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Abstract 1 

From Day 6.5-7 post-conception until its loss around Day 22, the equine embryo is enclosed 2 

in a mucinous capsule that prevents direct intercellular interaction between the 3 

trophectoderm and uterine epithelium. The embryo is, however, bathed in glycoprotein-rich 4 

secretions.  In this study, lectin histochemistry was used to characterise the distribution and 5 

glycan composition of uterine glycoproteins destined for secretion, and to ascertain the 6 

local effect of an embryo on glycosylation in the endometrium.  Endometrial biopsies were 7 

taken from mares in estrus, on Days 5, 8, 12 and 15 of diestrus, and on Days 12 and 15 of 8 

pregnancy and processed for lectin histochemistry. During estrus, lumenal epithelial cells 9 

were as truncated pyramids and mainly non-ciliated with glycosylated granules in the 10 

cytoplasm. Occasional ciliated cells contained few granules. Five days post-ovulation, non-11 

ciliated cells of the lumenal epithelium were taller, and had accumulated many highly 12 

glycosylated apical granules. By Days 12 and 15 post-ovulation these cells were more 13 

cuboidal and some showed fewer secretory granules. In marked contrast, by Days 12 and 15 14 

of pregnancy, the ciliated cells were distended, with numerous granules but non-ciliated 15 

cells had only a few in the apical cytoplasm. Glycosylation changed dramatically in 16 

pregnancy in the luminal and superficial gland epithelium, with fewer fucosylated termini, 17 

more N-acetyl galactosamine residues, together with an overall reduction in sialic acid and 18 

several other sugar structures. Glycosylation in ciliated cells on Days 12 and 15 of pregnancy 19 

showed a striking similarity to that of the blastocyst capsule. The data strongly suggests that 20 

glycoprotein production by luminal epithelial cells is influenced by the presence of a 21 

conceptus.  We speculate that, as well as providing nourishment for the developing embryo, 22 

epithelial secretory glycoproteins may contribute components to the capsule, which 23 

develops only partially in embryos cultured in vitro.  24 

 25 

Keywords:  estrus cycle; glycosylation; lectins; pregnancy; capsule 26 

  27 
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1. Introduction 

The mammalian uterus, where cyclic changes regulate interaction with spermatozoa, the 28 

embryo and the placenta, is particularly rich in glycan expression [1, 2]. Endometrial glands, 29 

in particular, produce secretions rich in glycoproteins and mucins that play a role in the 30 

provision of a suitable environment for the preimplantation embryo [3].  Striking variations 31 

in the uterine glycan repertoire are seen, both through the various stages of reproductive 32 

cycles and between different species [4-6]. A spatially-resolved glycosylation profile of a 33 

target tissue of interest can be derived by exposing serial sections to a panel of reporter-34 

tagged carbohydrate-binding proteins known as lectins [7]. 35 

The horse conceptus is unique in that it does not make stable contact with the 36 

uterine epithelium until 40 to 42 days after ovulation [8]. The embryo enters the uterus on 37 

Day 6 after ovulation and from then until Day 16-17 it moves constantly around the uterine 38 

lumen, driven by peristaltic contractions of the myometrium stimulated by pulsatile releases 39 

of PGF2α (muscle contractant) and PGE2 (relaxant) from the trophoblast [9]. During this 40 

period the conceptus remains spherical and is surrounded by the equine-unique blastocyst 41 

capsule, which is secreted initially by the early trophoblast shortly after the embryo enters 42 

the uterus [10, 11]. This mucin-like glycoprotein capsule persists until around Day 22 when it 43 

begins to disintegrate.  The capsule fails to develop correctly in embryos cultured in vitro 44 

[12], suggesting that uterine secretions may support its production and/or maintenance.  45 

Conversely, we do not know if the mobility of the equine embryo has any effect upon the 46 

secretions produced by the endometrium, although movement of the vesicle within and 47 

between the uterine horns has been proposed to have a role in physiological or metabolic 48 

exchanges between the vesicle, uterine luminal fluids or the endometrium [13]. 49 

We hypothesised that lectin histochemistry would enable us to test the hypothesis 50 

that endometrial epithelial differentiation and secretory activity are affected by the 51 

presence of a conceptus, and provide evidence that uterine secretions might contribute to 52 

capsule formation.  53 

 54 

 55 

 56 

 57 

 58 
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2. Materials and Methods 59 

 60 

The equine endometrium was studied from estrus to Day 15 of diestrus and days 12 61 

to 15 of pregnancy to allow comparison between non-pregnant states and pregnancy. The 62 

endometrium comprises the luminal epithelium and the lamina propria that extends from 63 

its basal lamina to the myometrium. The lamina propria is packed with endometrial glands 64 

each opening into the uterine lumen, and surrounded by stromal cells in the upper part of 65 

the lamina - the stratum compactum - and by a loose arrangement of interconnecting cells 66 

in the lower stratum spongiosum. The morphology and degree of coiling of the glands alter 67 

with the stage of the oestrous cycle and these changes in gland histology and their quantity 68 

of intraluminal secretions are well documented [14, 15]. 69 

Endometrial biopsies were obtained from cycling and early pregnant nulliparous 70 

Arabian mares 3 to 8 years old maintained at Sharjah Equine Hospital (Sharjah, U.A.E), with 71 

approval from the Hospital Ethical Committee. The mares were all of known fertility with no 72 

uterine pathology. Ovulation (Day 0) and pregnancy were confirmed by transrectal 73 

ultrasonography. Biopsies were taken from a total of 16 mares with some biopsied on two 74 

occasions at different stages of consecutive estrous cycles. All mares had shown at least one 75 

normal cycle prior to the study and those sampled during estrus went on to ovulate 76 

normally, confirmed by transrectal ultrasonography and a rise in peripheral progesterone 77 

concentrations. As estrus is such a variable length in the mare, biopsies taken during estrus 78 

(n = 3), were collected when mares exhibited an oedema pattern of ≥3 (scale 1 to 4, with 4 79 

being the greatest) and exhibited a follicle on their ovaries ≥30 mm. Further biopsies were 80 

taken on Days 5, 8, 12 and 15 of diestrus (n = 3 at each time point) and Days 12 and 15 of 81 

pregnancy (n = 3 at each time point). In non-pregnant mares biopsies were taken from the 82 

base of the left or right horn. In pregnant mares transrectal ultrasound examination using a 83 

Sonosite M-Turbo-C with a 7.5MHz linear probe prior to the biopsy determined the site of 84 

the embryo in the uterus and Yeoman’s biopsy forceps were directed to the base of that 85 

uterine horn. The biopsies were  fixed in 10% neutral buffered formalin. Thin slices 86 

(approximately 1mm) were post-fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate 87 

buffer pH 7.3 for 2 hours before being embedded in epoxy resin (Taab Laboratory 88 

Equipment, Aldermaston, UK) for lectin histochemistry. This was performed as described 89 

previously [16] using a panel of 24 lectins (see Table 1 for lectins used and their 90 
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specificities). Some sections were pre-treated with Type VI neuraminidase from Clostridium 91 

perfringens (Sigma, 0.1units/ml in 0.2M acetate buffer pH 5.5. with 1% calcium chloride) for 92 

2 h at 37˚C [17] to cleave off terminal sialic acid residues before staining with AHA, ECA, 93 

SBA, SNA-1, MAA, PAA and WGA. Controls were performed as described previously [16]. 94 

Lectin binding was assessed using a semi-quantitative ranking system of analysis, where 95 

staining density was allocated a grade from 0 (unstained) to 4 (intensely stained) and 96 

granule distribution from -/+ (very sparse) to +++ (abundant) [16]. Images were captured on 97 

an Olympus microscope with Image-ProPlus software (Media Cybernetics, Rockville, MD, 98 

USA) using x 10 and x 40 objectives. 99 

 100 

3. Results 101 

 102 

3.1 Lumenal epithelium (Average values are summarised in Tables 2 and 3). Typical changes 103 

in glycosylation are well illustrated by the lectin VVA (Figure 1). 104 

 105 

3.1.1 Estrus    106 

During estrus, the cells of the lumenal epithelium were irregular and resembled 107 

truncated pyramids or frustra in shape, and measuring 10-20µm in height (Fig. 1A), with the 108 

majority having a microvillous surface. Occasional ciliated cells were visible, often near 109 

gland openings on the lumenal surface. Both the microvillous and ciliated apical surfaces 110 

were very heavily glycosylated, binding all lectins apart from BSA-1B4, although weakly with 111 

