
 1

3D Visualisation of trans-syncytial nanopores provides a pathway for paracellular 1 

diffusion across the human placental syncytiotrophoblast 2 

 3 

Short title: Trans-syncytial nanopores 4 

 5 

Rohan M Lewis*
1,3

, Harikesan Baskaran
4
, Jools Green

1
, Stanimir Tashev

2
, Eleni Paleologou

1
, 6 

Emma M Lofthouse
1
, Jane K Cleal

1,3
, Anton Page

2
, David S Chatelet

2
, Patricia Goggin

2
, Bram 7 

G Sengers
3,4

 8 

 9 

1
 University of Southampton, Faculty of Medicine 10 

2
 University of Southampton, Faculty of Medicine, Biomedical Imaging Unit 11 

3
 University of Southampton, Institute for Life Sciences 12 

4
 University of Southampton, Faculty of Engineering and Physical Sciences 13 

*Corresponding Author: Rohan M Lewis, MP 887, IDS Building University of Southampton, 14 

Faculty of Medicine, Southampton General Hospital, rohan.lewis@soton.ac.uk 15 

  16 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 28, 2022. ; https://doi.org/10.1101/2022.01.26.477815doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.26.477815
http://creativecommons.org/licenses/by/4.0/


 2

Abstract 17 

The placental syncytiotrophoblast, a syncytium without cell-cell junctions, is the primary 18 

barrier between the mother and the fetus. Despite no apparent anatomical pathway for 19 

paracellular diffusion of solutes across the syncytiotrophoblast size-dependent paracellular 20 

diffusion is observed. Here we report data demonstrating that the syncytiotrophoblast is 21 

punctuated by trans-syncytial nanopores (TSNs). These membrane-bound TSNs directly 22 

connect the maternal and fetal facing sides of the syncytiotrophoblast, providing a pathway 23 

for paracellular diffusion between the mother and fetus. Mathematical modelling of TSN 24 

permeability based on their 3D geometry suggests that 10-60 million TSNs per cm
3
 of 25 

placental tissue could explain experimentally observed placental paracellular diffusion. TSNs 26 

may mediate physiological hydrostatic and osmotic pressure homeostasis between the 27 

maternal and fetal circulations but also expose the fetus to pharmaceuticals, environmental 28 

pollutants and nanoparticles.  29 
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Introduction 30 

The placenta was once viewed as a perfect barrier, but as the thalidomide tragedy 31 

demonstrated, this is not the case [1]. It is now clear that potentially harmful molecules and 32 

particulates can cross the placenta and adversely affect fetal development. However, the 33 

mechanism by which these molecules and particulates cross the placenta is not always clear 34 

[2, 3]. Understanding how these substances cross the placenta is necessary to identify the 35 

risks and prevent long-term consequences of these exposures, which may adversely affect 36 

fetal and postnatal health [4]. 37 

The primary placental barrier is the syncytiotrophoblast, a continuous syncytial 38 

monolayer covering the villi at the maternal-fetal interface. As there are no cell-cell 39 

junctions in a syncytium, there is no obvious pathway by which paracellular diffusion can 40 

occur. Despite the absence of an anatomical pathway for diffusion, there is physiological 41 

evidence for size-dependent paracellular diffusion of solutes [5, 6]. Trans-syncytial channels, 42 

or nanopores, have been proposed as mediators of trans-syncytial diffusion, however 43 

continuous full-width nanopores have not been previously demonstrated in the human 44 

placenta [7]. An alternative hypothesis to explain paracellular diffusion is that it occurs 45 

through regions of syncytial damage [8]. These hypotheses are not mutually exclusive but 46 

establishing mechanisms of fetal exposure is necessary to understand the likely risks of 47 

different compounds and develop strategies to mitigate this. 48 

Selective placental transfer of nutrients, IgG, wastes and exogenous toxins is 49 

facilitated by membrane transporters and endocytosis [9-11]. However it is not clear how 50 

exogenous drugs and toxins reach the fetus as, with a few exceptions such as the apically 51 

located exchanger OATP4A1 [10], drug transporters in the placenta mediate efflux from the 52 

fetus to the mother [12]. Nanoparticle transfer across the placenta has been observed, but 53 

the mechanism is unclear [13]. A more extensive understanding of how metabolites, 54 

pharmaceuticals and toxins reach the fetal circulation is necessary to protect fetal health. 55 

