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ABSTRACT 26	  

Selection for prolificacy in modern pig farming has resulted in increasing litter sizes. Since 27	  

rearing large litters is challenging, artificial rearing of piglets with a milk replacer is an 28	  

alternative strategy. It is hypothesized that the development of the piglets’ mucosa-associated 29	  

lymphoid tissues (MALT) is affected by these artificial conditions. Therefore, the 30	  

stereologically estimated volumes of the tonsil of the soft palate, and the lingual, 31	  

nasopharyngeal and paraepiglottic tonsils, as well as the jejunal and ileal Peyer’s patches were 32	  

statistically compared at day 21 postpartum between six conventionally reared piglets and six 33	  

piglets that were artificially reared from day 7 onwards. In addition, six 7-day-old sow-fed 34	  

piglets were examined to evaluate the effect of age. All tonsils and Peyer’s patches 35	  

significantly increased in volume with age. The rearing strategy had no significant effect on 36	  

the volumes of the tonsil of the soft palate and the lingual tonsil. The former tonsil was by far 37	  

the largest with a mean volume of 967.2 ± 122.4 mm3 and 822.3 ± 125.4 mm3 in the 38	  

conventionally and artificially reared piglets, respectively. The lingual tonsil only measured 39	  

9.4 ± 6.4 mm3 and 6.3 ± 2.6 mm3 in conventionally and artificially reared groups, 40	  

respectively. In contrast, the rearing strategy did affect the volumes of the nasopharyngeal and 41	  

paraepiglottic tonsils, which had a mean volume of 137.1 ± 32.4 mm3 and 84.4 ± 26.9 mm3, 42	  

and 30.7 ± 7.8 mm3 and 20.0 ± 3.9 mm3 in conventionally and artificially reared piglets, 43	  

respectively. The rearing strategy did not affect the development of the Peyer’s patches. At 44	  

day 21, the jejunal Peyer’s patches of the conventionally and artificially reared piglets 45	  

presented a volume of 1.6 ± 0.4 cm3 and 1.3 ± 0.2 cm3, respectively. The volumes of the ileal 46	  

Peyer’s patch amounted to 15.1 ± 3.0 cm³ in conventionally reared piglets and 12.0 ± 2.6 cm³ 47	  

in artificially reared piglets at day 21. The results showed that artificial rearing hampers the 48	  

morphological development of the tonsils that are exposed to inhaled antigens, but the 49	  

voluminous lymphoid tissues that sample oral antigens are not influenced. Since it is unlikely 50	  
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that the observed differences in both tonsils are due to the milk replacer, artificial rearing 51	  

could be a valuable alternative for raising large litters. In addition, the presence of developing 52	  

MALT in piglets allows for investigating the value of nasal and oral vaccination in this 53	  

species for human or veterinary purposes. 54	  

 55	  

Keywords: piglet; artificial rearing; tonsils; Peyer’s patches; stereology; volume  56	  
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1. Introduction 57	  

As a result of the increasing litter sizes in pig farming, supernumerary piglets are more 58	  

frequently artificially reared. According to European legislation, piglets should not be weaned 59	  

before the age of 28 days, or 21 days when an all-in/all-out management system is applied, 60	  

unless their welfare and/or health status may be compromised, e.g. by the relative lack of 61	  

maternal milk. In the artificial rearing strategy, the piglets are separated from the sow in the 62	  

first weeks after birth, and are further raised on milk replacer until the age of 3 to 4 weeks. In 63	  

farms with very high hygienic standards, it is possible to separate the piglets from the sow 64	  

from day 3 after birth onwards, after they have ingested sufficient amounts of colostrum. 65	  

During the artificial rearing period, the piglets may be housed disconnected from the sow but 66	  

in the same environment, or they can be housed isolated in a separate room. The latter 67	  

technique is believed to cause less stress because the piglets do not hear the sow. Once the 68	  

piglets have reached the legal weaning age, they are moved to the piglet facilities where they 69	  

have no longer access to milk but ingest solid feed instead.  70	  

Although it has been demonstrated that artificially reared piglets profit from formula feeding 71	  

in terms of body weight gain (De Vos et al., 2014; Prims et al., 2016, 2017), the development 72	  

of their immune systems may be disturbed as a consequence of the insufficient provision of 73	  

immune-stimulating factors (Hamosh, 2001; Helm et al., 2007). In addition, separation from 74	  

the sow may expose the artificially reared piglets to an altered, if not a lowered antigenic 75	  

pressure, which plays a pivotal role in the development of the mucosal immune system (Pabst 76	  

et al., 1988). 77	  

The mucosal immune system anatomically consists of mucosa-associated lymphoid tissue 78	  