MAA. A variable number of apical granules could be seen, some individual but others in 112 

clumps, the latter mainly in the non-ciliated cells.  These inclusions were stained by most 113 

lectins (Figs 1A, 3F), but only weakly by l-PHA, LTA and MAA. A subpopulation bound CONA, 114 

PSA, e-PHA, and BSA-1B4 strongly. Ciliated cells generally contained very few inclusions, but 115 

those that were present tended to have similar binding characteristics to those in the non-116 

ciliated cells.  117 

 118 

3.1.2. Diestrus, Days 5-15 119 

By Day 5 post-ovulation, the epithelial cells were more regular and columnar in 120 

shape and were now 20-25µm high, many more ciliated cells being present (Fig. 1B); the 121 

distinction between cells with or without cilia was now more marked. The supranuclear 122 
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areas of non-ciliated cells were packed full of secretory granules which were heavily 123 

glycosylated, as evidenced by strong binding of lectins including LTA and SBA (Figs 2A, D); 124 

PSA, DBA, VVA (Fig. 1B), BSA-1B4, WFA, and STA showed more moderate binding, and l-PHA 125 

and MAA bound only weakly (Fig. 3A). The microvillous surface also bound the lectins 126 

strongly, apart from l-PHA and MAA. The majority of ciliated cells had only a few, sparse 127 

supranuclear inclusions which stained with all the lectins except for BSA-1B4, as did the 128 

apical surface.   Little change was evident at Day 8 post-ovulation (Fig. 1D), but by Day 12 129 

and especially Day 15 (Figs 1E, F, 2B), in the absence of an embryo, non-ciliated cells showed 130 

greater heterogeneity in lectin binding and incidence of secretory granules, suggesting that 131 

there had been some release of intracellular glycan; by day 15 they were shorter, about 10 - 132 

15µm in height. Cilia were very prominent by this stage, with some intracellular 133 

supranuclear secretory material (Figs 1E, F, 2E) present in the ciliated cells. 134 

 135 

3.1.3. Pregnancy, Days 12 and 15 136 

The presence of an embryo in the uterus induced a dramatic change in the 137 

morphology of the lumenal epithelium and its glycosylation. At Day 12 of pregnancy, the 138 

ciliated cells, though similar in height to their non-pregnant counterparts, had become 139 

goblet-shaped and swollen with apically concentrated secretory granules, but with fewer 140 

and more ragged cilia (Fig. 1G); by Day 15  they appeared  rounder and their cilia looked 141 

even more degenerate (Fig. 1H). As in the non-pregnant state, the abundant granules bound 142 

most of the lectins (see Table 2 and Figs 1H, 2F, G, H, K,) but they were virtually unstained 143 

with lectins l-PHA, LTA, UEA-1 and MAA (Figs 2C, I). Occasional dark inclusions were seen in 144 

the case of AHA, SNA-1 and PAA (Fig. 2K). In many cases, the staining was concentrated in 145 

the upper areas of the cell as can be seen with SBA and PAA (Figs 2F, K).The occasional 146 

inclusions that bound MAA appeared to be located in the area of the Golgi apparatus, just 147 

above the nucleus.  148 

The non-ciliated cells which, during the cycle, were full of secretions, now contained 149 

only sparse inclusions in an otherwise clear cytoplasm. The apical surface still bound most 150 

lectins apart from MAA and the occasional inclusions that were present had now lost all 151 

their binding to LTA (Fig. 2C) , UEA-1 and MAA, but otherwise, the same lectins stained as 152 

seen on Day 15 post-ovulation in non-pregnant mares.  153 
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Pretreatment with neuraminidase had very little effect on the staining of the 154 

lumenal epithelial cells with respect to AHA, ECA, SBA, PAA (Fig. 2L) and WGA but, as 155 

expected, there was diminution of binding of the sialic acid-specific lectins SNA-1 and MAA 156 

(Fig. 3A). 157 

 158 

3.2  Glandular epithelium 159 

The results of the lectin staining in the glands are summarised in Table 3.  Cell 160 

shading has been used to show changes in staining intensity in the upper, mid and basal 161 

portions of the endometrial glands at four different time points.  The stated values are only 162 

approximate and they aim to illustrate the trend since great variation was evident between 163 

different gland profiles.   164 

For many of the lectins significant differences in glycosylation existed between the 165 

upper and basal portions of glands, with  staining intensity diminishing from the surface to 166 

the basal regions (see Table 3), apart from MAA (Fig. 3A) which was strongest basally. Other 167 

lectins bound more or less uniformly down the gland (CON A, PSA, e-PHA, UEA-1, ALA, DSA, 168 

STA and SNA-1) while pretreatment with neuraminidase increased staining with AHA and 169 

ECA and to a lesser extent SBA, making staining also more uniform (Fig. 3 F, G). There was 170 

virtually no binding with l-PHA and LTA showed only weak binding. Unlike the lumenal 171 

epithelium, staining of the glands did not alter greatly with the onset of pregnancy (see 172 

Table 3), with the exception that the upper part of the gland generally took on the 173 

characteristics of the lumenal epithelium, as can be seen in Fig 1G. 174 

The uppermost parts of the glands were composed of cells very like those 175 

constituting the lumenal epithelium and they showed the same staining properties. Tufts of 176 

highly glycosylated cilia were visible and other apical surfaces of the cells bore microvilli 177 

which bound most lectins apart from l-PHA.  Coarse granular supranuclear upper gland 178 

staining was seen with AHA (Fig. 3B) and MPA during estrus and up until Day 8 post-179 

ovulation.  180 

The mid-regions of the glands were composed of narrow, columnar cells with 181 

microvilli and basally situated nuclei; masses of glycan-rich granules were evident between 182 

the nuclei and apical surface. With some lectins, these granules appeared to be hollow (Fig. 183 

3C). Generally, the staining was fairly uniform in nature despite the glands containing both  184 

secretory and ciliated cell types. However, with WFA there was very heterogeneous binding 185 
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to the cells of the mid-portion and, later, also the basal portion of the glands, with some 186 

darkly stained cells adjacent to completely unstained ones (Fig 3D).  This was also seen with 187 

DBA and, to a lesser extent, with VVA (Fig. 1C). The fact that lateral and basal areas of the 188 

cells were stained made this even more striking. 189 

Sometimes there was darker staining just above the nucleus which may have 190 

reflected the position of the Golgi apparatus; this was particularly evident with ALA, AHA, 191 

ECA, SBA, SNA-1 (Fig. 3E) and WGA and MAA and, in general but apart from MAA, was 192 

enhanced after neuraminidase pretreatment. In the basal regions of the glands there was 193 

weak or no binding with LTA, DBA, VVA, BSA-1B4, HPA, AHA and SBA, with some variability 194 

between gland profiles. DBA binding varied, being low during estrus and variable after 195 

ovulation.  196 

Secretory material was sometimes detected in gland lumenae, especially towards the 197 

basal portions.  Occasionally, widely dilated lumenae were seen, which contained 198 

heterogeneous secretory material.  The secretions bound most of the lectins tested except 199 

for l-PHA, BSA-1B4 and AHA (without neuraminidase), consistent with the progressive 200 

release of glycoprotein from intracellular stores. In the cases of three lectins (SBA, ECA and 201 

AHA) that recognise structures in which subterminal galactose in either O- or N-linked 202 

glycans can be capped by sialic acid, thus inhibiting binding of the lectin, neuraminidase 203 

pretreatment increased the staining of secretions (Fig 3 H, I), most notably in the mid- to-204 

basal parts of the glands.  Staining with MAA, which binds sialic acid, was reduced by 205 

neuraminidase pretreatment (Fig, 3A), providing a control for the assay.    206 

 207 

4. Discussion 208 

There have been few studies to date on uterine glycosylation in the mare. Some 209 

early work used lectins labelled with FITC to show endometrial fucose and N-acetyl 210 

glucosamine, both of which increased after implantation [18], while a limited panel of 211 

lectins was used to assess changes that occurred in chronic endometrial degeneration [19]. 212 