Estimates of placental permeability surface area products for hydrophilic solutes 56 

have been determined in vivo and show size-dependent permeability of solutes, which 57 

decreases with increasing molecular radius [5, 6]. In other species with haemochorial 58 

placentas, permeability has also been shown to be size-selective with some species having 59 

higher or lower overall permeability compared to humans [3, 14]. This data suggests a size-60 

selective permeability of the placenta through low diameter channels [15]. 61 

Using serial block-face scanning electron microscopy (SBF SEM) to reconstruct 62 

placental ultrastructure in three dimensions, this study demonstrates the presence of full-63 

width trans-syncytial nanopores (TSNs) in the human placenta.  64 
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Methods 65 

Term placental tissue was collected after delivery from uncomplicated pregnancies 66 

with written informed consent and ethical approval from the Southampton and Southwest 67 

Hampshire Local Ethics Committee (11/SC/0529). 68 

Tissue collection and fixation for electron microscopy 69 

Villous samples from 8 placentas were collected as soon as possible after delivery 70 

and small pieces (≈ 2 mm
3
) fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 71 

at RT and then stored at 4°C for > 24 hours before processing for either SBF SEM or 72 

transmission electron microscopy (TEM). 73 

TEM processing and imaging  74 

Fixed placental fragments were washed twice for 10 min in 0.1 M sodium cacodylate 75 

buffer (Agar Scientific, UK) at pH 7.4 containing 0.23 M sucrose (BDH, UK) and 2 mM CaCl2 76 

(BDH, UK). The specimens were incubated for 60 min in 2% osmium tetroxide (BDH, UK), in 77 

0.1 M sodium cacodylate (Agar Scientific, UK) at pH 7.4, then washed three times for 10 min 78 

with distilled water. Samples were then treated with 2% aqueous uranyl acetate (Agar 79 

Scientific, UK) for 20 min. Samples were dehydrated using a graded ethanol series. 80 

Specimens were then treated with 50:50 Spurr resin:acetonitrile (Fisher, UK) overnight and 81 

then infiltrated with fresh Spurr resin for 6 h. Finally, specimens were embedded in Spurr 82 

resin for 16 h at 60
°
C. Gold/ silver ultrathin sections were cut using a Reichert Ultracut E 83 

ultramicrotome, stained with Reynolds lead citrate and viewed by TEM (Tecnai 12, 84 

ThermoFisher, Eindhoven). 85 

SBF SEM processing and imaging 86 

SBF SEM is a high-resolution technique where serial images are generated from a 87 

resin block which is sliced sequentially by an automated ultramicrotome in the chamber of a 88 

scanning electron microscope. Fixed samples for SBF SEM were processed based on 89 

Deerinck et al. [16] as adapted in our laboratory [17]. Blocks were imaged using a Gatan 90 

3View (Gatan, Abingdon, UK) inside a FEI Quanta 250 FEGSEM (ThermoFisher, Eindhoven, 91 

Netherlands) at 3.0 kV accelerating voltage, spot size 3 and with a vacuum level of 40 Pa. 92 

Stacks of images were collected at pixel size from 4-7 nm with slice thickness ranging 25-50 93 

nm.  94 

Identification and segmentation trans-syncytial nanopores 95 

SBF SEM image stacks of terminal or intermediate villi were processed in Fiji (version 96 