(MALT) that is strategically situated within the body (Cesta, 2006). At the various MALT 79	  

sites, both local and systemic immune responses are induced. For this reason, impaired 80	  

development of these secondary lymphoid structures can affect the health status of the pig 81	  
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(Liebler-Tenorio and Pabst, 2006). The first line of defense against ingested and inhaled 82	  

pathogens is formed by the tonsils, of which five are present in the pig. The most prominent 83	  

porcine tonsil is the tonsil of the soft palate (tonsilla veli palatini). It is visible as a bilateral 84	  

oval plaque at the oral side of the soft palate. At the root of the tongue, another oropharyngeal 85	  

tonsil, i.c. the lingual tonsil (tonsilla lingualis), can be found. In the nasopharynx, the 86	  

pharyngeal tonsil (tonsilla pharyngea) or adenoid is located at the caudal end of the 87	  

pharyngeal septum, whereas the bilateral tubal tonsil (tonsilla tubaria) is positioned near the 88	  

orifices of the auditory tubes. Finally, the paired paraepiglottic tonsil (tonsilla 89	  

paraepiglottica) is bilaterally present in the laryngopharynx at the basis of the epiglottis 90	  

(Casteleyn et al., 2011; Liu et al., 2012). In addition to the anatomical localization of the 91	  

porcine tonsils, their histological characteristics were previously described in the adult pig 92	  

(Casteleyn et al., 2011).  93	  

Deeper in the gastrointestinal tract, the jejunal and ileal Peyer's patches, which are located at 94	  

the antimesenteric side of the small intestine, form a second barrier against pathogens that 95	  

have been ingested, either directly after oral uptake or after swallowing of nasopharyngeal 96	  

sputum that may contain inhaled pathogens. In pigs, there are two types of Peyer’s patches. 97	  

The discontinuous Peyer’s patch in the jejunum presents several discrete patches that are 98	  

composed of aggregated lymphoid follicles. The continuous Peyer’s patch is distributed along 99	  

the entire length of the ileum and functions as a secondary lymphoid organ in the pig, thus 100	  

orchestrating immune responses against luminal pathogens (Levast et al., 2010). 101	  

The objective of the present study was to examine the effect of artificial rearing of piglets on 102	  

the development of MALT, in particular the tonsils and Peyer's patches. It was hypothesized 103	  

that the development of secondary lymphoid organs lags in artificially reared piglets. In a 104	  

comparative animal experiment between conventionally and artificially reared piglets, the 105	  

volumes of these secondary lymphoid organs were assessed by means of stereology. To date, 106	  
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morphometric data about the tonsils and Peyer's patches of the pig are very scarce. Moreover, 107	  

the potential influence of artificial rearing on the morphological development of these 108	  

mucosal immune tissues has not yet been elucidated. In contrast, intestinal lymphocyte 109	  

numbers have been examined in view of artificial rearing of piglets, but the results are 110	  

contradictory (Vega-López et al., 1995; Orgeur et al., 2001; Helm et al., 2007).  111	  

 112	  

2. Materials and Methods 113	  

2.1 Animals 114	  

Vital, newborn piglets (n = 9/gender) that presented with a birth weight ranging within 1 115	  

standard deviation (SD) of the mean birth weight of the litter, were selected at a local pig farm 116	  

from three different litters (Belgian Landrace x Piétrain boar). All 18 piglets received iron 117	  

injection within the first week of life. After seven days of suckling, 12 randomly selected 118	  

piglets, equally representing both genders, were transported to the laboratory. Half of them, 119	  

i.e. three males and three females, were immediately euthanized, while the other six piglets 120	  

were transferred to commercial brooders (Rescue Decks®, Provimi B.V., Rotterdam, the 121	  

Netherlands) where they were artificially reared until the age of 21 days. The light/dark cycle 122	  

and temperature of the room in which the brooders were located were set to match the 123	  

conditions on the farm. The air was adequately refreshed by means of a ventilation system. 124	  

On the brooders, the piglets had ad libitum access to milk replacer (Biggilac PL+, AVEVE 125	  

Veevoeding, Merksem, Belgium) and tap water via an automatic dispenser system. The decks 126	  

had a meshed floor, with rubber floor mats in the resting area. A heat lamp provided sufficient 127	  

warmth. Cage enrichment was available and the welfare and health status of each individual 128	  

piglet was checked daily. The six piglets that remained on the local farm continued to suckle 129	  

for two weeks, after which they were transported to the laboratory and euthanized together 130	  



	   7	  

with the artificially reared piglets at the age of 21 days. No antibiotics or vaccines were 131	  

administered during the entire rearing period, not on the farm, neither on the brooders. 132	  

All husbandry and experimental procedures were approved by the Ethical Committee for 133	  

Animal Testing (ECD) of the University of Antwerp (EC number: 2014-01) and were in 134	  

accordance with the European Commission directives (2008/120/EC). 135	  

 136	  

2.2. Sample collection 137	  

The 7-day-old piglets, representing the common rearing trajectory, and the 21-day-old 138	  

conventionally and artificially reared piglets were sedated by injection of the appropriate dose 139	  

