). A 1 hour old control piglet that was not gavaged
with Cy5-Ova was also selected. All piglets were left to suckle from their sows for another 5 hours. The
piglets were then were humanely euthanized by a non-penetrating Zephyr machine coupled with
exsanguination.

Blood serum, stomach contents, contents of initial gavage (Cy5-Ova (300 mg/14.2 mL)), and distilled
water (control) were collected and �uorescent intensity of Cy5 (arbitrary units) was measured with an
Odyssey infrared imager (LI-COR Biosciences, Lincoln, NE) at 700 nm. Duodenum, jejunum, and ileum
intestinal segments (10-15 cm in length) were obtained and placed within separate 100 ml Erlenmeyer
�asks with DMEM media (Sigma-Aldrich). Serum, stomach contents, and urine samples were collected
from all piglets. Small cross-sections (1 cm2) of the intestinal segments from each piglet were placed
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within tissue-loc biopsy cassettes (ThermoFisher Scienti�c; 58931) for immunohistochemistry (IHC)
purposes. Tissues were �xed in 10% buffered formalin (Sigma-Aldrich) for 48 hours and then dehydrated
for 24 hours in a series of increasing concentrations of alcohol (EtOH 70%, EtOH 80%, EtOH 95%, EtOH
100%, EtOH 100% - xylene equal mix, and xylene) with the use of a RVG1 tissue processor (Rankin, MI,
USA) before embedding in para�n. Once tissues were embedded in para�n blocks, a Microm Automatic
Microtome (Thermo Scienti�c) was used to cut 5 mm tissue slices which were carefully placed on
Superfrost Plus microscope slides (ThermoFisher Scienti�c; 22-034-979) before dehydration at 60 °C
overnight.

Immunohistochemistry

Small intestinal tissue sections of 0 hour old gavaged and 1 hour old gavaged piglets were removed from
the oven and de-para�nized in decreasing concentrations of alcohol (xylene, EtOH 100%, EtOH 95%, and
EtOH 70%). Slides were blocked for 3 hours at room temperature in 5% (w/v) blotting grade blocker non-
fat dry milk (BIO-RAD Laboratories, Hercules, CA, USA; 170-6404) in 1X PBS without magnesium or
calcium (PBSA). Next, heat-induced antigen-retrieval (HIAR) was carried out in Tris-EDTA buffer (10 mM
Tris, 1 mM EDTA Solution, 0.05% Tween 20, pH 9.0; Sigma-Aldrich) for 13 minutes at power level 6 within
a Panasonic microwave oven (NN-7808). Next, the following primary antibodies within DAKO antibody
diluent (Agilent, Santa Clara, CA, USA; S302283-2) were added to the slides: anti-pIgR antibody (Abcam
Inc., Toronto, ON, Canada; ab96196) (1:250 dilution), anti-Rab7 antibody (Abcam Inc., ab50533) (1:200
dilution), and anti-LAMP-1 antibody (GeneTex, Irving, CA, USA; 4E9/11) (1:200 dilution). Slides were then
incubated overnight at 4°C. The following day, slides were washed 3X for 5 minutes in 1X PBS and then
incubated with either 1:500 dilution of Alexa 555-labeled goat anti-rabbit IgG (Southern Biosystems,
Birmingham, AL, USA; 4030-02), 1:500 dilution of anti-mouse IgG2b labeled-FITC (Southern Biotech; 1092-
02), or 1:500 dilution of anti-mouse IgG1 labeled-FITC (Southern Biotech; 1072-02) in DAKO antibody
diluent at 4°C for 4 hours. Slides were washed 3X for 5 minutes in 1X PBS and then dehydrated for one
minute in increasing concentrations of alcohol (EtOH 95%, EtOH 100%, and xylene). Finally,
VECTASHIELD Vibrance Antifade Mounting Media with DAPI (H-1800, Vector Laboratories) was added to
the coverslips (20 mm X 53 mm; Fisherbrand) and then placed on slides. Intestinal sections were imaged
using a Leica SP5 confocal microscope (Leica Microsystems Inc., Concord, ON, Canada). The following
imaging was used: DAPI (excitation = 358 nm, emission = 463 nm) with the UV diode laser, 405 nm; FITC
(excitation = 495 nm, emission = 517 nm) with the argon laser, 488nm; Alexa 555 (excitation = 553 nm,
emission = 568 nm) with the DPSS laser, 561 nm; and Cy5 (excitation = 646 nm, emission = 664 nm) with
the HeNe laser, 633nm.

Fluorescence Quanti�cation

The �uorescence of all IHC images was quanti�ed using Fiji software (a distribution of ImageJ software).
The corrected total cell �uorescence (CTCF) was measured in speci�c regions of interest (ROIs) in each
image. CTCF = integrated density – (area of the selected region X mean �uorescence of background).

Statistics
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Differences between the 0 hour old and 1 hour old gavaged animals as well as the control animals were
analyzed using Kruskal-Wallis One-way analysis of variance (ANOVA) test with Dunn’s multiple
comparison’s test. Differences were considered statistically signi�cant if P < 0.05.

Results
Fluorescent Intensity of Cy5 in Different Bodily Compartments

The �uorescent intensity (arbitrary units) of Cy5 was calculated in different bodily �uids of 0 hour old
gavaged and 1 hour old gavaged piglets (�gure 1). The �uorescent intensity of Cy5 in serum and the
stomach of 0 hour old and 1 hour old gavaged piglets appear to be relatively consistent and low relative
to the input (�gure 1). No Cy5 �uorescence was detected in distilled water (control) for both groups, as
expected (�gure 1). The presence of Cy5-Ova within serum of 0 hour old gavaged and 1 hour old gavaged
piglets suggests that the small intestinal epithelium is permeable to proteins immediately after birth.