2.0.0-rc-43) using a Gaussian blur filter (sigma radius 2) and enhance contrast function (0.4% 97 

saturated pixels) [18]. Continuous TSNs were identified where there was a clear connection 98 

between the apical and basal membrane. Near-continuous TSNs were also identified which 99 

had connections to both the apical microvillous and basal plasma membranes but along the 100 

length of the nanopore contained discontinuities, where the ends of the discontinuous 101 

sections were adjacent (Figure 1). In addition, unilateral nanopores were identified which 102 

were ultrastructurally similar to TSNs opened from either the apical or basal plasma 103 
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membrane but did not appear to connect to the opposite membrane, ending within the 104 

cytoplasm. Selected regions containing TSNs were manually segmented in Avizo v2019.4 105 

(ThermoFisher, Eindhoven). 106 

Modelling of nanopore diffusive transfer capacity 107 

According to Fick’s first law, the magnitude of the diffusive flux �����  [mol/s] through a pore 108 

of uniform cross section is given by: 109 

����� � ������

|∆�|

�����
        Eq. 1 110 

where � [m
2
/s] is the diffusion coefficient, �����  [m

2
] the pore cross sectional area, ∆� 111 

[mol/m
3
] the concentration difference over the pore and �����  [m] the pore length. This can 112 

also be expressed in terms of permeability surface area product �	����  [m
3
/s] of the pore: 113 

����� � �	����∆� , where �	���� �
	
����

�����
    Eq. 2 114 

Since in reality the pore cross sectional area varies, 3D image-based simulations were used 115 

to calculate the effective area over length ratio ����� �����⁄  [m] as a measure for the effect 116 

of pore geometry on diffusive transfer, independent of the solute studied.  117 

For each pore, previously segmented image stacks were imported in Simpleware ScanIP (P-118 

2019.09; Synopsys, Inc., Mountain View, USA) to reconstruct the 3D pore geometry. 119 

Because of the non-isotropic voxels, voxels were resampled isotropically so that the x and y 120 

pixel size matched the z axis spacing. Pore inlet and outlet surfaces were defined, after 121 

which the pore was meshed using linear tetrahedral elements to enable subsequent 122 

simulations of diffusive transfer using the Finite Element method. Different coarseness 123 

settings were evaluated, with the final number of elements used for the different pores 124 

ranging from 1.4–38×10
5
. 125 

Steady state diffusion simulations were performed in COMSOL Multiphysics (v5.5; COMSOL 126 

AB, Stockholm, Sweden) using the pore mesh exported from Simpleware. Since the choice 127 

of parameters does not affect the final result for ����� �����⁄ , a diffusion coefficient of 1 128 

m
2
/s was used and a fixed concentration gradient was imposed by prescribing constant 129 

concentration boundary conditions of 1 and 0 [mol/m
3
] on the inlet and outlet surface of 130 

the pore, respectively. The remaining external surface of the pore was subject to no-flux 131 

boundary conditions. 132 

After simulations were completed, the magnitude of the diffusive flux �����  was calculated 133 

using the integral of the normal solute flux over the pore inlet or outlet cross sectional area. 134 

In combination with the imposed concentration difference ∆� and diffusion coefficient � 135 

used in the simulation, the value for �����  was then used to calculate the effective pore area 136 

over length ratio ����� �����⁄  based on Eq. 1. 137 

  138 
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Results 139 

 140 

Trans-syncytial nanopores 141 

This study manually inspected 14 SBF SEM image stacks from five different placentas 142 

to identify trans-syncytial nanopores (TSNs) defined as membrane lined pores connecting 143 

the apical and basal plasma membranes of the syncytiotrophoblast. These stacks consisted 144 

of 7487 SBF SEM images, representing a total imaged volume of 0.000002 cm
3
. 145 