(0.22 ml/kg) of a mixed solution containing Zoletil 100® (Tiletamine 50 mg/ml, Zolazepam 140	  

50 mg/ml, Virbac, Louvain, Belgium) and Sedaxyl® (Xylazine hydrochloride 20 mg/ml, 141	  

VMD, Arendonk, Belgium) in the hamstring muscles using a 21G needle. They were 142	  

subsequently exsanguinated by severing the carotid arteries and jugular veins.  143	  

Immediately after euthanasia, the root of the tongue caudal to the circumvallate papillae that 144	  

contains the lingual tonsil (Casteleyn et al., 2011), the paired tonsil of the soft palate, the roof 145	  

of the nasopharynx from the caudal border of the nasopharyngeal septum towards the 146	  

openings of the auditory tubes that contains both the pharyngeal and tubal tonsils (Casteleyn 147	  

et al., 2011), and the paraepiglottic tonsils were dissected. Since it was impossible to delineate 148	  

the unpaired pharyngeal tonsil from the paired tubal tonsils, both tonsils were examined as a 149	  

single structure, i.e. the nasopharyngeal tonsils. The tissue samples were measured using 150	  

digital calipers and stored in histological cassettes that were immersed in phosphate-buffered 151	  

saline (PBS; 0.01 M, pH 7.4) until histological processing. The larger samples were divided in 152	  

equal parts to fit in histological cassettes. 153	  

The small intestines were harvested through a ventral midline incision of the abdomen. They 154	  

were rinsed with PBS and subsequently immersed for 2 hours in 2% acetic acid to visualize 155	  
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the lymphoid follicles (Cornes, 1965). After rinsing with PBS, the number and lengths of the 156	  

discontinuous jejunal Peyer’s patches and the exact localization and length of the continuous 157	  

ileal Peyer’s patch were recorded. Only the segments of the jejunum that contained lymphoid 158	  

tissue were relevant for the research. Therefore, these segments were excised and joined to 159	  

obtain a continuous lymphoid structure on which the stereological sampling principles were 160	  

applied. According to these principles, the lengths of the obtained, continuous lymphoid 161	  

structure and the terminal small intestine containing the ileal Peyer’s patch were divided by 162	  

10, i.e. the number of histological sections that should be examined for unbiased stereological 163	  

volume estimation (Howard and Reed, 1998). The resulting value represents the interval 164	  

between the sections. In order to obtain uniform random sections, a random position was 165	  

determined within the interval. To enable histological sectioning, ten two-cm pieces were 166	  

harvested by transecting the gut 1 cm proximal and 1 cm distal to the random positions. After 167	  

the diameters of these 2-cm wide samples were recorded, they were immersed in PBS in 168	  

histological cassettes. A schematic presentation of the sampling procedure is shown in Fig. 1.  169	  

 170	  

2.3. Histological processing 171	  

All histological cassettes containing the tissue samples were immersed for 24 hours in 4% 172	  

buffered paraformaldehyde at room temperature. The samples were subsequently rinsed with 173	  

PBS and dehydrated. After dehydration, the dimensions of the samples were determined to 174	  

reveal the degree of tissue shrinkage. The samples were finally embedded in paraffin. From 175	  

the tonsillar samples, 10 uniform random sections were made according to the stereological 176	  

principles that are extensively described by Casteleyn et al. (2007). From each intestinal 177	  

sample, a 4 µm thick transverse section was made in the middle. The tissue sections were 178	  

routinely mounted on microscope slides and stained with Hematoxylin Carazzi (Hematoxylin 179	  
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solution (C.I. 75290), Merck KGaA, Darmstadt, Germany) and Eosin (Eosin yellow solution 180	  

(C.I. 45380) Merck KGaA). 181	  

 182	  

2.4. Stereological analysis 183	  

The Cavalieri method was used to estimate the lymphoid tissue volume of the tonsils and 184	  

Peyer’s patches. The sections were examined with a motorized light microscope (Olympus 185	  

BX 50, Olympus Belgium N.V., Berchem, Belgium) linked to a digital camera (Olympus DP 186	  

70). The application of the Cavalieri method to estimate the volume of the lymphoid tissue in 187	  

tonsils has been elaborated by Casteleyn et al. (2007). In brief, a point grid was randomly 188	  

superimposed on the histological sections using the newCAST software (Visiopharm, 189	  

Hoersholm, Denmark). The points of the grid that hit the lymphoid tissue were counted. Since 190	  

each of the grid points is associated with a fixed surface area, the total area of lymphoid tissue 191	  

on each histological section is calculated by multiplying the area per point with the total 192	  

number of points that hit the tissue of interest on the section. In order to estimate the volume 193	  

of lymphoid tissue of the entire tonsil or Peyer’s patch, the calculated areas of the sections 194	  

were multiplied by the fixed interval between the sections. 195	  

Histological processing of the tonsils and gut samples resulted in tissue shrinkage. The 196	  

percentage by which the tissue had shrunken was calculated by comparing the dimensions of 197	  

the samples before and after fixation and dehydration. To correct for tissue shrinkage, the 198	  

percentage of shrinkage was used to calculate the estimated volumes of lymphoid tissue 199	  