Jones et al. [20] examined pre-and post-implantation stages of equine pregnancy with a 213 

panel of 15 lectins and demonstrated changes occurring between Days 37 and 50 associated 214 

with commencing attachment and the start of interdigitation of the trophoblast with the 215 

endometrium.  Here, we have observed changes during the oestrous cycle and early 216 

pregnancy that we postulate may be relevant to the early embryo-endometrial dialogue.    217 
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A progressive build-up of richly and diversely glycosylated granules in non-ciliated 218 

lumenal epithelial cells is seen between Days 0 and 5.  Important features include an intense 219 

concentration of L-fucosyl residues (LTA), moderate levels of N-acetyl galactosamine-220 

containing structures (DBA, VVA, WFA) and weak α2,3-linked sialylation (MAA). It is 221 

probable that the intracellular granules are destined for secretion as the uterus prepares 222 

itself for the possible arrival of an embryo on Day 6 post ovulation [21].  In the absence of an 223 

embryo, they gradually diminish over the next few days.   224 

The presence of an embryo dramatically changes the lumenal epithelium with 225 

respect to both the morphology and biochemistry of the cells compared to the equivalent 226 

period during diestrus. The non-ciliated cells now contain virtually no inclusions, while 227 

ciliated cells are distended into goblet shapes with granules that contain many classes of 228 

glycan, often clustering in the apical parts of the cell where the Golgi apparatus is located 229 

[22].  Especially abundant are DBA-binding blood group A residues (GalNAcα1,3(LFuc α1,2)-230 

Galß1,3/4GlcNAc ß1) and shorter N-acetylgalactosamine sequences (VVA), also N-acetyl 231 

glucosamine oligomers (STA, LEA and WGA); almost all of these are absent or sparse in 232 

ciliated cells in the non-pregnant state (see Table 2).  Most striking, however, is the loss in 233 

pregnancy of specific non-reducing terminal residues including α1,2-linked fucose (LTA, 234 

UEA-1) from both lumenal cell types. This suggests either an embryonic fucosidase activity 235 

or a juxtacrine action to reduce epithelial fucosylation.  We [2] and others [23-25] have 236 

previously pointed to fucosylated oligosaccharides as influencing embryo-epithelial 237 

interactions at implantation in mouse [23], human [24-25] and a wide range of animal 238 

species [2] with mainly epitheliochorial and haemochorial placentation. Another terminal 239 

sugar, α2,3-linked sialic acid, also declines, as revealed by diminished binding of MAA.   240 

A striking finding of this study is the shift during early pregnancy of glycoprotein 241 

production to ciliated goblet cells. Glycosylation has been reported previously in both 242 

ciliated and non-ciliated cells of the oviducal isthmus [26] and ampulla of the horse [27] 243 

during the oestrous cycle and pregnancy. Ciliated cells with secretory characteristics have 244 

been observed in single cell RNAseq profiles of human endometrial epithelial cells [28]. As 245 

shown in the rabbit oviduct, secretory granules can be exocytosed between the basal bodies 246 

or kinetosomes of cilia [29]. 247 

An acellular capsule surrounds the blastocyst from Day 6.5-7 post-ovulation until its 248 

loss around Day 22 [10].  Between Days 6 and 16 after ovulation, the conceptus moves 249 
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constantly throughout the uterine lumen, accruing mass up to Day 18 [10, 30] and 250 

expanding from a diameter of 150-220µm on Day 6 to around 2.5 – 2.8cm on Day 21 [31].  It 251 

also doubles in weight during this time, suggested to be due to its accumulation of proteins 252 

and other components from uterine secretions [32].   The capsule is composed of mucins 253 

high in galactosyl and N-acetylgalactosamine residues after Day 10 of pregnancy, with less 254 

N-acetylglucosamine and little N-glycan, suggesting it is heavily O-glycosylated [33]. 255 

Although fucose was analysed in that study [33], there was no specific mention of it in the 256 

results, implying it was not a major constituent [33]. Low levels of free sialic acid were 257 

detected but cryptic sites were revealed after neuraminidase pretreatment.  Thus, the 258 

glycan profile observed in goblet cells during pregnancy, with little fucose and increases in 259 

galactose and N-acetylgalactosamine appears to be similar to that of the capsule. It is 260 

tempting, therefore, to postulate that the lumenal epithelial and gland secretions may 261 

contribute to its formation. Indeed, although it has been shown that the major part of the 262 

capsule is produced initially by the trophoblast [10, 11], its inability to form correctly in vitro 263 

[12] suggests that the uterine environment is essential for its development. Furthermore, 264 

demi-embryos that had lost their capsule during bisection to produce monozygotic twins 265 

developed a new capsule when transferred to the uteri of recipient mares [34].  266 

It has also been suggested that 0-linked glycoproteins in mucins have a fundamental 267 

role in cell-cell interactions [35], and that the capsule itself may be involved in signalling 268 

between the embryo and the endometrium.  Movement of the embryo within the uterine 269 

lumen might even act as a stimulus to the lumenal epithelial cells.  It has recently been 270 

shown in an ungulate (roe deer) that luminal uterine epithelium can sense the presence of 271 

the elongated embryo [36] and factors secreted from the equine conceptus may elicit a 272 

similar response. The capsule’s anti-adhesive property and its net negative charge conveyed 273 

by sialic acid may well assist the equine embryo to move around within the uterus [30]; the 274 

sialidase NEU2 has been identified in the equine conceptus transcriptome [37], with mRNA 275 

levels increasing between Days 6 and 14, and this may be linked to the observed loss of 276 

sialic acid at later stages [38]. Sialic acid in α2,3-linkage (MAA) on the lumenal epithelium 277 

was found to be reduced in early pregnancy which could also promote attachment by 278 

reducing the surface negative charge.  279 

Histotrophic nutrition [39, 40] is essential for the development of the conceptus 280 

prior to the establishment of haemotrophic nutrition by the allantochorionic placenta.  It 281 
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has already been shown that the endometrial glycoprotein uterocalin, a lipocalin which has 282 

one N-glycosylation site [41, 42] binds to the capsule surrounding the equine embryo [43, 283 

44], acting as a carrier or transport protein for such nutrients as essential lipids and amino 284 

acids [45-47]. Uterocalin has been detected immunohistochemically in the maternal 285 

epithelium during diestrus and throughout pregnancy, with higher expression in early stages 286 

[48].  Other glycosylated secretory products such as uteroferrin and uteroglobin, which both 287 

carry N-glycosylation sites [48-50] have been identified in the lumenal epithelium and 288 

glands of the pregnant mare, as well as MUC-1 [51] which is maintained throughout 289 

pregnancy in the equid, unlike the situation in rodents, primates, ruminants and pigs [52] in 290 

which it is reduced on contact with trophoblast. Leukaemia inhibitory factor (LIF), produced 291 

by gland epithelial cells, is also present in uterine fluid [53], and is heavily glycosylated [54] 292 

with both N and O-linked sites. With respect to histotroph production, the binding of MAA 293 

to α2,3-linked sialic acid was lost in the upper parts of the endometrial glands implying that 294 

residues initially sialylated lost their sialic acid prior to secretion, possibly to render the 295 

histotroph molecules more easily broken down by the conceptus [55] as well as to make the 296 

surface less negatively charged. With most glycans, however, there is an increase in staining 297 

intensity from the basal regions towards the apical, implying subtle modulation of the 298 

glycosylation machinery along the duct.  It was also noted that, despite their being two cell 299 

types reported in the literature [22] – secretory and ciliated cells - the binding of the lectins 300 

was usually generally uniform apart from that of WFA, DBA and  VVA as can clearly be seen 301 

in Figure 3, implying that both cell types contribute to glycan biosynthesis.  302 

While it is well established that progesterone can both stimulate secretory behaviour 303 

in endometrial cells [4, 56] and influence the fixation of the embryo [57] this study has 304 

revealed that the cellular source of secretions from the endometrial lumenal epithelium 305 

changes dramatically in response to the presence of a conceptus, indicating a novel role for 306 

cell diversity in the epithelial response.  Juxtacrine signalling could occur via release of 307 

oestrogen by the conceptus [58, 59]; there is evidence that steroids can regulate both N- 308 

and O-glycosylation, especially terminal sialylation and fucosylation [60].  The numerous 309 

polypeptide mediators present in the embryonic secretome may also be influential [37, 61]. 310 

The switch from microvillous to ciliated cells as the main reservoir of glycoprotein suggests a 311 

two stage secretory process, with initial release from microvillous cells controlled through 312 
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endocrine pathways and conceptus-derived signals targeting the ciliated cell population in 313 

pregnancy.   314 

In conclusion, lectin histochemistry has enabled distinctive changes in cell 315 

glycosylation to be observed resulting from the presence of a conceptus in the uterus. It has 316 

also provided some evidence that glycoprotein secretions in pregnancy contribute to the 317 

unique equine blastocyst capsule as well as providing nourishment for the developing 318 

embryo.  319 
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 475 

 476 

Figure Legends: 477 

Figure 1: Staining by VVA over the course of the oestrous cycle and early pregnancy. 478 