Inspection of serial sections allowed identification of TSNs crossing the 146 

syncytiotrophoblast (figure 2). Ten continuous TSNs were identified from three different 147 

placentas. In addition, 20 near-continuous TSNs were identified, with examples in all five 148 

placentas studied. In two cases, these near-continuous TSNs were highly complicated with 149 

branches, multiple dilations, and blind ends (figure 3b). Finally, 25 unilateral nanopores 150 

were identified arising from either the apical (n = 17) or basal (n = 8) plasma membrane of 151 

the syncytiotrophoblast but not connecting to the opposing plasma membrane. 152 

The TSNs were structurally heterogeneous, ranging from simple thin tubes 153 

connecting the apical and basal syncytiotrophoblast plasma membranes to complex 154 

branching structures with multiple dilated regions and blind ends (figures 3b, 3e and 4). The 155 

more complex TSNs will have lower permeability raising the question as to whether they 156 

have roles in addition to mediating diffusion. 157 

The lumens of TSNs typically had a low electron density, consistent with a primarily 158 

fluid filled pore (figure 2). However, some TSNs and regions of TSNs were observed with 159 

higher electron density indicating diffuse contents (figure 2e). The electron density of TSN 160 

lumens was typically lower than of endocytic vesicles (figure 5). 161 

The TSN openings did not appear to have structures reminiscent of dynamin spirals 162 

or clathrin-coated vesicles although these structures may not be apparent on SBF SEM 163 

images (figure 5k). The electron densities within the void space of TSN openings were 164 

typically lower than in syncytiotrophoblast endocytic vesicles. 165 

On the basal membrane, continuous and near-continuous TSN were observed 166 

opening adjacent to basal lamina in 16 cases and regions adjacent to cytotrophoblast in 14 167 

cases. 168 

Of the ten continuous TSNs, eight contained membrane-bound inclusions which, 169 

surrounded by pore membrane, formed double-membrane structures (figure 3). Inclusions 170 

were also observed in the majority of near-continuous and unilateral nanopores. In three 171 

cases, the inclusions appeared to be trophoblastic in origin. In the first case, the inclusion on 172 

the apical side appeared to be connected to the syncytiotrophoblast by at least one thin 173 

stalk of cytoplasmic material (figure 3a). At the available resolution, it was not clear whether 174 

other inclusions were also engulfed syncytiotrophoblast. In two cases, an inclusion on the 175 

basal side of the placenta was a clear-cut protrusion from an underlying cytotrophoblast cell 176 

(figure 3d). 177 

Thin desmosome containing nanopores 178 
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Another less commonly observed feature associated with TSNs were thin nanopores 179 

within the syncytiotrophoblast, where two closely adjacent membranes were joined by 180 

desmosome like adhesions (figure 6). These were observed in two TEM images and one 181 

SBFSEM image stack. In one case a desmosome associated nanopore was seen almost 182 

crossing the placenta from the basal membrane to near the microvillous membrane (figure 183 

6a). Desmosome associated nanopores were observed in one SBF SEM image stack where 184 

they were found to be ribbon or sheet-like structures 5-16 nm wide and estimated at 200-185 

800 nm deep (figure 6b). Desmosome containing nanopores could be seen appearing and 186 

disappearing within the same 2D section, which is consistent with a pore rather than a cell-187 

cell junction. Topologically a cell-cell junction would need to either interact with two cell or 188 

image boundaries or form a circular feature (figure 6c). 189 

Modelling diffusion through TSNs  190 

Depending on their geometry, individual nanopores display a large variation in 191 

estimated effective ����� �����⁄  from 0.14 x 10
-8

 m to 2.08 x 10 
-8

 m (figure 4j). The effective 192 

����� �����⁄  ratio based on the results of the computational simulations of the ten pores, as 193 

depicted in Figure 3, was in the order of 10 nm (8.5 ± 7.2 × 10
-9

 m, mean ± SD). By 194 

multiplying the mean effective ����� �����⁄  ratio with the diffusion coefficient for particular 195 

solutes using Eq. 2, the average permeability surface area products for a single pore could 196 

then be calculated (Table 1). Dividing the corresponding experimentally observed placental 197 

permeability surface area products by the value for a single pore, resulted in placental pore 198 

number estimates between 13 and 59 million pores per gram. 199 

  200 
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Discussion 201 

The demonstration of nanoscale pores punctuating the syncytiotrophoblast 202 

challenges our understanding of the placenta as a barrier. It suggests that rather than being 203 

a continuous physical barrier between mother and fetus, the syncytiotrophoblast is a 204 

molecular sieve facilitating the diffusion of small solutes via the active maintenance of TSNs. 205 