Zero Hour Old Gavaged and 1 Hour Old Gavaged Piglets

Para�n-embedded immunohistochemistry (IHC-p) was performed on intestinal tissue from 0 hour old
gavaged piglets and 1 hour old gavaged piglets to visualize region-speci�c differences of duodenal,
jejunal, and ileal IECs basolateral surface or endosome marker (anti-pIgR), late endosomal marker (anti-
Rab7), and lysosomal marker (anti-LAMP-1), and to localize Cy5-Ova within the IECs. To assess any
�uorescence due to non-speci�c binding of the secondary antibodies and to assess background
�uorescence in the �uorescence range for Cy5 dye, intestinal tissues from a 1 hour old control piglet that
was not gavaged with Cy5-Ova were incubated with Alexa 555-labeled goat anti-rabbit IgG (green;
secondary antibody for anti-pIgR, �gure 2a-c), anti-mouse IgG2b labeled-FITC (blue; secondary antibody
for anti-Rab7, �gure 2d-f), and anti-mouse IgG1 labeled-FITC (blue; secondary antibody for anti-LAMP-1,
�gure 2g-i). In �gures 2a-c, there is a very weak, green �uorescent signal in the lamina propria regions
indicating very weak background �uorescence or non-speci�c binding of the Alexa 555-labeled goat-anti-
rabbit IgG secondary antibody. In �gures 2d-f, there is a very weak blue �uorescent signal indicating very
weak background �uorescence or non-speci�c binding of the anti-mouse IgG2b labeled-FITC secondary
antibody, again within the lamina propria. In �gures 2g-I, there is a very weak blue �uorescent signal at
the basolateral surface and the lamina propria region indicating very weak background �uorescence or
non-speci�c binding of the anti-mouse IgG1 labeled-FITC secondary antibody.

In �gures 2j-l, we quanti�ed the �uorescence at 633 nm which corresponds to Cy5 �uorescence, to discern
background �uorescence. There appeared to be weak �uorescence in the lamina propria, especially in the
duodenal region (Fig 2j) with �uorescence in the endosomes in the jejunum (Fig 2k) and ileum (2L).  

We performed IHC-p to visualize the presence of pIgR, Rab7, LAMP-1, and Cy5-Ova within the duodenum
of a 0 hour old gavaged piglets. In �gure 3a, pIgR apepars located within small, medium, and large-sized
transport and digestive vacuoles with strong �uorescence throughout the duodenal intestinal epithelium
(white circle). Cy5-Ova is located throughout the cell in tiny endsomes most noticably between duodenal
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IECs (purple arrow) and basolaterally (orange arrow) with moderate �uorescence (�gure 3b) with no
merging of �uorescnece with pIgR (�g 3c). Rab7 is present within very small endosomes throughout
duodenal IECs (white circle) near the lateral surface between cells (purple arrow) as well as on the apical
surface of cells independent of endosomes (white arrow; �gure 3d). Cy5-Ova is located within large
vacuoles in this duodenal section as well as in endosomes throughout the cells (�gure 3e) where it
colocalizes with Rab7 (�gure 3f). In �gure 3e, Cy5-Ova also appears to be located within lamina propria
cells (orange circle) with moderate to strong �uorescence. LAMP-1 is  located within lysosomes
throughout duodenal IECs (white circle) as well as in lysosomes near the lateral surface between cells
(purple arrow). LAMP-1 also appears to be located in lysosomes just beneath the apical surface of the
cells (white arrow) (�gure 3g,i). In �gure 3e, Cy5-Ova is located within small, medium, and large-sized
transport and digestive vacuoles and in some lysosomes with moderate �uorescence (white circle) where
it colocalizes with LAMP-1 (3h).

We next assessed the presence of pIgR, Rab7, LAMP-1, and Cy5-Ova within the jejunum of a 0 hour old
gavaged piglet. In �gure 4a, pIgR is located throughout the jejunal IEC endosomes (large white circle), on
the apical surface (white arrow) as well as within medium-sized transport and digestive vacuoles near the
basolateral surface (small white circle) of the cells. In �gure 4b, Cy5-Ova is located on the apical surface
(white arrow) of cells as well as within medium-sized transport and digestive vacuoles near the
basolateral surface of the cells (white circle) independent of pIgR (�gure 4c). In �gure 4d, Rab7 is located
in endosomes just below the  apical surface (white arrow) of jejunal IECs with minimal expression as well
as within endosomes throughout the cells (white circle). Cy5-Ova is colocalized with Rab7 within
endosomes throughout the jejunal IECs (white circle; �gure 4e-f). LAMP-1 (�gure 4g) and Cy5-Ova (�gure
4h) are colocalized within lysosomes throughout jejunal IECs (white circles), however, some lysosomes
also appear to be independent of Cy5-Ova (�gure 4f).

Finally, we show the localization patterns of pIgR, Rab7, LAMP-1, and Cy5-Ova within the ileum of a 0
hour old gavaged piglet. pIgR (�gure 5a) and Cy5-Ova (�gure 5b) colocalize within endosomes
throughout ileal IECs (white circles) as well as located on the apical surface (white arrow) of cells and
surrounding the apical regions of vacuoles (large white circle). Rab7 (�gure 5d) and Cy5-Ova (�gure 5e)
colocalize within endosomes thoughout ileal IECs (white circles). Rab7 is also present within endosomes
absent of Cy5-Ova (small white circle). LAMP-1 (�gure 5g) and Cy5-Ova (�gure 5h) colocalize within
lysosomes thoughout ileal IECs (white circles) but there also appears to be LAMP-1-positive lysosomes
without the presence of Cy5-Ova (small white circle).