A. Estrus: Ciliated and non-ciliated cells show weak staining with a few darker inclusions; the 479 

microvillous surface and cilia are more heavily stained. B. Day 5 post-ovulation: Cells are 480 

more regular and columnar than those seen at estrus, with apical granules of moderate 481 

density in the non-ciliated cells. Those with cilia are now more numerous and generally 482 

paler with a few dark supranuclear inclusions. C. Day 5 post-ovulation: Low power view 483 

showing the gland staining diminishing basally and some heterogeneity of stain in the mid-484 

regions of the gland. D. Day 8 post-ovulation: Cells appear much as at Day 5. Inset: Negative 485 

control with substitution of buffer for lectin. E.  Day 12 post-ovulation: Ciliated cells 486 

continue to be paler than their secretory counterparts; their cilia are very prominent. F. Day 487 

15 post-ovulation: The non-ciliated cells show variable staining and ciliated cells are slightly 488 

paler, the epithelium seems slightly shorter than previously. Cilia are again prominent. G. 489 

Day 12 of pregnancy: The ciliated cells are now somewhat goblet shaped and packed with 490 

granules while the non-ciliated cells are very pale with few inclusions. The cilia appear 491 

somewhat ragged. H.  Day 15 of pregnancy: The ciliated cells are more rounded but 492 

otherwise there is little change. Scale bars A-B, D-H: 25µm, C: 100µm. Ov: ovulation, P: 493 

pregnancy. 494 

 495 

Figure 2: Characteristics of the secretory granules with various lectins: 496 

A – C: LTA staining at days 5 and 15 post-ovulation and day 15 of pregnancy. Note how the 497 

darkly staining secretory granules present in the non-ciliated cells in post-ovulation stages 498 

are absent in pregnancy.  D-F: SBA staining over a similar period: Initially showing intense 499 

binding of this lectin, the non-ciliated cells show less staining at day 15 post-ovulation. At 500 

Day 15 of pregnancy, the ciliated cells show strong apical binding while non-ciliated are only 501 
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weakly stained. G-I:  Day 12 of pregnancy:  PSA, WFA and MAA bind the ciliated cells to 502 

different degrees. With MAA there are only a few granules that stain weakly in the apical 503 

regions of the ciliated cells with little binding to the apical plasma membrane.  The microvilli 504 

and cilia bind WFA intensely.  J-L: Day 15 of pregnancy: BSA-1B4, shows weak binding to the 505 

ciliated goblet cells while non-ciliated cells have a few darkly staining granules. With PAA 506 

the goblet cells contain a few supranuclear granules that bind strongly and weak to 507 

moderate apical staining which is not greatly changed after neuraminidase pretreatment. 508 

The non-ciliated cells also have some dark granules. The cilia are not well-formed at this 509 

stage. Scale bars: 25µm. Ov: Ovulation, P: Pregnancy. 510 

 511 

Figure 3: Lectin staining of the endometrial glands. 512 

A: With MAA (upper half), the glands show stronger binding in the mid to basal parts of the 513 

glands. After neuraminidase treatment pretreatment, staining was reduced (lower half).  (5 514 

days post-ovulation). B: AHA shows somewhat coarse, granular staining (5 days post-515 

ovulation). C: The hollow nature of the secretory granules can be seen clearly with CON A 516 

(estrus, basal gland).  D: WFA binds in a very heterogeneous manner, especially in the mid 517 

to basal glands (estrus). E: SNA-1 shows darker supranuclear binding in this mid-gland region 518 

which may be Golgi-body staining (Day 5 post-ovulation). F: AHA binding at estrus; only the 519 

upper parts of the glands are stained. G: After neuraminidase pretreatment of a similar 520 

section, the gland binds AHA down its whole length. H: With ECA, secretions do not bind 521 

very strongly in the basal glands (Day 5 post-ovulation). I: After neuraminidase pretreatment 522 

of a similar section, the secretions stain up more strongly. Scale bars A, F and G: 100µm, B-E, 523 

H-I: 25 µm. Ov: Ovulation, P: Pregnancy, N: neuraminidase pretreatment. 524 

 525 
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Abstract 1 

From Day 6.5-7 post-conception until its loss around Day 22, the equine embryo is enclosed 2 

in a mucinous capsule that prevents direct intercellular interaction between the 3 

trophectoderm and uterine epithelium. The embryo is, however, bathed in glycoprotein-rich 4 

secretions.  In this study, lectin histochemistry was used to characterise the distribution and 5 

glycan composition of uterine glycoproteins destined for secretion, and to ascertain the 6 

local effect of an embryo on glycosylation in the endometrium.  Endometrial biopsies were 7 

taken from mares in estrus, on Days 5, 8, 12 and 15 of diestrus, and on Days 12 and 15 of 8 

pregnancy and processed for lectin histochemistry. During estrus, lumenal epithelial cells 9 

were as truncated pyramids and mainly non-ciliated with glycosylated granules in the 10 

cytoplasm. Occasional ciliated cells contained few granules. Five days post-ovulation, non-11 

ciliated cells of the lumenal epithelium were taller, and had accumulated many highly 12 

glycosylated apical granules. By Days 12 and 15 post-ovulation these cells were more 13 

cuboidal and some showed fewer secretory granules. In marked contrast, by Days 12 and 15 14 

of pregnancy, the ciliated cells were distended, with numerous granules but non-ciliated 15 

cells had only a few in the apical cytoplasm. Glycosylation changed dramatically in 16 

pregnancy in the luminal and superficial gland epithelium, with fewer fucosylated termini, 17 

more N-acetyl galactosamine residues, together with an overall reduction in sialic acid and 18 

several other sugar structures. Glycosylation in ciliated cells on Days 12 and 15 of pregnancy 19 

showed a striking similarity to that of the blastocyst capsule. The data strongly suggests that 20 

glycoprotein production by luminal epithelial cells is influenced by the presence of a 21 

conceptus.  We speculate that, as well as providing nourishment for the developing embryo, 22 

epithelial secretory glycoproteins may contribute components to the capsule, which 23 

develops only partially in embryos cultured in vitro.  24 

 25 

Keywords:  estrus cycle; glycosylation; lectins; pregnancy; capsule 26 

  27 
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1. Introduction 

The mammalian uterus, where cyclic changes regulate interaction with spermatozoa, the 28 

embryo and the placenta, is particularly rich in glycan expression [1, 2]. Endometrial glands, 29 

in particular, produce secretions rich in glycoproteins and mucins that play a role in the 30 

provision of a suitable environment for the preimplantation embryo [3].  Striking variations 31 

in the uterine glycan repertoire are seen, both through the various stages of reproductive 32 

cycles and between different species [4-6]. A spatially-resolved glycosylation profile of a 33 

target tissue of interest can be derived by exposing serial sections to a panel of reporter-34 

tagged carbohydrate-binding proteins known as lectins [7]. 35 

The horse conceptus is unique in that it does not make stable contact with the 36 

uterine epithelium until 40 to 42 days after ovulation [8]. The embryo enters the uterus on 37 

Day 6 after ovulation and from then until Day 16-17 it moves constantly around the uterine 38 

lumen, driven by peristaltic contractions of the myometrium stimulated by pulsatile releases 39 

of PGF2α (muscle contractant) and PGE2 (relaxant) from the trophoblast [9]. During this 40 

period the conceptus remains spherical and is surrounded by the equine-unique blastocyst 41 

capsule, which is secreted initially by the early trophoblast shortly after the embryo enters 42 

the uterus [10, 11]. This mucin-like glycoprotein capsule persists until around Day 22 when it 43 

begins to disintegrate.  The capsule fails to develop correctly in embryos cultured in vitro 44 

[12], suggesting that uterine secretions may support its production and/or maintenance.  45 

Conversely, we do not know if the mobility of the equine embryo has any effect upon the 46 

secretions produced by the endometrium, although movement of the vesicle within and 47 

between the uterine horns has been proposed to have a role in physiological or metabolic 48 

exchanges between the vesicle, uterine luminal fluids or the endometrium [13]. 49 

We hypothesised that lectin histochemistry would enable us to test the hypothesis 50 

that endometrial epithelial differentiation and secretory activity are affected by the 51 

presence of a conceptus, and provide evidence that uterine secretions might contribute to 52 

capsule formation.  53 

 54 

 55 

 56 

 57 

 58 
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2. Materials and Methods 59 