Small solutes that may diffuse via TSNs include nutrients, metabolites and toxins, so transfer 206 

via this route may have profound implications for the fetus. While this study demonstrates 207 

the existence of TSNs and modelling suggests that they are likely to have the capacity to 208 

mediate physiologically significant transfer, further work is needed to establish their 209 

numbers, distribution and whether these change in disease states.  210 

In 2D images the TSNs typically had a small profile, making it difficult to visualize 211 

their relation to other structures and therefore making it difficult to identify them as TSNs. 212 

When reconstructed in 3D, the TSNs were structurally heterogeneous, including simple 213 

tubes, tubes with apparently empty dilated regions and branched structures with blind 214 

ends. Many TSNs also contained inclusions of membrane-bound material. Some TSNs had 215 

multiple openings to the syncytiotrophoblast apical microvillous or basal membranes. In 216 

addition to continuous TSNs, near-continuous TSNs and unilateral nanopores were 217 

observed, which based on ultrastructural similarities we believe to be related. In addition, 218 

the presence of inclusions supports our contention that continuous TSNs, near-continuous 219 

TSNs and unilateral nanopores, are related structures. These near-continuous and unilateral 220 

nanopores are likely to be in the process of formation, degradation or remodelling. For 221 

near-continuous TSNs, it is also possible that these are continuous but that the connections 222 

were too thin to observe. The relatively large number of near-continuous and unilateral 223 

nanopores is consistent with TSNs being dynamically remodelled, and studies in live cells are 224 

required to study TSN formation, turnover and regulation. 225 

On the basal membrane, around half of TSN opened adjacent to the basal lamina 226 

and half adjacent to cytotrophoblast cells. However, as cytotrophoblast occupy only 30% of 227 

the basal lamina, there may be a preference for TSNs opening adjacent to cytotrophoblast 228 

cells [19]. TSNs opening to the basal lamina would release solutes directly into the villous 229 

stroma providing the most direct pathway to the fetal circulation. Solutes diffusing through 230 

TSN openings above cytotrophoblast cells could diffuse between these cells to the fetus or 231 

be taken up by the cytotrophoblast cells. While this remains speculation, TSNs opening 232 

adjacent to cytotrophoblast may also provide a direct route by which cytotrophoblast could 233 

either sense maternal environment or signal to it. 234 

There was a wide range in calculated permeability parameters for the modelled 235 

TSNs, with diffusion through the most permeable being 10 x greater than the least 236 

permeable. As might be expected, shorter, wider TSNs had the greatest permeability while 237 

the longer TSNs had the lowest permeability (excluding the TSN with multiple apical and 238 

basal openings). 239 

Paracellular diffusion across the placenta is size-selective, but the TSNs are likely to 240 

be too wide to impose this size selectivity on smaller molecules. Physiological estimates of 241 
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placental pore sizes in rodents are in the order of 17 nm, which is consistent with the 242 

thinnest regions of the nanopores described here and with the desmosome associated 243 

channels we observed [15]. For comparison glucose is 1.5 nm long so should diffuse freely 244 

though pores of this size. If the TSNs do not impose size selectivity, other structures such as 245 

the trophoblast basal lamina or the fetal capillary might [20]. If these structures and not the 246 

syncytiotrophoblast impose size selectivity, this again represents a significant shift in our 247 

understanding of the placental barrier, and the permeability of these other structures 248 

require further investigation. Our permeability estimate was based on nanopores through 249 