Next, we probed for the presence of pIgR, Rab7, LAMP-1 in the small intestine 6 hours post gavage when
piglets were gavaged with Cy5-Ova 1 hour after birth. In �gure 6a, pIgR is located within small to medium-
sized transport and digestive vacuoles with strong �uorescence throughout the duodenal intestinal
epithelium (large white circle) as well as within small endosome (small white circle) and within lamina
propria cells (orange circles). In �gure 6b, Cy5-Ova is located within lamina propria cells (orange circle) of
the duodenal intestinal epithelium with weak to moderate �uorescence. In �gure 6d, Rab7 is located on
the basolateral surface (orange arrow) throughout the cells (white circle) of duodenal IECs. In �gure 6e,



Page 8/25

Cy5-Ova is located within large-sized digestive vacuoles with moderate to strong �uorescence and with
some evidence of colocalization with Rab7 in endosomes throughout the cell (Fig 6f). In �gure 6g, LAMP-
1 is located within lysosomes throughout the duodenal IECs (white circle). In �gure 6h, Cy5-Ova appears
to be located within small and medium-sized transport and digestive vacuoles with moderate to strong
�uorescence as well colocalized within lysosomes (6i). Cy5-Ova is also present  within duodenal lamina
propria cells (orange circle; Fig 6h).

When we investigated the jejunum of 1 hour old gavaged piglets, pIgR is located within small, medium,
and large-sized transport and digestive vacuoles (Fig 7a, large white circle) throughout jejunal IECs with
medium to strong �uorescence. pIgR also appears to be located on the apical surface (white arrow) and
throughout the cells within endosomes (small white circle) with weak �uorscence. In �gure 7b, Cy5-Ova is
located primarily within jejunal lamina propria cells (orange circle), however, there appears to be several
speckles of Cy5-Ova (small white circle) near the basolateral surface independent of pIgR (large white
circle). In �gure 7d, Rab7 is located on the apical surface independent of endsomes (white arrow) and
located throughout jejunal IECs within endosomes (white circle). In �gure 7e, Cy5-Ova appears to be
located within small, medium, and large-sized transport and digestive vacuoles (white circle) throughout
the cells largely independent of Rab7. In �gure 7g, LAMP-1 appears located on the apical surface
independent of lysosomes (white arrow) and located throughout ileal IECs within lysosomes (white
circle). In �gure 7h, Cy5-Ova appears to be located within small, medium, and large-sized transport and
digestive vacuoles (white circle) throughout the cells largely independent of LAMP-1 (Fig 7i).

When we investigated the ileum of a 1 hour old gavaged piglet, we observed that pIgR is located within
small to medium-sized vacuoles near the apical regions of ileal IECs (Fig 8a). In �gure 8b, Cy5-Ova is
located within large-sized transport and digestive vacuoles (white circle closest to the top of the image)
that are irregular in shape in comparison to the typical circular nature of vacuoles. Cy5-Ova is also
located within endosomes throughout the cells (white circle closest to the bottom of the image)
independent of pIgR (Fig 8c). In �gure 8d, Rab7 is located within endosomes near the lateral surface
between ileal IECs (purple arrow). Rab7 (�gure 8d,f) and Cy5-Ova (�gure 8e,f) colocalize within
endosomes throughout the cells (small white circle) and within medium to large-sized transport and
digestive vacuoles (large white circles) that are an irregular shaped and located near the basolateral
region of the cells. Finally, LAMP-1 appears to be located within lysosomes throughout ileal IECs (white
circle; Fig 8g). Cy5-Ova appears to be located within medium to large-sized transport and digestive
vacuoles near the apical and basolateral regions of the cells (the two white circles closest to the right of
the image; �g 8h). Cy5-Ova is also located within lysosomes throughout the cells (white circle closest to
the left of the image) with LAMP-1 (Fig 8i).

                When we compare the corrected total cell �uorescence with the 0 hour gavaged piglets, the 1
hour gavaged piglets and control animal piglet, we observed that the duodenum and jejunum from the 1
hour old gavaged piglets had signi�cantly more pIgR, Rab7, and LAMP-1 (jejunum only) and Cy5-OVA
(duodenum only) than the control animal (Fig 9a,b). In contrast, the ileum of the 0 hour old gavaged
piglets had signi�cantly more pIgR, Rab7 and Cy-5 relative the control tissue (Fig 9c).
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Discussion
Piglets must ingest colostrum within hours after birth to receive colostrum-derived antibodies and
macromolecules for immune system development and protection. It has been previously reported that the
small intestine of newborn piglets that are cross-fostered take up colostrum-derived antibodies,
macromolecules, and cells (Bandrick et al., 2014a; Bandrick et al., 2011; Bandrick et al., 2014b). However,
colostral cells from a non-biological sow does not cross the suckling piglet’s intestinal wall (Bandrick et
al., 2011; Loving et al., 2014). Furthermore, all segments of the small intestine are reported to lose their
abilities to transport macromolecules and cells across the intestinal epithelium 36 hours after birth
(Sangild, 2003; Westrom et al., 1989). This loss of transport is also referred to as “gut closure” and is
presumed to occur by decreased endocytotic capabilities of IECs, however, the exact mechanism is
currently unknown. In addition, modi�cation of the assembly and composition of tight junction proteins
such as claudins which regulate the high-capacity pore pathway between IECs may also contribute to gut
closure (Deluco et al., 2021; Pasternak et al., 2015a). Tight junctions are a complex of proteins that
regulate the passage of small, uncharged solutes and ions between adjacent cells (Madara et al., 1992;
Tsukita et al., 2001). Understanding the mechanism by which orally administered antigens traverse the
intestinal epithelium immediately after birth may help to provide insight on the mechanism of uptake of
an orally administered antigen that is relevant for vaccine development. Visualization of the location of
the ingested antigen in relation to endosomal and epithelial cell surface markers may facilitate
understanding of the mechanism of antigen transport and processing.