 60 

The equine endometrium was studied from estrus to Day 15 of diestrus and days 12 61 

to 15 of pregnancy to allow comparison between non-pregnant states and pregnancy. The 62 

endometrium comprises the luminal epithelium and the lamina propria that extends from 63 

its basal lamina to the myometrium. The lamina propria is packed with endometrial glands 64 

each opening into the uterine lumen, and surrounded by stromal cells in the upper part of 65 

the lamina - the stratum compactum - and by a loose arrangement of interconnecting cells 66 

in the lower stratum spongiosum. The morphology and degree of coiling of the glands alter 67 

with the stage of the oestrous cycle and these changes in gland histology and their quantity 68 

of intraluminal secretions are well documented [14, 15]. 69 

Endometrial biopsies were obtained from cycling and early pregnant nulliparous 70 

Arabian mares 3 to 8 years old maintained at Sharjah Equine Hospital (Sharjah, U.A.E), with 71 

approval from the Hospital Ethical Committee. The mares were all of known fertility with no 72 

uterine pathology. Ovulation (Day 0) and pregnancy were confirmed by transrectal 73 

ultrasonography. Biopsies were taken from a total of 16 mares with some biopsied on two 74 

occasions at different stages of consecutive estrous cycles. All mares had shown at least one 75 

normal cycle prior to the study and those sampled during estrus went on to ovulate 76 

normally, confirmed by transrectal ultrasonography and a rise in peripheral progesterone 77 

concentrations. As estrus is such a variable length in the mare, biopsies taken during estrus 78 

(n = 3), were collected when mares exhibited an oedema pattern of ≥3 (scale 1 to 4, with 4 79 

being the greatest) and exhibited a follicle on their ovaries ≥30 mm. Further biopsies were 80 

taken on Days 5, 8, 12 and 15 of diestrus (n = 3 at each time point) and Days 12 and 15 of 81 

pregnancy (n = 3 at each time point). In non-pregnant mares biopsies were taken from the 82 

base of the left or right horn. In pregnant mares transrectal ultrasound examination using a 83 

Sonosite M-Turbo-C with a 7.5MHz linear probe prior to the biopsy determined the site of 84 

the embryo in the uterus and Yeoman’s biopsy forceps were directed to the base of that 85 

uterine horn. The biopsies were  fixed in 10% neutral buffered formalin. Thin slices 86 

(approximately 1mm) were post-fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate 87 

buffer pH 7.3 for 2 hours before being embedded in epoxy resin (Taab Laboratory 88 

Equipment, Aldermaston, UK) for lectin histochemistry. This was performed as described 89 

previously [16] using a panel of 24 lectins (see Table 1 for lectins used and their 90 
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specificities). Some sections were pre-treated with Type VI neuraminidase from Clostridium 91 

perfringens (Sigma, 0.1units/ml in 0.2M acetate buffer pH 5.5. with 1% calcium chloride) for 92 

2 h at 37˚C [17] to cleave off terminal sialic acid residues before staining with AHA, ECA, 93 

SBA, SNA-1, MAA, PAA and WGA. Controls were performed as described previously [16]. 94 

Lectin binding was assessed using a semi-quantitative ranking system of analysis, where 95 

staining density was allocated a grade from 0 (unstained) to 4 (intensely stained) and 96 

granule distribution from -/+ (very sparse) to +++ (abundant) [16]. Images were captured on 97 

an Olympus microscope with Image-ProPlus software (Media Cybernetics, Rockville, MD, 98 

USA) using x 10 and x 40 objectives. 99 

 100 

3. Results 101 

 102 

3.1 Lumenal epithelium (Average values are summarised in Tables 2 and 3). Typical changes 103 

in glycosylation are well illustrated by the lectin VVA (Figure 1). 104 

 105 

3.1.1 Estrus    106 

During estrus, the cells of the lumenal epithelium were irregular and resembled 107 

truncated pyramids or frustra in shape, and measuring 10-20µm in height (Fig. 1A), with the 108 

majority having a microvillous surface. Occasional ciliated cells were visible, often near 109 

gland openings on the lumenal surface. Both the microvillous and ciliated apical surfaces 110 

were very heavily glycosylated, binding all lectins apart from BSA-1B4, although weakly with 111 

MAA. A variable number of apical granules could be seen, some individual but others in 112 

clumps, the latter mainly in the non-ciliated cells.  These inclusions were stained by most 113 

lectins (Figs 1A, 3F), but only weakly by l-PHA, LTA and MAA. A subpopulation bound CONA, 114 

PSA, e-PHA, and BSA-1B4 strongly. Ciliated cells generally contained very few inclusions, but 115 

those that were present tended to have similar binding characteristics to those in the non-116 

ciliated cells.  117 

 118 

3.1.2. Diestrus, Days 5-15 119 

By Day 5 post-ovulation, the epithelial cells were more regular and columnar in 120 

shape and were now 20-25µm high, many more ciliated cells being present (Fig. 1B); the 121 

distinction between cells with or without cilia was now more marked. The supranuclear 122 
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areas of non-ciliated cells were packed full of secretory granules which were heavily 123 

glycosylated, as evidenced by strong binding of lectins including LTA and SBA (Figs 2A, D); 124 

PSA, DBA, VVA (Fig. 1B), BSA-1B4, WFA, and STA showed more moderate binding, and l-PHA 125 

and MAA bound only weakly (Fig. 3A). The microvillous surface also bound the lectins 126 

strongly, apart from l-PHA and MAA. The majority of ciliated cells had only a few, sparse 127 

supranuclear inclusions which stained with all the lectins except for BSA-1B4, as did the 128 

apical surface.   Little change was evident at Day 8 post-ovulation (Fig. 1D), but by Day 12 129 

and especially Day 15 (Figs 1E, F, 2B), in the absence of an embryo, non-ciliated cells showed 130 

greater heterogeneity in lectin binding and incidence of secretory granules, suggesting that 131 

there had been some release of intracellular glycan; by day 15 they were shorter, about 10 - 132 

15µm in height. Cilia were very prominent by this stage, with some intracellular 133 

supranuclear secretory material (Figs 1E, F, 2E) present in the ciliated cells. 134 

 135 

3.1.3. Pregnancy, Days 12 and 15 136 

The presence of an embryo in the uterus induced a dramatic change in the 137 

morphology of the lumenal epithelium and its glycosylation. At Day 12 of pregnancy, the 138 

ciliated cells, though similar in height to their non-pregnant counterparts, had become 139 

goblet-shaped and swollen with apically concentrated secretory granules, but with fewer 140 

and more ragged cilia (Fig. 1G); by Day 15  they appeared  rounder and their cilia looked 141 

even more degenerate (Fig. 1H). As in the non-pregnant state, the abundant granules bound 142 

most of the lectins (see Table 2 and Figs 1H, 2F, G, H, K,) but they were virtually unstained 143 

with lectins l-PHA, LTA, UEA-1 and MAA (Figs 2C, I). Occasional dark inclusions were seen in 144 

the case of AHA, SNA-1 and PAA (Fig. 2K). In many cases, the staining was concentrated in 145 

the upper areas of the cell as can be seen with SBA and PAA (Figs 2F, K).The occasional 146 

inclusions that bound MAA appeared to be located in the area of the Golgi apparatus, just 147 

above the nucleus.  148 

The non-ciliated cells which, during the cycle, were full of secretions, now contained 149 

only sparse inclusions in an otherwise clear cytoplasm. The apical surface still bound most 150 

lectins apart from MAA and the occasional inclusions that were present had now lost all 151 

their binding to LTA (Fig. 2C) , UEA-1 and MAA, but otherwise, the same lectins stained as 152 

seen on Day 15 post-ovulation in non-pregnant mares.  153 
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Pretreatment with neuraminidase had very little effect on the staining of the 154 

lumenal epithelial cells with respect to AHA, ECA, SBA, PAA (Fig. 2L) and WGA but, as 155 

expected, there was diminution of binding of the sialic acid-specific lectins SNA-1 and MAA 156 

(Fig. 3A). 157 

 158 

3.2  Glandular epithelium 159 

The results of the lectin staining in the glands are summarised in Table 3.  Cell 160 

shading has been used to show changes in staining intensity in the upper, mid and basal 161 

portions of the endometrial glands at four different time points.  The stated values are only 162 

approximate and they aim to illustrate the trend since great variation was evident between 163 

different gland profiles.   164 

For many of the lectins significant differences in glycosylation existed between the 165 

upper and basal portions of glands, with  staining intensity diminishing from the surface to 166 

the basal regions (see Table 3), apart from MAA (Fig. 3A) which was strongest basally. Other 167 

lectins bound more or less uniformly down the gland (CON A, PSA, e-PHA, UEA-1, ALA, DSA, 168 

STA and SNA-1) while pretreatment with neuraminidase increased staining with AHA and 169 

ECA and to a lesser extent SBA, making staining also more uniform (Fig. 3 F, G). There was 170 

virtually no binding with l-PHA and LTA showed only weak binding. Unlike the lumenal 171 

epithelium, staining of the glands did not alter greatly with the onset of pregnancy (see 172 