(Casteleyn et al., 2010).  200	  

 201	  

2.5. Statistical analysis 202	  

A non-parametric Levene’s test was performed before analysis to verify the equality of 203	  

variances between groups (homogeneity of variance) (P > 0.05). Statistical analyses were 204	  
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performed with IBM SPSS statistics (version 22; IBM Business Analytics, Armonk, NY, 205	  

USA). The potential influence of rearing method and age on the analyzed parameters was 206	  

evaluated with a Mann-Whitney U (mean rank) test, comparing the 7-day-old piglets with the 207	  

21-day-old conventionally reared piglets. A similar comparison was not made with the 21-208	  

day-old artificially reared piglets since such comparison would not allow for unequivocally 209	  

assigning any observed effect to age alone. The potential influence of the rearing method was 210	  

determined by comparing the 21-day-old conventionally and artificially reared piglets. A P-211	  

value smaller than or equal to 0.05 was considered statistically significant.  212	  

 213	  

3. Results 214	  

3.1. Tonsils 215	  

3.1.1. Tonsil of the soft palate 216	  

One week after birth, primary lymphoid follicles were already present in the tonsil of the soft 217	  

palate. However, most lymphoid tissue was not organized (Fig. 2A). Two weeks later, the 218	  

tonsil of the soft palate contained numerous primary and secondary lymphoid follicles, which 219	  

were separated by sparse interfollicular lymphoid tissue (Fig. 3A). The oral squamous 220	  

epithelium that lines the tonsil more frequently formed crypts at the age of three weeks (Figs. 221	  

2A and 3A). The histological characteristics of the tonsil of the soft palate in the 21-day-old 222	  

piglets were similar to those in the adult pig (Casteleyn et al., 2011). 223	  

The tonsil of the soft palate was by far the largest tonsil. It measured 289.2 ± 49.5 mm3 in the 224	  

one-week-old animals. Two weeks later, the volumes were significantly larger in the 225	  

conventionally reared piglets as they amounted to 967.2 ± 122.4 mm3 (P = 0.026). The rearing 226	  

strategy did not affect the volume since the artificially reared piglets presented with a volume 227	  

of the tonsil of the soft palate of 822.3 ± 125.4 mm3 (P = 0.699). 228	  

 229	  
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3.1.2. Lingual tonsil 230	  

At 7 days of age, the lingual tonsil was characterized by very few small aggregations of 231	  

lymphoid cells within the connective tissue cores of some of the conical papillae that were 232	  

found caudal to the circumvallate papillae. No lymphoid follicles were formed, neither at the 233	  

age of seven days nor two weeks later (Figs. 2B and 3B). At that time, the aggregations were 234	  

only somewhat larger (Fig. 3B). The histological organization of the lingual tonsil in the 21-235	  

day-old piglets was comparable to that in the adult pig (Casteleyn et al., 2011). 236	  

The lingual tonsil was the smallest tonsil of the five. It only measured 1.7 ± 1.5 mm3 in the 237	  

one-week-old piglets. Two weeks of conventional and artificial rearing resulted in 238	  

significantly larger volumes of 9.4 ± 6.4 mm3 (P = 0.009). Rearing strategy had no significant 239	  

influence on the mean volume of the lingual tonsil that amounted to 6.3 ± 2.6 mm3 in the 21-240	  

day-old artificially reared piglets (P = 0.627). 241	  

 242	  

3.1.3. Nasopharyngeal tonsils 243	  

Microscopic examination of the one-week-old piglets revealed that the nasopharyngeal tonsils 244	  

consisted of aggregations of lymphoid cells and some primary follicles. The lining 245	  

pseudostratified columnar epithelium presented a few invaginations, but no crypts were 246	  

formed (Fig. 2C). Two weeks later, numerous primary and secondary lymphoid follicles and 247	  

interfollicular lymphoid tissue could be observed. The epithelium seldom penetrated the 248	  

lymphoid tissue to form crypts (Fig. 3C). The histology of the nasopharyngeal tonsils in the 249	  

21-day-old piglets paralleled that in the adult pig (Casteleyn et al., 2011). 250	  

The volume of the nasopharyngeal tonsils was 14.5 ± 4.7 mm3 at one week after birth, which 251	  

was significantly smaller compared to the value in the 3-week-old piglets that was 137.1 ± 252	  

32.4 mm3 (P = 0.002). The rearing method significantly influenced the volume of these tonsils 253	  

that measured only 84.4 ± 26.9 mm3 in the 21-day-old artificially reared piglets (P = 0.015). 254	  
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 255	  