Throughout the small intestine, endocytosis takes place at the microvilli base where there are deep
invaginations between the adjacent microvilli (Gonnella and Neutra, 1984). Research in the newborn rat
ileum showed that enterocytes non-selectively take up macromolecules and process them through a
complex array of membrane compartments towards a giant vacuole, which appears to be consistent with
a lysosome that is responsible for degradation of milk-derived products (Knutton et al., 1974).
Furthermore, macromolecules can be taken up by both receptor-mediated and non-selective endocytosis
for degradation in the lysosome or for transport using the transepithelial transport pathway (Knutton et
al., 1974; Siminoski et al., 1986). Others showed that radio-labeled proteins introduced to the rat jejunal
and ileal epithelium localized to apical endosomal compartments and were also associated with
lysosomal vacuoles, suggesting it was targeted for degradation and for transport but that they were also
observed at basolateral cell surfaces and lamina propria suggesting transport (Gonnella et al., 1989;
Gonnella et al., 1987). Understanding the mechanisms responsible for route the macromolecules towards
transport in the neonatal period has implications for possibly manipulating barrier function.

In the present study, we investigated how Cy5-Ova is taken up and transported within IECs of the 0 hour
old gavaged and 1 hour old gavaged piglet. In duodenal, jejunal, and ileal IECs, Cy5-Ova does not
colocalize with pIgR on the surface of the cells or within pIgR+ endosomes, regardless of whether they
were gavaged with Cy5-Ova pre- or post-suckling. One exception was that co-localization between pIgR
and Cy5-Ova was observed within endosomes throughout ileal IECs in 0 hour old gavaged piglets. Cy5-
Ova appeared to localize within small, medium, and large-sized transport and digestive vacuoles and
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largely colocalized with Rab7 in the endosomes throughout the small intestine in 0 hour gavaged piglets.
In contrast, Cy5-Ova colocalized with Rab7 in the ileum but it was largely independent of Rab7 in the
duodenum and jejunum in the 1 hour gavaged piglets. One limitation of this research may be the
potential rupturing of vacuoles containing Cy5-Ova during IHC-p processing. During the dehydration
process of aqueous formalin-�xed tissues, both transport and digestive vacuoles located within IECs may
have ruptured thus releasing their contents in the surrounding cytoplasmic areas. Our research shows the
localization of Cy5-Ova within transport and digestive vacuoles located within small intestinal cells
exhibit varying degrees of �uorescent intensity. Areas in which vacuoles previously resided appear as
black suggesting that these vacuoles may have contained Cy5-Ova but were ‘washed out’ despite the use
of formaldehyde, a �xing agent that is generally considered effective in cross-linking proteins and
stabilizing the cell matrix.

Cy5-Ova colocalized with lysosomal marker LAMP-1 in duodenal, jejunal and ileal IECs in 0 hour gavaged
piglets as well as being present witihin vacuoles. Colocalization with LAMP-1 was not observed within 1
hour old gavaged piglets. One possibility is that it takes longer for the piglets that received colostrum to
process the gavaged Cy5-Ova and that, given more time, it would be present in the lysosomes in this
region of the gut, or that there are region speci�c differences in localization. Localization of Cy5-Ova
within lysosomes of newborn piglets may indicate that the antigen is undergoing degradation and/or that
we are simply observing cleavage of the Cy5 dye molecules from the antigen. SDS-PAGE analysis of the
processed tissues may elucidate whether Ova is being cleaved from Cy5 in the lysosome or whether it
remains covalently associated.