Table 3), with the exception that the upper part of the gland generally took on the 173 

characteristics of the lumenal epithelium, as can be seen in Fig 1G. 174 

The uppermost parts of the glands were composed of cells very like those 175 

constituting the lumenal epithelium and they showed the same staining properties. Tufts of 176 

highly glycosylated cilia were visible and other apical surfaces of the cells bore microvilli 177 

which bound most lectins apart from l-PHA.  Coarse granular supranuclear upper gland 178 

staining was seen with AHA (Fig. 3B) and MPA during estrus and up until Day 8 post-179 

ovulation.  180 

The mid-regions of the glands were composed of narrow, columnar cells with 181 

microvilli and basally situated nuclei; masses of glycan-rich granules were evident between 182 

the nuclei and apical surface. With some lectins, these granules appeared to be hollow (Fig. 183 

3C). Generally, the staining was fairly uniform in nature despite the glands containing both  184 

secretory and ciliated cell types. However, with WFA there was very heterogeneous binding 185 
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to the cells of the mid-portion and, later, also the basal portion of the glands, with some 186 

darkly stained cells adjacent to completely unstained ones (Fig 3D).  This was also seen with 187 

DBA and, to a lesser extent, with VVA (Fig. 1C). The fact that lateral and basal areas of the 188 

cells were stained made this even more striking. 189 

Sometimes there was darker staining just above the nucleus which may have 190 

reflected the position of the Golgi apparatus; this was particularly evident with ALA, AHA, 191 

ECA, SBA, SNA-1 (Fig. 3E) and WGA and MAA and, in general but apart from MAA, was 192 

enhanced after neuraminidase pretreatment. In the basal regions of the glands there was 193 

weak or no binding with LTA, DBA, VVA, BSA-1B4, HPA, AHA and SBA, with some variability 194 

between gland profiles. DBA binding varied, being low during estrus and variable after 195 

ovulation.  196 

Secretory material was sometimes detected in gland lumenae, especially towards the 197 

basal portions.  Occasionally, widely dilated lumenae were seen, which contained 198 

heterogeneous secretory material.  The secretions bound most of the lectins tested except 199 

for l-PHA, BSA-1B4 and AHA (without neuraminidase), consistent with the progressive 200 

release of glycoprotein from intracellular stores. In the cases of three lectins (SBA, ECA and 201 

AHA) that recognise structures in which subterminal galactose in either O- or N-linked 202 

glycans can be capped by sialic acid, thus inhibiting binding of the lectin, neuraminidase 203 

pretreatment increased the staining of secretions (Fig 3 H, I), most notably in the mid- to-204 

basal parts of the glands.  Staining with MAA, which binds sialic acid, was reduced by 205 

neuraminidase pretreatment (Fig, 3A), providing a control for the assay.    206 

 207 

4. Discussion 208 

There have been few studies to date on uterine glycosylation in the mare. Some 209 

early work used lectins labelled with FITC to show endometrial fucose and N-acetyl 210 

glucosamine, both of which increased after implantation [18], while a limited panel of 211 

lectins was used to assess changes that occurred in chronic endometrial degeneration [19]. 212 

Jones et al. [20] examined pre-and post-implantation stages of equine pregnancy with a 213 

panel of 15 lectins and demonstrated changes occurring between Days 37 and 50 associated 214 

with commencing attachment and the start of interdigitation of the trophoblast with the 215 

endometrium.  Here, we have observed changes during the oestrous cycle and early 216 

pregnancy that we postulate may be relevant to the early embryo-endometrial dialogue.    217 
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A progressive build-up of richly and diversely glycosylated granules in non-ciliated 218 

lumenal epithelial cells is seen between Days 0 and 5.  Important features include an intense 219 

concentration of L-fucosyl residues (LTA), moderate levels of N-acetyl galactosamine-220 

containing structures (DBA, VVA, WFA) and weak α2,3-linked sialylation (MAA). It is 221 

probable that the intracellular granules are destined for secretion as the uterus prepares 222 

itself for the possible arrival of an embryo on Day 6 post ovulation [21].  In the absence of an 223 

embryo, they gradually diminish over the next few days.   224 

The presence of an embryo dramatically changes the lumenal epithelium with 225 

respect to both the morphology and biochemistry of the cells compared to the equivalent 226 

period during diestrus. The non-ciliated cells now contain virtually no inclusions, while 227 

ciliated cells are distended into goblet shapes with granules that contain many classes of 228 

glycan, often clustering in the apical parts of the cell where the Golgi apparatus is located 229 

[22].  Especially abundant are DBA-binding blood group A residues (GalNAcα1,3(LFuc α1,2)-230 

Galß1,3/4GlcNAc ß1) and shorter N-acetylgalactosamine sequences (VVA), also N-acetyl 231 

glucosamine oligomers (STA, LEA and WGA); almost all of these are absent or sparse in 232 

ciliated cells in the non-pregnant state (see Table 2).  Most striking, however, is the loss in 233 

pregnancy of specific non-reducing terminal residues including α1,2-linked fucose (LTA, 234 

UEA-1) from both lumenal cell types. This suggests either an embryonic fucosidase activity 235 

or a juxtacrine action to reduce epithelial fucosylation.  We [2] and others [23-25] have 236 

previously pointed to fucosylated oligosaccharides as influencing embryo-epithelial 237 

interactions at implantation in mouse [23], human [24-25] and a wide range of animal 238 

species [2] with mainly epitheliochorial and haemochorial placentation. Another terminal 239 

sugar, α2,3-linked sialic acid, also declines, as revealed by diminished binding of MAA.   240 

A striking finding of this study is the shift during early pregnancy of glycoprotein 241 

production to ciliated goblet cells. Glycosylation has been reported previously in both 242 

ciliated and non-ciliated cells of the oviducal isthmus [26] and ampulla of the horse [27] 243 

during the oestrous cycle and pregnancy. Ciliated cells with secretory characteristics have 244 

been observed in single cell RNAseq profiles of human endometrial epithelial cells [28]. As 245 

shown in the rabbit oviduct, secretory granules can be exocytosed between the basal bodies 246 

or kinetosomes of cilia [29]. 247 

An acellular capsule surrounds the blastocyst from Day 6.5-7 post-ovulation until its 248 

loss around Day 22 [10].  Between Days 6 and 16 after ovulation, the conceptus moves 249 



10 
 

constantly throughout the uterine lumen, accruing mass up to Day 18 [10, 30] and 250 

expanding from a diameter of 150-220µm on Day 6 to around 2.5 – 2.8cm on Day 21 [31].  It 251 

also doubles in weight during this time, suggested to be due to its accumulation of proteins 252 

and other components from uterine secretions [32].   The capsule is composed of mucins 253 

high in galactosyl and N-acetylgalactosamine residues after Day 10 of pregnancy, with less 254 

N-acetylglucosamine and little N-glycan, suggesting it is heavily O-glycosylated [33]. 255 

Although fucose was analysed in that study [33], there was no specific mention of it in the 256 

results, implying it was not a major constituent [33]. Low levels of free sialic acid were 257 

detected but cryptic sites were revealed after neuraminidase pretreatment.  Thus, the 258 

glycan profile observed in goblet cells during pregnancy, with little fucose and increases in 259 

galactose and N-acetylgalactosamine appears to be similar to that of the capsule. It is 260 

tempting, therefore, to postulate that the lumenal epithelial and gland secretions may 261 

contribute to its formation. Indeed, although it has been shown that the major part of the 262 

capsule is produced initially by the trophoblast [10, 11], its inability to form correctly in vitro 263 

[12] suggests that the uterine environment is essential for its development. Furthermore, 264 

demi-embryos that had lost their capsule during bisection to produce monozygotic twins 265 

developed a new capsule when transferred to the uteri of recipient mares [34].  266 