3.1.4. Paraepiglottic tonsil 256	  

One week after birth, the paraepiglottic tonsil was formed by aggregations of lymphoid cells 257	  

and some primary follicles (Fig. 2D). At the age of three weeks, the tonsil was composed of a 258	  

few lymphoid nodules that were composed of primary and secondary lymphoid follicles 259	  

around a central crypt. Its epithelium was continuous with the squamous epithelium of the 260	  

laryngopharynx (Fig. 3D). The light microscopic features of the paraepiglottic tonsil in the 261	  

21-day-old piglets were very comparable with those in the adult pig (Casteleyn et al., 2011). 262	  

The paraepiglottic tonsil had a volume of 8.8 ± 1.5 mm3 at one week of age. Two weeks later, 263	  

the conventionally reared piglets presented with a volume of 30.7 ± 7.8 mm3. The increase of 264	  

the volume in the older, conventionally reared piglets was significant (P = 0.002). The 265	  

volume of 20.0 ± 3.9 mm3 that was found in the 3-week-old artificially reared piglets was 266	  

significantly smaller than the value in the equally aged conventionally reared piglets (P = 267	  

0.015). This means that an effect of the rearing strategy was present.  268	  

 269	  

3.2. Peyer’s patches 270	  

3.2.1. Jejunal Peyer’s patches 271	  

Irrespective of the age of the piglets, the jejunal Peyer’s patches were composed of primary 272	  

and secondary lymphoid follicles that were separated by interfollicular lymphoid tissue (Fig. 273	  

4 upper panel). The lymphoid follicles were clustered at the antimesenteric side to form 274	  

patches that were separated by gut segments that were devoid of lymphoid tissue. The number 275	  

of jejunal Peyer’s patches was 24.2 ± 3.2, 28.5 ± 5.7 and 24.3 ± 5.2 in the 7-day-old, 21-day-276	  

old conventionally reared and 21-day-old artificially reared piglets, respectively. These values 277	  

were not significantly different between age groups (7-day-old piglets compared with 21-day-278	  

old conventionally reared piglets) (P = 0.132) or rearing groups (21-day-old conventionally 279	  
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reared piglets compared with 21-day-old artificially reared piglets) (P = 0.180). The mean 280	  

length of the individual patches significantly increased with age (P = 0.026) from 2.1 ± 0.3 281	  

cm in the 7-day-old piglets to 2.7 ± 0.5 cm in the 21-day-old conventionally reared piglets. 282	  

The value of 3.4 ± 0.7 cm in the artificially reared piglets, respectively. The difference 283	  

between both rearing strategies was not significantly different (P = 0.065) from the value in 284	  

the conventionally reared piglets. The cumulative length of the jejunal Peyer’s patches was 285	  

49.6 ± 7.1 cm in the 7-day-old piglets and had increased significantly (P = 0.002) by the end 286	  

of the experimental period to 74.2 ± 11.0 cm in the conventionally reared piglets. Again, the 287	  

value in the artificially reared piglets, i.e. 79.2 ± 7.5 cm, did not differ significantly (P = 288	  

0.485) from the value in the conventionally reared piglets. 289	  

The mean volume of the jejunal Peyer’s patches in the 7-day-old piglets was 0.4 ± 0.1 cm3. 290	  

This volume had significantly increased (P = 0.002) by the age of 21 days to 1.6 ± 0.4 cm3 in 291	  

the conventionally reared piglets. With a value of 1.3 ± 0.2 cm3 in the artificially reared 292	  

piglets, the difference between the values in the 3-week-old piglets was not significant (P = 293	  

0.065).  294	  

 295	  

3.2.2. Ileal Peyer’s patch 296	  

The ileal Peyer’s patch, which presented lymphoid tissue that continued until the termination 297	  

of the ileum, was composed of primary and secondary lymphoid follicles that were separated 298	  

by interfollicular lymphoid tissue. The lymphoid tissue, located at the antimesenteric side, had 299	  

a similar morphological appearance in both the 7- and 21-day-old piglets (Fig. 4 lower panel).  300	  

The ileal Peyer’s patches commenced at 86.3 ± 2.2% and 86.7 ± 1.0% of the total length of 301	  

the small intestine in the conventionally and artificially reared group, respectively. The value 302	  

of the 7-day-old piglets was 85.0 ± 1.3%. These values differed not significantly between the 303	  

age groups (7-day-old piglets compared with 21-day-old conventionally reared piglets) (P = 304	  
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0.240) or rearing groups (21-day-old conventionally reared piglets compared with 21-day-old 305	  

artificially reared piglets) (P = 0.589). The mean length of this lymphoid structure was 78.6 ± 306	  