Colocalization observed between Rab7-Cy5-Ova and LAMP-1-Cy5-Ova suggests that Cy5-Ova has entered
duodenal IECs via endocytosis and has progressed through early endsomes, recycling endosomes, late
endosomes, and localized within lysosomes. To con�rm the presence of Cy5-Ova within early endosomes
and recycling endosomes, other markers should be explored such as Rab5 (early endosome marker) and
Rab25 (recycling marker). Another future direction could be to examine the effects of endocytotic
inhibitors on antigen uptake. Chloroquine is an aminoquinolone derivative that is used in the primary
treatment of malaria. Chloroquine has also been shown to be an effective inhibitor of clathrin-dependent
endocytosis by affecting the function of clathrin and clathrin-coated vesicles (Chen et al., 2009). Filipin is
a polyene antibiotic that binds to cholesterol within the epithelial cell membrane thus making it an
effective inhibitor of clathrin-independent endocytosis (Dutta and Donaldson, 2012). Another technique to
assess the localization of ingested antigen may include using BODIPY-conjugated DQ-Ova (a self-
quenched conjugate of Ova) (Liu et al., 2017). Proteolytic cleavage of DQ-Ova in the lysosomes of
newborn piglets would exhibit brighter �uorescence due to the release of BODIPY dye molecules (Liu et
al., 2017). The presence of our antigen within late endosomes and lysosomes suggests that Cy5-Ova is
entering polarized IECs via endocytosis. Further analysis should be performed to determine whether an
orally administered vaccine is degraded within the lysosomes and whether this negatively impacts
antigen presentation and induction of the adaptive immune response.
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In pigs, intestinal epithelial cells lack expression of MHCII molecules and therefore cannot act as APCs
(Wilson et al., 1996). Therefore, it is critical that vaccines traverse the intestinal wall for oral vaccines to
be presented and recognized by the adaptive immune system. Since the intestinal wall is semi-permeable
in piglets at birth, this period of time may be used to orally vaccinate pigs, however, it is possible that the
neonatal immune system may not be mature enough to respond to the oral vaccine. A previous study
examining the effects of orally administered Ova with or without adjuvants in piglets within 6 hours of
birth (Pasternak et al., 2015b) showed that orally administered Ova induced anti-Ova IgA, IgM, IgG, IgG,
and IgG2 antibodies in serum relative to the control piglets gavaged with saline (Pasternak et al., 2015b).
These data suggest that the antigen traversed the neonatal gut wall and an adaptive immune response
was mounted in the newborn piglet. Further research needs to be performed to establish if an oral vaccine
administered when the gut is semi-permeable, prior to gut-closure, can protect against neonatal enteric
diseases. Trials should include formulating the vaccine for slow release once it traverses the gut wall to
be acted upon by the immune system in the post-neonatal period. Furthermore, there must be
con�rmation that vaccines administered orally during the neonatal period do not trigger a T regulatory
response instead of a stimulatory immune response.

Conclusions
Our research shows that in duodenal, jejunal and ileal IECs, Cy5-Ova does not colocalize with pIgR on the
surface of the cells or within pIgR+ endosomes, regardless of whether they were gavaged pre- or post-
suckling. Cy5-Ova appears to be largely located within small, medium, and large-sized transport and
digestive vacuoles and it was colocalized with RAB7 in the endosomes throughout the small intestine in 0
hour gavaged piglets and the ileum of 1 hour gavaged piglets. Likewise, Cy5-Ova colocalized with
lysosomal marker LAMP-1 in the duodenal and jejunal IECs in 0 hour and 1 hour gavaged piglets but only
in the ileum in the 0 hour old gavaged piglets. The intake of colostral macromoleucles takes time to
process and therefore reduces the uptake and processing of new antigen in the ileum. Whether the ileal
uptake of Cy5-Ova in the 1 hr-old gavaged piglets leads to increased transport rather than lysosomal
digestion may impact timing of oral vaccine delivery in newborn piglets.

Declarations
Ethics Approval and Consent to Participate

This work was approved by the University of Saskatchewan's Animal Research Ethics Board and adhered
to the Canadian Council on Animal Care Guidelines for humane animal use.

Availability of Data and Materials

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Consent for Publication



Page 12/25

The authors give their consent for publication.

Competing Interests

The authors declare that they have no competing interests.

Funding

Funding for this research was provided by Natural Sciences and Engineering Research Council of Canada
Discover Grant (416587) to HLW and a Graduate Teaching Fellowship, a Devolved Scholarship, and a
Graduate Scholarship from the University of Saskatchewan’s School of Public Health for BD. VIDO
receives operational funding from Canada Foundation for Innovation – Major Science Initiatives and
Government of Saskatchewan through Innovation Saskatchewan and the Ministry of Agriculture.

Author Contributions

BD and HLW conceived of and designed the experiments. BD carried out all assays. BD analyzed all data
and drafted the manuscript. All authors read and approved the �nal manuscript.

Acknowledgments

We would like to thank Nathalie Berube (VIDO) for her technical assistance with microscopy, Dr. Aditya
Manek (University of Saskatchewan Health Science Histology Core Facility) and members of the Prairie
Swine Centre Inc. for their assistance and use of their facilities. This article is published with the
permission of the Director of VIDO, journal series no. 931.

References
1. Asano, M., Komiyama, K., 2011. Polymeric immunoglobulin receptor. J Oral Sci 53, 147-156.

2. Baintner, K., 1994. Demonstration of acidity in intestinal vacuoles of the suckling rat and pig. J
Histochem Cytochem 42, 231-238.

3. Baintner, K., 2007. Transmission of antibodies from mother to young: Evolutionary strategies in a
proteolytic environment. Vet Immunol Immunopathol 117, 153-161.

4. Bandrick, M., Ariza-Nieto, C., Baidoo, S.K., Molitor, T.W., 2014a. Colostral antibody-mediated and cell-
mediated immunity contributes to innate and antigen-speci�c immunity in piglets. Dev Comp
Immunol 43, 114-120.

5. Bandrick, M., Pieters, M., Pijoan, C., Baidoo, S.K., Molitor, T.W., 2011. Effect of cross-fostering on
transfer of maternal immunity to Mycoplasma hyopneumoniae to piglets. Vet Rec 168, 100.

�. Bandrick, M., Theis, K., Molitor, T.W., 2014b. Maternal immunity enhances Mycoplasma
hyopneumoniae vaccination induced cell-mediated immune responses in piglets. Bmc Vet Res 10,
124.



Page 13/25

7. Burton, K.A., Smith, M.W., 1977. Endocytosis and immunoglobulin transport across the small
intestine of the new-born pig. J Physiol 270, 473-488.