It has also been suggested that 0-linked glycoproteins in mucins have a fundamental 267 

role in cell-cell interactions [35], and that the capsule itself may be involved in signalling 268 

between the embryo and the endometrium.  Movement of the embryo within the uterine 269 

lumen might even act as a stimulus to the lumenal epithelial cells.  It has recently been 270 

shown in an ungulate (roe deer) that luminal uterine epithelium can sense the presence of 271 

the elongated embryo [36] and factors secreted from the equine conceptus may elicit a 272 

similar response. The capsule’s anti-adhesive property and its net negative charge conveyed 273 

by sialic acid may well assist the equine embryo to move around within the uterus [30]; the 274 

sialidase NEU2 has been identified in the equine conceptus transcriptome [37], with mRNA 275 

levels increasing between Days 6 and 14, and this may be linked to the observed loss of 276 

sialic acid at later stages [38]. Sialic acid in α2,3-linkage (MAA) on the lumenal epithelium 277 

was found to be reduced in early pregnancy which could also promote attachment by 278 

reducing the surface negative charge.  279 

Histotrophic nutrition [39, 40] is essential for the development of the conceptus 280 

prior to the establishment of haemotrophic nutrition by the allantochorionic placenta.  It 281 
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has already been shown that the endometrial glycoprotein uterocalin, a lipocalin which has 282 

one N-glycosylation site [41, 42] binds to the capsule surrounding the equine embryo [43, 283 

44], acting as a carrier or transport protein for such nutrients as essential lipids and amino 284 

acids [45-47]. Uterocalin has been detected immunohistochemically in the maternal 285 

epithelium during diestrus and throughout pregnancy, with higher expression in early stages 286 

[48].  Other glycosylated secretory products such as uteroferrin and uteroglobin, which both 287 

carry N-glycosylation sites [48-50] have been identified in the lumenal epithelium and 288 

glands of the pregnant mare, as well as MUC-1 [51] which is maintained throughout 289 

pregnancy in the equid, unlike the situation in rodents, primates, ruminants and pigs [52] in 290 

which it is reduced on contact with trophoblast. Leukaemia inhibitory factor (LIF), produced 291 

by gland epithelial cells, is also present in uterine fluid [53], and is heavily glycosylated [54] 292 

with both N and O-linked sites. With respect to histotroph production, the binding of MAA 293 

to α2,3-linked sialic acid was lost in the upper parts of the endometrial glands implying that 294 

residues initially sialylated lost their sialic acid prior to secretion, possibly to render the 295 

histotroph molecules more easily broken down by the conceptus [55] as well as to make the 296 

surface less negatively charged. With most glycans, however, there is an increase in staining 297 

intensity from the basal regions towards the apical, implying subtle modulation of the 298 

glycosylation machinery along the duct.  It was also noted that, despite their being two cell 299 

types reported in the literature [22] – secretory and ciliated cells - the binding of the lectins 300 

was usually generally uniform apart from that of WFA, DBA and  VVA as can clearly be seen 301 

in Figure 3, implying that both cell types contribute to glycan biosynthesis.  302 

While it is well established that progesterone can both stimulate secretory behaviour 303 

in endometrial cells [4, 56] and influence the fixation of the embryo [57] this study has 304 

revealed that the cellular source of secretions from the endometrial lumenal epithelium 305 

changes dramatically in response to the presence of a conceptus, indicating a novel role for 306 

cell diversity in the epithelial response.  Juxtacrine signalling could occur via release of 307 

oestrogen by the conceptus [58, 59]; there is evidence that steroids can regulate both N- 308 

and O-glycosylation, especially terminal sialylation and fucosylation [60].  The numerous 309 

polypeptide mediators present in the embryonic secretome may also be influential [37, 61]. 310 

The switch from microvillous to ciliated cells as the main reservoir of glycoprotein suggests a 311 

two stage secretory process, with initial release from microvillous cells controlled through 312 
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endocrine pathways and conceptus-derived signals targeting the ciliated cell population in 313 

pregnancy.   314 

In conclusion, lectin histochemistry has enabled distinctive changes in cell 315 

glycosylation to be observed resulting from the presence of a conceptus in the uterus. It has 316 

also provided some evidence that glycoprotein secretions in pregnancy contribute to the 317 

unique equine blastocyst capsule as well as providing nourishment for the developing 318 

embryo.  319 
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 475 

 476 

Figure Legends: 477 

Figure 1: Staining by VVA over the course of the oestrous cycle and early pregnancy. 478 

A. Estrus: Ciliated and non-ciliated cells show weak staining with a few darker inclusions; the 479 

microvillous surface and cilia are more heavily stained. B. Day 5 post-ovulation: Cells are 480 

more regular and columnar than those seen at estrus, with apical granules of moderate 481 

density in the non-ciliated cells. Those with cilia are now more numerous and generally 482 

paler with a few dark supranuclear inclusions. C. Day 5 post-ovulation: Low power view 483 

showing the gland staining diminishing basally and some heterogeneity of stain in the mid-484 

regions of the gland. D. Day 8 post-ovulation: Cells appear much as at Day 5. Inset: Negative 485 

control with substitution of buffer for lectin. E.  Day 12 post-ovulation: Ciliated cells 486 

continue to be paler than their secretory counterparts; their cilia are very prominent. F. Day 487 

15 post-ovulation: The non-ciliated cells show variable staining and ciliated cells are slightly 488 

paler, the epithelium seems slightly shorter than previously. Cilia are again prominent. G. 489 

Day 12 of pregnancy: The ciliated cells are now somewhat goblet shaped and packed with 490 

granules while the non-ciliated cells are very pale with few inclusions. The cilia appear 491 

somewhat ragged. H.  Day 15 of pregnancy: The ciliated cells are more rounded but 492 

otherwise there is little change. Scale bars A-B, D-H: 25µm, C: 100µm. Ov: ovulation, P: 493 

pregnancy. 494 

 495 

Figure 2: Characteristics of the secretory granules with various lectins: 496 

A – C: LTA staining at days 5 and 15 post-ovulation and day 15 of pregnancy. Note how the 497 

darkly staining secretory granules present in the non-ciliated cells in post-ovulation stages 498 

are absent in pregnancy.  D-F: SBA staining over a similar period: Initially showing intense 499 

binding of this lectin, the non-ciliated cells show less staining at day 15 post-ovulation. At 500 

Day 15 of pregnancy, the ciliated cells show strong apical binding while non-ciliated are only 501 
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weakly stained. G-I:  Day 12 of pregnancy:  PSA, WFA and MAA bind the ciliated cells to 502 

different degrees. With MAA there are only a few granules that stain weakly in the apical 503 

regions of the ciliated cells with little binding to the apical plasma membrane.  The microvilli 504 

and cilia bind WFA intensely.  J-L: Day 15 of pregnancy: BSA-1B4, shows weak binding to the 505 

ciliated goblet cells while non-ciliated cells have a few darkly staining granules. With PAA 506 

the goblet cells contain a few supranuclear granules that bind strongly and weak to 507 

moderate apical staining which is not greatly changed after neuraminidase pretreatment. 508 

The non-ciliated cells also have some dark granules. The cilia are not well-formed at this 509 

stage. Scale bars: 25µm. Ov: Ovulation, P: Pregnancy. 510 

 511 

Figure 3: Lectin staining of the endometrial glands. 512 

A: With MAA (upper half), the glands show stronger binding in the mid to basal parts of the 513 

glands. After neuraminidase treatment pretreatment, staining was reduced (lower half).  (5 514 

days post-ovulation). B: AHA shows somewhat coarse, granular staining (5 days post-515 

ovulation). C: The hollow nature of the secretory granules can be seen clearly with CON A 516 

(estrus, basal gland).  D: WFA binds in a very heterogeneous manner, especially in the mid 517 

to basal glands (estrus). E: SNA-1 shows darker supranuclear binding in this mid-gland region 518 

which may be Golgi-body staining (Day 5 post-ovulation). F: AHA binding at estrus; only the 519 

upper parts of the glands are stained. G: After neuraminidase pretreatment of a similar 520 

section, the gland binds AHA down its whole length. H: With ECA, secretions do not bind 521 

very strongly in the basal glands (Day 5 post-ovulation). I: After neuraminidase pretreatment 522 

of a similar section, the secretions stain up more strongly. Scale bars A, F and G: 100µm, B-E, 523 

H-I: 25 µm. Ov: Ovulation, P: Pregnancy, N: neuraminidase pretreatment. 524 

 525 
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Table 1:  Lectins used in this study, their source and major specificity. 
 