7.8 cm in the 7-day-old piglets and 132.0 ± 20.8 cm in the 21-day-old conventionally reared 307	  

piglets. This indicates that the ileal Peyer’s patch was more extended in the 3-week-old 308	  

animals compared to the one-week-old piglets (P = 0.002). The 21-day-old artificially reared 309	  

piglets presented with a mean length of the ileal Peyer’s patch of 132.2 ± 13.0 cm, a value 310	  

that was not significantly different from the value observed in the conventionally reared 311	  

piglets (P = 1.000). This Peyer’s patch covered on average 12.4 ± 1.2%, 13.8 ± 2.2% and 13.3 312	  

± 1.0% of the total length of the small intestinal tract in the respective groups. Neither of 313	  

these values were significantly different from each other (age: P = 0.589; rearing method: P = 314	  

0.240). 315	  

The volume of the ileal Peyer’s patch amounted to 3.4 ± 1.2 cm3 in the 7-day-old piglets and 316	  

increased significantly with age to 15.1 ± 3.0 cm³ in the conventionally reared 21-day-old 317	  

piglets (P = 0.002). The volume in the artificially reared piglets was 12.0 ± 2.6 cm³. The 318	  

difference between the values in the 21-day-old piglets was not significant (P = 0.065).  319	  

 320	  

4. Discussion 321	  

In the present study, the morphology and the volumes of the tonsils and Peyer’s patches of 7-322	  

day-old and 21-day-old conventionally and artificially reared piglets were examined to gain 323	  

insight in the potential influence of artificial rearing on the development of these MALT 324	  

structures. It was hypothesized that artificial rearing negatively influences the development of 325	  

the tonsils and Peyer’s patches since milk formula lacks immune stimulating agents (Hamosh, 326	  

2001; Helm et al., 2007). According to Helm and co-workers (2007), formula-fed piglets can 327	  

grow at about the same rate as breast-fed piglets, but the GALT development differs, 328	  

suggesting that diet does indeed alter this component of the immune system. In addition, the 329	  
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housing of the piglets in brooders in the absence of the sow may result in lower antigenic 330	  

pressure compared to conventional rearing circumstances. In our study, the artificially reared 331	  

piglets were housed in a separate room with no contact with other pigs including the sow. In 332	  

practice, however, piglets can be reared artificially on brooders that are placed above the sow 333	  

that nurtures the remaining number of piglets. The artificially reared piglets are then exposed 334	  

to the same environmental parameters, such as the quality of the air, as the conventionally 335	  

reared piglets.  336	  

The fact that the exposure to antigens, including commensal flora and pathogens, is 337	  

prerequisite for the postnatal development of the mucosal immune system has been 338	  

substantiated by studies with gnotobiotic pigs (Pabst et al., 1988). It has been observed that 339	  

the colonization of the gut by specific bacterial populations plays a major role in the 340	  

trafficking of lymphoid cells to the intestinal mucosa (Rothkötter and Pabst, 1989). Finally, it 341	  

should be noted that the artificially reared piglets that were the subject of the present study 342	  

had been exposed to several stressors, such as transport, regrouping, housing in a different 343	  

environment and change of diet. Not only stress, but also the dynamic interplay between diet 344	  

and the local microbiota profoundly influences the postnatal maturation of the intestinal 345	  

immune system (Juul-Madsen et al., 2010). 346	  

MALT structures, however, do not only develop postnatally. The basic structures of the 347	  

organised lymphoid tissue of the gut, i.e. the Peyer’s patches, have already developed in pigs 348	  

during the intrauterine period, as is the case in humans. Focal lymphoid infiltrates are found 349	  

in the lamina propria of the jejunum as early as day 50 of gestation and lymphoid follicles at 350	  

about day 90 to 100 of gestation. Eighteen jejunal Peyer’s patches were counted on average in 351	  

fetal pigs from day 95 to birth (Chapman et al., 1974). Rapid growth of all Peyer’s patches 352	  

occurs during the last 10 days before birth and in the first weeks after birth (Inoue and Sugi, 353	  
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1978). As far as the tonsils are concerned, it has been observed that immature lymphoid 354	  

follicles are present in the porcine lingual tonsil at day 77 of gestation (Kruml, 1970). 355	  

In the neonatal piglet, there are low levels of peripheral lymphocytes, underdeveloped lymph 356	  

nodes, rudimentary jejunal Peyer’s patches and low numbers of effector/memory immune 357	  

cells (Sinkora and Butler, 2009). The number of jejunal Peyer’s patches has been followed 358	  

from neonates to adult animals. It varied amongst individuals between 20 and 30 (Chu et al., 359	  

1979). Similar values have been obtained in the present study. When the distribution of the 360	  

jejunal Peyer’s patches was compared within the same animals at 2 and 12 months of age, it 361	  

became evident that the location of the individual jejunal Peyer’s patches was constant 362	  

(Rothkötter and Pabst, 1989). Indeed, only the size of lymphoid follicles increases in jejunal 363	  