�. Chen, C.-L., Hou, W.-H., Liu, I.H., Hsiao, G., Huang, S.S., Huang, J.S., 2009. Inhibitors of clathrin-
dependent endocytosis enhance TGFbeta signaling and responses. J Cell Sci 122, 1863-1871.

9. Deluco, B., Fourie, K.R., Simko, O.M., Wilson, H.L., 2021. Localization of Claudin-3 and Claudin-4
within the Small Intestine of newborn piglets. Physiol Rep 9, e14717.

10. Dutta, D., Donaldson, J.G., 2012. Search for inhibitors of endocytosis: Intended speci�city and
unintended consequences. Cell Logist 2, 203-208.

11. Fujita, M., Baba, R., Shimamoto, M., Sakuma, Y., Fujimoto, S., 2007. Molecular morphology of the
digestive tract; macromolecules and food allergens are transferred intact across the intestinal
absorptive cells during the neonatal-suckling period. Med Molec Morphol 40, 1-7.

12. Gillingham, A.K., Sinka, R., Torres, I.L., Lilley, K.S., Munro, S., 2014. Toward a comprehensive map of
the effectors of rab GTPases. Dev Cell 31, 358-373.

13. Gonnella, P.A., Harmatz, P., Walker, W.A., 1989. Prolactin is transported across the epithelium of the
jejunum and ileum of the suckling rat. J Cell Physiol 140, 138-149.

14. Gonnella, P.A., Neutra, M.R., 1984. Membrane-bound and �uid-phase macromolecules enter separate
prelysosomal compartments in absorptive cells of suckling rat ileum. J Cell Biol 99, 909-917.

15. Gonnella, P.A., Siminoski, K., Murphy, R.A., Neutra, M.R., 1987. Transepithelial transport of epidermal
growth factor by absorptive cells of suckling rat ileum. J Clin Invest 80, 22-32.

1�. Homma, Y., Kinoshita, R., Kuchitsu, Y., Wawro, P.S., Marubashi, S., Oguchi, M.E., Ishida, M., Fujita, N.,
Fukuda, M., 2019. Comprehensive knockout analysis of the Rab family GTPases in epithelial cells. J
Cell Biol 218, 2035-2050.

17. Honing, S., Gri�th, J., Geuze, H.J., Hunziker, W., 1996. The tyrosine-based lysosomal targeting signal
in lamp-1 mediates sorting into Golgi-derived clathrin-coated vesicles. Embo J 15, 5230-5239.

1�. Janvier, K., Bonifacino, J.S., 2005. Role of the endocytic machinery in the sorting of lysosome-
associated membrane proteins. Mol Biol Cell 16, 4231-4242.

19. Knutton, S., Limbrick, A.R., Robertson, J.D., 1974. Regular structures in membranes. I. Membranes in
the endocytic complex of ileal epithelial cells. J Cell Biol 62, 679-694.

20. Liu, W.J., Li, Z.-H., Chen, X.-C., Zhao, X.-L., Zhong, Z., Yang, C., Wu, H.-L., An, N., Li, W.-Y., Liu, H.-F.,
2017. Blockage of the lysosome-dependent autophagic pathway contributes to complement
membrane attack complex-induced podocyte injury in idiopathic membranous nephropathy. Sci Rep
7, 8643.

21. Loving, C.L., Brockmeier, S.L., Vincent, A.L., Gauger, P.C., Zanella, E.L., Lager, K.M., Kehrli, M.E., Jr.,
2014. Cross-fostering to prevent maternal cell transfer did not prevent vaccine-associated enhanced
respiratory disease that occurred following heterologous in�uenza challenge of pigs vaccinated in
the presence of maternal immunity. Viral Immunol 27, 334-342.



Page 14/25

22. Madara, J.L., Parkos, C., Colgan, S., Nusrat, A., Atisook, K., Kaoutzani, P., 1992. The movement of
solutes and cells across tight junctions. Ann N Y Acad Sci 664, 47-60.

23. Michael Danielsen, E., Hansen, G.H., 2016. Small molecule pinocytosis and clathrin-dependent
endocytosis at the intestinal brush border: Two separate pathways into the enterocyte. Biochim
Biophys Acta 1858, 233-243.

24. Olszewski, J., Zabielski, R., Skrzypek, T., Matyba, P., Wierzbicka, M., Adamski, A., Grzesiuk, E., Sady, M.,
Gajewski, Z., Ferenc, K., 2021. Differences in Intestinal Barrier Development between Intrauterine
Growth Restricted and Normal Birth Weight Piglets. Animals 11, 990.

25. Pasternak, J.A., Kent-Dennis, C., Van Kessel, A.G., Wilson, H.L., 2015a. Claudin-4 undergoes age-
dependent change in cellular localization on pig jejunal villous epithelial cells, independent of
bacterial colonization. Mediators In�amm 2015, 263629.

2�. Pasternak, J.A., Ng, S.H., Buchanan, R.M., Mertins, S., Mutwiri, G.K., Gerdts, V., Wilson, H.L., 2015b.
Oral antigen exposure in newborn piglets circumvents induction of oral tolerance in response to
intraperitoneal vaccination in later life. Bmc Vet Res 11, 50.

27. Rodewald, R., Kraehenbuhl, J.P., 1984. Receptor-mediated transport of IgG. J Cell Biol 99, 159s-164s.

2�. Salmon, H., 2012. Colostral and lactogenic maternal immunity: Humoral and cellular factors of
induction and transmission to the neonate, pp. 37-74.