 

 ACRONYM           SOURCE       MAJOR SPECIFICITY 

   CON A   Canavalia ensiformis 

         Jackbean 

-D-glucosyl and -D-mannosyl (terminal or 1,2 linked) in high 
mannose, intermediate and small complex N-linked sequences 

   PSA     Pisum sativum 
      Garden Pea 

-D-mannose in non-bisected bi/tri-antennary, complex N- linked 
sequences 

   e-PHA    Phaseolus vulgaris 
   (erythroagglutinin) 
     Kidney Bean 

Bi/tri-antennary bisected complex N-linked sequences 

   l-PHA    Phaseolus vulgaris 
   (leukoagglutinin) 
      Kidney Bean 

Tri/tetra-antennary, non- bisected complex N-linked sequences 

   UEA-1     Ulex europaeus-1 
        Gorse 

 H type 2 antigen (L-Fuc(1,2)Galß1,4GlcNAcß1-) and Le
y
 

   LTA Tetragonolobus 
purpureus        
         Lotus 

 L-fucosyl terminals (especially where clustered), Fuc1,6GlcNAc     
>Fuc1,2-Galß1,4(Fuc1,3)GlcNAcß,  Le

x, y
 

    ALA      Aleuria aurantia 
        Mushroom 

 Fucose linked 1,6- to GlcNAc 

   DBA    Dolichos biflorus 
       Horse Gram 

 GalNAc1,3(LFuc1,2)Galß1,3/4GlcNAcß1- 

   VVA      Vicia villosa 
      Hairy vetch 

 GalNAc1-Ser/Thr and GalNAc1,3Galß1- 

   MPA    Maclura pomifera 
      Osage orange 

 Galß1,3GalNAc1-    >GalNAcα1- 

   BSA-1B4  Bandeiraea simplicifolia  
       Griffonia 

 Gal1,3Galß1,4GlcNAcß1- 

   DSA    Datura stramonium 
      Jimson Weed 

  ß1,4GlcNAc, N-Acetyl  lactosamine  >chitotriose 

   STA    Solanum tuberosum 
        Potato 

  ß1,4GlcNAc oligomers 

   LEA Lycopersicon esculentum  
             Tomato 

  ß1,4GlcNAc oligomers 

   HPA     Helix pomatia 
      Roman snail 

  Terminal GalNAc1- 

   AHA    Arachis hypogaea 
        Peanut 

   Galß1,3GalNAcß1-     >Galß1,4GlcNAcß1- 

   ECA    Erythrina cristagalli 
      Coral Tree 

   Galß1,4GlcNAcß1- 

   SBA       Glycine max 
       Soybean 

   Terminal GalNAc1-    >Gal1 

   WFA    Wisteria floribunda 
        Wisteria 

   GalNAc1,6Galß1-     >GalNAc1,3Galß1- 

   SNA-1      Sambucus nigra 
     Elderberry Bark 

   NeuNAc2,6Gal/GalNAc- 

   MAA      Maackia amurensis    NeuNAc2,3Galß1- 

   PAA 
Phytolacca americana 

     Pokeweed 
   Similar to WGA 

   WGA      Triticum vulgaris 
       Wheatgerm     

   Di-N-acetyl chitobiose, N-acetyl lactosamine (especially if   

   clustered) and some sialyl residues    
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Table 2: Comparison of lectin binding at 15 days post-ovulation (Ov+15) and Day 15 of 

pregnancy (Preg Day 15) in non-ciliated and ciliated/goblet cells of the luminal epithelium 

with average values given the considerable inter-cell variation in stain. Staining: 0 

(unstained) to 4 (intensely stained) and granule distribution from -/+ (very sparse) to +++ 

(abundant). ap: mainly apical staining.  MV:microvilli, G: Golgi body staining 

Lectins in bold show most significant changes between the non-pregnant and pregnant 

state. Note change of high numbers of secretory granules from non-ciliated to 

ciliated/goblet cells in pregnancy. 

Lectin           Non-ciliated cells           Ciliated/goblet cells 

       Ov + 15   Preg Day 15      Ov + 15    Preg Day 15 

 MV Granules MV Granules Cilia Granules Cilia Granules 

CONA     4    3+++     4 3-/+    4    4+    4 3+++ 

PSA     3    2+++     3 4-/+    3    4+    3 3+++ 

ePHA     3    3+++     4 3-/+    1    3+    4 3+++ 

lPHA     2    1+++     2 0    2    0    2 1+++ 

LTA     3    3+++     2 1    2    2    2 1+++ 

UEA-1     3    3+++     3 1    2    3+    2 1+++ 

ALA     3    3+++     3 3+    2    3+    3 2-3+++ 

DBA     4    2-3+++     2 3+    4    3+    3 4+++ 

VVA     3    2-3+++     2 2-3+    3    2-3+    2 4+++ 

MPA     3     3+++     3 3++    2    2+    3 1-2++ 

BSA-1B4     3    2-3+++     3 4++    1    1    1 1+++ 

DSA     4    4+++     4 4+    3    3+    2 2-3+++ 

STA     4    3+++     3 4+    4    3+    3 4+++ap 

LEA     4    4+++     4 4+    3    3+    4 4++ap 

HPA     4    3+++     4 4+    4    3+    4 4+++ap 

AHA     4    3++     3 4++    2    3+    2 3-4+ ap 

ECA     4    4+++     4 4++    2    2-3+    2 1-2+++ 

SBA     4    4+++     4 3+    4    3+    4 4+++ap 

WFA     4    3+++     4 3+    4    3+    4 4+++ap 

SNA-1     4    4+++     3 3+    4    2+    3 2+++/4+ 

MAA     2    2+++     1 0    3    2+    1 2-3+ G 

PAA     4    4+++     4 4-/+    3    3+    4  2+++/4+ 

WGA     4    4+++     4 4+    4    3+    4 4++ap 
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Table 3: Average values of lectin binding in glandular epithelium: upper, mid and basal levels at estrus, 
Days 5 and 15 post-ovulation and Day 15 of pregnancy. Grades from 0 (negative, white) to 4 (intense, 
dark grey).   
  *Range between 2-4     **Range between 1-4         (Ov: ovulation, P: pregnancy) 
 

Lectin           Estrus             Ov +5         Ov + 15            P15 

 Upper  Mid Basal  Upper Mid Basal  Upper Mid  Basal  Upper  Mid Basal 

CONA 2 2·5 2·5  3 3 3  3 3 2·5  2 3 3 

PSA 2 3 3  3 3 3  2 2 2  2 2 2 

e-PHA 2 3 2·5  3 2 2  2 2 2  2 2·5 2·5 

l-PHA 0·5 0·5 0·5  0·5 0·5 0·5  0·5 0·5 0·5  0·5 0·5 0·5 

LTA 1 0 0  1·5 0·5  0·5  1 1 1  1 1·5 1·5 

UEA-1 3·5 2·5 3·5  3·5 3 3  3 3 3  2·5 2·5 2·5 

ALA 2 2·5 2·5  2 2 2  3 3 3  2·5 2·5 2·5 

DBA 3* 2·5** 0·5  3·5 2·5** 0·5  3·5 2·5 0·5  2·5** 2·5 0·5 

VVA 2·5 2·5** 0·5  3·5 2·5** 0·5  3·5 2·5 0·5  3·5 2·5 1·5 

MPA 3* 3* 3*  3* 3* 2·5  2-4 3·5 2·5  2·5 2·5 2·5 

BSA-1B4 1·5 0·5 0·5  2·5 0·5 0·5  1·5 0·5 0·5  3·5 0·5 0·5 

DSA 3 3 3  3·5 3 2·5  3 3 2·5  3 3 2·5 

STA 3 3·5 3·5  2·5 2·5 2·5  3 3 3  3·5 3 2·5 

LEA 2·5 2·5  1·5  2·5 2·5 1·5  2·5 2·5 1·5  3·5 2·5 2 

HPA 3·5 3·5 1·5  3·5 2·5 1·5  2·5 1·5 1·5  2·5 2·5 1·5 

AHA 3·5 2·5** 0·5  2·5** 0·5 0·5  2·5 0·5 0·5  3·5 0·5 0·5 

AHA+N 3·5 3·5 3·5  3* 3* 2·5  2·5 1·5 1·5  2·5 1·5 2 

ECA 3·5 3·5 2  3·5 3·5 2  3 3 0·5  3·5 2·5 2 

ECA+N 3·5 3·5 3·5  3·5 3·5 3·5  3 3·5 3·5  3 3 3 

SBA 3·5 3·5 0·5  3·5 2·5 0·5  3 2·5 0·5  3·5 3 0·5 

SBA+N 3·5 3·5 2·5  3·5 3 2·5  3 3 2  3·5 3 2 

 WFA 3·5 2·5** 0·5  3·5 2·5** 0·5  4 3·5 2·5**  4 3·5 2·5** 

SNA-1 3·5 3·5 3·5  3·5 3·5 3  3 3 3  3 3 3 

PAA 3·5 2·5 0·5  3·5 3 1·5  3 3 1·5  3·5 3 1·5 

WGA 3·5 3·5 2·5  3·5 3 2·5  3·5 3 2  3·5 2·5 2·5 

MAA 1·5 3·5 3·5  1·5 2·5 2·5  1·5 3 2·5  1·5 2·5 2·5 
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