Peyer’s patches. As a result, growth of the ileal Peyer’s patch occurs more rapidly, since it 364	  

expands by increase in number and size of lymphoid follicles (Pabst et al., 1988; Barman et 365	  

al., 1997). 366	  

Based on the above cited literature, our hypothesis that artificial rearing negatively influences 367	  

the postnatal development of the MALT seems very plausible. However, experimental data 368	  

show that the potential influence of artificial rearing has not unequivocally been determined. 369	  

Helm et al. (2007) found that the mean number of jejunal Peyer’s patches in the 21-day-old 370	  

sow-fed piglet is 39, which is significantly higher than the number of 10 in formula-fed 371	  

piglets. Nevertheless, the area of the jejunal Peyer’s patches was approximately 0.16 mm2 and 372	  

0.13 mm2 in the 21-day-old sow-fed and formula-fed piglet, respectively, a difference that 373	  

was not significant. Similar ambiguous results have been obtained by authors, who 374	  

investigated the potential influence of early weaning on the development of the MALT. Some 375	  

researchers have demonstrated an increase in the number of intestinal lymphocytes after early 376	  

weaning (Vega-López et al., 1995; Orgeur et al., 2001), whereas others observed smaller 377	  

Peyer’s patches (Helm et al., 2007). 378	  
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In our study, no significant differences in the volumes of the oropharyngeal tonsils, i.e. the 379	  

tonsil of the soft palate and the lingual tonsil, and the jejunal and ileal Peyer’s patches were 380	  

observed between the conventionally and artificially reared piglets. In contrast, the volumetric 381	  

increase of these structures with age was significant. Specifically, for the jejunal Peyer’s 382	  

patches, it was observed that their number remained constant, whereas the mean patch length 383	  

increased while the piglets were growing This is in accordance with previous observations 384	  

(Rothkötter and Pabst, 1989) and implies that the locations of the patches are already fixed 385	  

before birth.  386	  

In contrast to the examined GALT structures, of which the development seems not to be 387	  

influenced by artificial rearing, volumetric differences in the nasopharyngeal and 388	  

paraepiglottic tonsils were recorded between conventionally and artificially reared piglets, 389	  

with the lower volumes found in the latter. The increase with age was also evident. This could 390	  

mean that artificial rearing negatively influences the development of the nasopharynx-391	  

associated lymphoid tissue (NALT). It is, however, unlikely that the reason lies in the 392	  

provision of the artificial milk, because no contact between ingested feed and the respiratory 393	  

tract is present. Since the NALT serves as a first line of defense against inhaled pathogens 394	  

(Cesta, 2006) and given the fact that antigenic exposure is required for the postnatal 395	  

development of mucosal lymphoid tissue (Pabst et al., 1988), differences in air quality might 396	  

be the reason for the slower development of the nasopharyngeal and paraepiglottic tonsils in 397	  

artificially reared piglets. It is reasonable to accept that the artificially reared piglets in the 398	  

present study were exposed to lower amounts of air-borne antigens compared to the 399	  

conventionally reared piglets. As a consequence, it seems plausible that the same piglets 400	  

would present with larger NALT if they were raised conventionally, or if they were reared 401	  

artificially on brooders that are placed above the sow, thus inhaling the same air as the 402	  

remaining number of piglets that continued suckling. Another potential explanation for the 403	  
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observed difference could lie in the relatively small sample size we used. It is possible that a 404	  

larger sample size could nullify the observed differences. This statement seems probable since 405	  

a universal trend towards smaller immune tissues in the artificially reared piglets was 406	  

observed. However, the power analysis that was performed during the evaluation of the 407	  

results rather contradicts this. 408	  

The value of the present study is multiple. First, we have demonstrated that artificial rearing 409	  

of piglets has no major impact on the morphological development of the tonsils and Peyer’s 410	  

patches. Artificially reared piglets therefore seem to be as capable as conventionally reared 411	  

piglets to cope with inhaled and ingested pathogens, as far as the morphology of the mucosal 412	  

defense lines is concerned. Indeed, we have only performed a light microscopic analysis of 413	  

the tonsils and Peyer’s patches and not functionality assays, which is a limitation of our study.  414	  

Second, the results of our study show that neonatal and young piglets present tonsils in the 415	  

oropharynx, the nasopharynx and the laryngopharynx, i.e. the analogue of Waldeyer’s ring in 416	  

humans. This ring of lymphoid tissue resembles that of humans and is not present in rodents, 417	  

which only possess NALT and no tonsils. As a result, the pig can be considered a better good, 418	  

if not an ideal animal model for humans (Rothkötter, 2009; Casteleyn, 2011; Renukaradhya et 419	  

al., 2015). Again, the differences in mucosal immunocyte compositions in pigs and humans 420	  

were not evaluated in the present study. In line with this, a third conclusion could be drawn 421	  

from the present study. Nevertheless, our findings form a basis for further in-depth 422	  