29. Samie, M.A., Xu, H., 2014. Lysosomal exocytosis and lipid storage disorders. J Lipid Res 55, 995-
1009.

30. Sangild, P.T., 2003. Uptake of colostral immunoglobulins by the compromised newborn farm animal.
Acta Vet Scand Suppl 98, 105-122.

31. Siminoski, K., Gonnella, P., Bernanke, J., Owen, L., Neutra, M., Murphy, R.A., 1986. Uptake and
transepithelial transport of nerve growth factor in suckling rat ileum. J Cell Biol 103, 1979-1990.

32. Skrzypek, T., Szymańczyk, S., Ferenc, K., Kazimierczak, W., Szczepaniak, K., Zabielski, R., 2018. The
contribution of vacuolated foetal-type enterocytes in the process of maturation of the small intestine
in piglets. J Anim Feed Sci 27, 187-201.

33. Skrzypek, T., Valverde Piedra, J.L., Skrzypek, H., Kazimierczak, W., Biernat, M., Zabielski, R., 2007.
Gradual disappearance of vacuolated enterocytes in the small intestine of neonatal piglets. J Physiol
Pharmacol 58 Suppl 3, 87-95.

34. Smith, M.W., Jarvis, L.G., 1978. Growth and cell replacement in the new-born pig intestine.
Proceedings of the Royal Society of London Series B, Biological sciences 203, 69-89.

35. Strugnell, R.A., Wijburg, O.L.C., 2010. The role of secretory antibodies in infection immunity. Nat Revs
Microbiol 8, 656-667.

3�. Tsukita, S., Furuse, M., Itoh, M., 2001. Multifunctional strands in tight junctions. Nat Rev Mol Cell Biol
2, 285-293.

37. Verges, M., 2016. Retromer in Polarized Protein Transport. Int Rev Cell Mol Biol 323, 129-179.



Page 15/25

3�. Verges, M., Luton, F., Gruber, C., Tiemann, F., Reinders, L.G., Huang, L., Burlingame, A.L., Haft, C.R.,
Mostov, K.E., 2004. The mammalian retromer regulates transcytosis of the polymeric
immunoglobulin receptor. Nat Cell Biol 6, 763-769.

39. Westrom, B.R., Tagesson, C., Leandersson, P., Folkesson, H.G., Svendsen, J., 1989. Decrease in
intestinal permeability to polyethylene glycol 1000 during development in the pig. J Dev Physiol 11,
83-87.

40. Wilke, S., Krausze, J., Bussow, K., 2012. Crystal structure of the conserved domain of the DC
lysosomal associated membrane protein: implications for the lysosomal glycocalyx. BMC Biol 10,
62.

41. Wilson, A.D., Haverson, K., Southgate, K., Bland, P.W., Stokes, C.R., Bailey, M., 1996. Expression of
major histocompatibility complex class II antigens on normal porcine intestinal endothelium.
Immunology 88, 98-103.

42. Xu, J., Toops, K.A., Diaz, F., Carvajal-Gonzalez, J.M., Gravotta, D., Mazzoni, F., Schreiner, R., Rodriguez-
Boulan, E., Lakkaraju, A., 2012. Mechanism of polarized lysosome exocytosis in epithelial cells. J Cell
Sci 125, 5937-5943.

43. Zabielski, R., 1998. Regulatory peptides in milk, food and in the gastrointestinal lumen of young
animals and children. J Anim Feed Sci 7, 65-78.

44. Zhang, M., Chen, L., Wang, S., Wang, T., 2009. Rab7: roles in membrane tra�cking and disease.
Biosci Rep 29, 193-209.

Figures



Page 16/25

Figure 1

Fluorescent intensity (arbitrary units) of Cy5 in different bodily compartments of 0-hour old gavaged
(n=3) and 1-hour old gavaged (n=3) piglets. Fluids measured include serum, stomach contents, contents
of initial gavage (Cy5-Ova (300 mg/14.2 mL)), and distilled water (control). Fluorescent intensity of Cy5
(arbitrary units) was measured with an Odyssey infrared imager at 700nm. Each circle represents a
distinct biological replicate if applicable.



Page 17/25

Figure 2

Background �uorescence assessment on pig intestine incubated with secondary antibodies from a
control pig not gavaged with Cy5-OVA. These images are representatives of IHC-p performed on
duodenum, jejunum, and ileum tissue samples using secondary antibody (A, B, and C) Alexa 555-labeled
goat anti-rabbit IgG (H+L) (green), secondary antibody (D, E, and F) anti-mouse IgG2b labeled-FITC (blue),
and secondary antibody (G, H and I) anti-mouse IgG1 labeled-FITC (blue). The red colour is background
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�uorescence at 800 nm which corresponds to the �uorescence used to detect Cy5-Ova (J, K , and L). All
images were taken with a Leica Confocal Microscope at 63X.

Figure 3

pIgR, RAB7 and LAMP-1 detection and Cy5-Ova localization in the duodenum of a 0-hour old gavaged
piglets. These images are representatives of IHC-p performed on duodenum tissue samples. Primary
antibodies: rabbit anti-pIgR (a,c), mouse anti-RAB7 (d,f), and mouse anti-LAMP-1 (g,i). Secondary
antibodies were Alexa 555-labeled goat anti-rabbit IgG (green), anti-mouse IgG2b labeled-FITC (blue), and
anti-mouse IgG1 labeled-FITC (blue). Cy5-Ova is shown in red (b,c,e,f,h,i). Apical localization is shown
with white arrows. Localization between IECs is shown with purple arrows. Basolateral localization is
shown with orange arrows. Lamina propria localization is shown with orange circles. Vacuole, endosome,
and/or lysosome localization is shown with white circles. All images were taken with a Leica Confocal
Microscope at 63X.
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Figure 4

pIgR, RAB7 and LAMP-1 detection and Cy5-Ova localization in the jejunum of a 0-hour old gavaged
piglets. These images are representatives of IHC-p performed on jejunum tissue samples. Primary
antibodies: rabbit anti-pIgR (a,c), mouse anti-RAB7 (d,f), and mouse anti-LAMP-1 (g,i). Secondary
antibodies were Alexa 555-labeled goat anti-rabbit IgG (green), anti-mouse IgG2b labeled-FITC (blue), and
anti-mouse IgG1 labeled-FITC (blue). Cy5-Ova is shown in red (b,c,e,f,h,i). Apical localization is shown
with white arrows. Vacuole, endosome, and/or lysosome localization is shown with white circles. All
images were taken with a Leica Confocal Microscope at 63X.
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Figure 5

pIgR, RAB7 and LAMP-1 detection and Cy5-Ova localization in the ileum of a 0-hour old gavaged piglets.
These images are representatives of IHC-p performed on ileum tissue samples. Primary antibodies: rabbit
anti-pIgR (a,c), mouse anti-RAB7 (d,f), and mouse anti-LAMP-1 (g,i). Secondary antibodies were Alexa
555-labeled goat anti-rabbit IgG (green), anti-mouse IgG2b labeled-FITC (blue), and anti-mouse IgG1
labeled-FITC (blue). Cy5-Ova is shown in red (b,c,e,f,h,i). Apical localization is shown with white arrows.
Vacuole, endosome, and/or lysosome localization is shown with white circles. All images were taken with
a Leica Confocal Microscope at 63X.
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Figure 6

pIgR, RAB7 and LAMP-1 detection and Cy5-Ova localization in the duodenum of a 1-hour old gavaged
piglets. These images are representatives of IHC-p performed on duodenum tissue samples. Primary
antibodies: rabbit anti-pIgR (a,c), mouse anti-RAB7 (d,f), and mouse anti-LAMP-1 (g,i). Secondary
antibodies were Alexa 555-labeled goat anti-rabbit IgG (green), anti-mouse IgG2b labeled-FITC (blue), and
anti-mouse IgG1 labeled-FITC (blue). Cy5-Ova is shown in red (b,c,e,f,h,i). Basolateral localization is
shown with orange arrows. Lamina propria localization is shown with orange circles. Vacuole, endosome,
and/or lysosome localization is shown with white circles. All images were taken with a Leica Confocal
Microscope at 63X.
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Figure 7

pIgR, RAB7 and LAMP-1 detection and Cy5-Ova localization in the jejunum of a 1-hour old gavaged
piglets. These images are representatives of IHC-p performed on jejunal tissue samples. Primary
antibodies: rabbit anti-pIgR (a,c), mouse anti-RAB7 (d,f), and mouse anti-LAMP-1 (g,i). Secondary
antibodies were Alexa 555-labeled goat anti-rabbit IgG (green), anti-mouse IgG2b labeled-FITC (blue), and
anti-mouse IgG1 labeled-FITC (blue). Cy5-Ova is shown in red (b,c,e,f,h,i). Apical localization is shown
with white arrows. Lamina propria localization is shown with orange circles. Vacuole, endosome, and/or
lysosome localization is shown with white circles. All images were taken with a Leica Confocal
Microscope at 63X.
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Figure 8

pIgR, RAB7 and LAMP-1 detection and Cy5-Ova localization in the duodenum of a 0-hour old gavaged
piglets. These images are representatives of IHC-p performed on duodenum tissue samples. Primary
antibodies: rabbit anti-pIgR (a,c), mouse anti-RAB7 (d,f), and mouse anti-LAMP-1 (g,i). Secondary
antibodies were Alexa 555-labeled goat anti-rabbit IgG (green), anti-mouse IgG2b labeled-FITC (blue), and
anti-mouse IgG1 labeled-FITC (blue). Cy5-Ova is shown in red (b,c,e,f,h,i). Apical localization is shown
with white arrows. Localization between IECs is shown with purple arrows. Vacuole, endosome, and/or
lysosome localization is shown with white circles. All images were taken with a Leica Confocal
Microscope at 63X.
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Figure 9

Quanti�cation of �uorescence for anti-pIgR, RAB7, LAMP-1, and Cy5-OVA in piglets gavaged with Cy5-
OVA 0 or 1 hour after birth. Immunohistochemistry was performed on Duodenum (A), Jejunum (B) and
Ileum (C) from control, 0 hour gavaged and 1 hour gavaged piglets using rabbit anti-pIgR, mouse anti-
RAB7, and mouse anti-LAMP-1 primary antibodies and Alexa 555-labeled goat anti-rabbit IgG(green), anti-
mouse IgG2b labeled-FITC (blue), and anti-mouse IgG1 labeled-FITC (blue) secondary antibodies,
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respectively. Cy5-Ova was also quanti�ed. Each symbol represents one animal. Median values are
denoted by a horizontal bar. Statistical difference was assessed using Kruskal-Wallis One-way analysis
of variance (ANOVA) with Dunn’s multiple comparisons test. Statistical signi�cance is denoted as P<.05
(*). The dotted line indicates statistical difference with Kruskal-Wallis One-way analysis of variance
(ANOVA) without signi�cance using the Dunn’s multiple comparisons test.