comparison studies in which pigs and piglets, could serve as models to study the efficacy of 423	  

oral and nasal vaccines in adults and children. Together with the Peyer’s patches, the tonsils 424	  

can be exploited for nasal and oral immunization of pigs. Mucosal vaccines are advantageous 425	  

since their administration requires low effort. In addition, they allow for rapid immunological 426	  

processing of the antigens (Daifalla et al., 2015). 427	  

 428	  
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5. Conclusions 429	  

The presented results suggest that artificial rearing does not affect the morphological 430	  

development of the porcine tonsils and Peyer’s patches. From a developmental point of view, 431	  

this implies that artificial rearing could be a potent alternative for raising large litters. Future 432	  

studies investigating the value of nasal and oral vaccination in the pig could benefit from a 433	  

better insight in the development of the porcine tonsils and Peyer’s patches. Vaccination by 434	  

vaporization or by dispensing vaccines in drinking water could be one of the measurements to 435	  

lower the labor intensity of modern pig farming, which could increase its profitability. 436	  
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Figures 524	  

Fig. 1. Schematic presentation of the sampling protocol that was used to enable the 525	  

histological sectioning of the jejunal and ileal Peyer’s patches at ten uniform random 526	  

positions. The jejunal Peyer’s patches were excised from the jejunum and joined to generate a 527	  

single structure on which the stereological sampling principles could be applied. As for the 528	  

continuous ileal Peyer’s patch, the length of the structure was divided by 10 to obtain the 529	  

interval between the histological sections (white segments). The exact positions of the 530	  

histological sections that have to be examined by means of stereology are uniform random, 531	  

i.e. they are randomly chosen within the interval, but a fixed interval apart (dashed white 532	  

arrows). To obtain histological sections at the 10 specific positions, 10 samples were taken by 533	  

transecting the gut 1 cm proximal and 1 cm distal to the positions. As a result, the histological 534	  

sections that have to be examined are located exactly in the middle of the samples. 535	  

 536	  

 537	  

 538	  

Fig. 2. Representative histological sections of the tonsils of a 7-day-old piglet. The tonsil of 539	  

the soft palate (A, longitudinal section) is ventrally lined by the oral squamous epithelium that 540	  

penetrates the lymphoid tissue to form crypts (arrows). The lymphoid tissue present in this 541	  

section is not organized. The lingual tonsil (B, cross section) consists of small aggregations of 542	  
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lymphoid cells that are present in the connective tissue cores of some conical papillae 543	  

(arrows), which are lined by squamous epithelium. The nasopharyngeal tonsils (C, 544	  

longitudinal section) are formed by non-organized lymphoid tissue. The lining 545	  

pseudostratified columnar epithelium presents invaginations without forming crypts. The 546	  

paraepiglottic tonsil (D, cross section) contains aggregations of lymphoid cells and some 547	  

primary follicles. The squamous epithelium of the laryngopharynx indents in some places to 548	  

form crypts (arrows). 549	  

 550	  

 551	  

 552	  

 553	  

Fig. 3. Representative histological sections of the tonsils of a 21-day-old artificially reared 554	  

piglet. The tonsil of the soft palate (A, longitudinal section) is ventrally lined by the oral 555	  
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squamous epithelium that penetrates the lymphoid tissue, which is composed of numerous 556	  

secondary lymphoid follicles and some interfollicular lymphoid tissue, to form crypts 557	  

(arrows). The lingual tonsil (B, cross section) consists of immune cell aggregations that are 558	  

present in the connective tissue cores of some conical papillae (arrows), which are lined by 559	  

squamous epithelium. The nasopharyngeal tonsils (C, longitudinal section) consist of 560	  

scattered secondary lymphoid follicles and an abundant mass of interfollicular lymphoid 561	  

tissue that is traversed by a few crypts (arrows). These are continuous with the surface that is 562	  

lined by the pseudostratified columnar epithelium of the nasopharynx. The paraepiglottic 563	  

tonsil (D, cross section) is composed of a few lymphoid nodules that each contain several 564	  

secondary lymphoid follicles and interfollicular lymphoid tissue, which surround a central 565	  

crypt (arrows) that is lined by the squamous epithelium of the laryngopharynx. 566	  

 567	  

 568	  

 569	  

Fig. 4. Histological sections of the jejunal Peyer’s patches (upper panel) and ileal Peyer’s 570	  

patch (lower panel) of a 7-day-old piglet (left panel) and a 21-day-old artificially reared piglet 571	  
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(right panel). At the antimesenteric side (i.e. the right side of the pictures), many primary and 572	  

secondary lymphoid follicles reside within the tela submucosa. They sometimes penetrate the 573	  

mucosal layer to form a dome instead of a slender villus. The jejunal Peyer’s patches reside in 574	  

a smaller part of the gut circumference, whereas the ileal Peyer’s patch occupies more than 575	  

half of the circumference. 576	  

 577	  

 578	  