the syncytiotrophoblast alone, while the different layers may impose additional restrictions 250 

and reduce permeability, thereby increasing the number of pores required. 251 

Larger molecules such as IgG or nanoparticles such as ultrafine diesel exhaust could 252 

fit through most regions of the TSNs, but the diameter would provide steric hindrance to 253 

their transfer. TSN diameter might be a significant barrier to the transfer of large molecules 254 

unless an additional biological mechanism facilitates this transfer. 255 

Further research is required to determine TSN densities in placental tissue 256 

accurately. An initial approximation for the TSN density was obtained by dividing the 257 

number of observed TSNs (10 continuous or 30 including continuous and near-continuous 258 

TSNs) by the imaged volume of 0.000002 cm
3
. Therefore, this initial approximation for TSN 259 

density is 51 million TSNs per cm
3
 of placental tissue, and including near-continuous TSNs is 260 

143 million/cm
3
. How accurate this estimate is will depend on how many TSNs were present 261 

but missed by the investigators and how representative the tissue in the electron 262 

microscopy blocks is of the placenta as a whole. However, this estimate is in line with the 263 

number of TSNs required to mediate the transfer of known paracellular markers such as 264 

inulin and creatinine. 265 

The presence of membrane-bound inclusions within the TSNs suggests their role 266 

could be more complex than simply being pores for diffusion. The nanopore inclusions and 267 

surrounding TSN membrane create a double membrane structure which shows some 268 

ultrastructural similarities to 2D images of autophagosomes [21]. Nanopore inclusions can 269 

be observed in a previous study that sought to identify TSNs using lanthanum perfusion [7]. 270 

In that study, adjacent, nanopore inclusions can be seen where one inclusion is stained with 271 

lanthanum and the other is not, consistent with our suggestion that nanopores are dynamic 272 

structures. 273 

In some cases, the inclusions appeared trophoblastic in origin. In the first case, the 274 

inclusion on the apical side appeared to be connected to the syncytiotrophoblast by at least 275 

one thin stalk of cytoplasmic material. This is consistent with syncytiotrophoblast having 276 

been pinched off into a nanopore inclusion and could potentially represent the initiation of 277 

autophagy or material that will be shed from the placenta. In other cases, inclusions on the 278 

basal side of the placenta were observed to be protrusions from underlying cytotrophoblast 279 

cells. The role of these cytotrophoblast inclusions is unclear, but it could potentially allow 280 

direct sensing of the maternal environment. It is possible that the remaining inclusions are 281 
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also of trophoblastic origin but that the images we have were not clear enough to 282 

demonstrate this. 283 

Whether there is any relationship between TSNs and the endocytic process in terms 284 

of mechanisms or function is unclear. The TSNs did not appear to have structures 285 

reminiscent of dynamin spirals or clathrin-coated vesicles. However, higher-resolution 3D 286 

imaging is necessary to address this question. TSNs may be related to structures produced 287 

by clathrin-independent carriers (CLIC) and GPI-anchored protein-enriched early endosomal 288 

compartment (GEEC) pathways [22]. The CLIC/GEEC pathways form uncoated 289 

tubulovesicular membrane structures and identifying whether these or other molecular 290 

mechanisms underly TSN formation will be necessary for determining regulation and 291 

function [23]. It should be noted that in a 2D z slice, the TSNs can look like cytoplasmic 292 

endocytic vesicles. 293 

A rare feature associated with TSNs was desmosome associated nanopores which 294 

were most commonly observed arising from basal membrane folds [19], but were also 295 

observed within the cytoplasm. While no desmosome associated nanopores were observed 296 

connecting to the microvillous membrane, they did connect to TSN like structures, and it is 297 

possible that these represent a stage in TSN creation or removal. These desmosome 298 

associated nanopores have been observed previously and it has been suggested that they 299 

are remnants of cytotrophoblast-syncytiotrophoblast fusion which is another possibility 300 

[24]. Whatever their origin, the desmosome containing nanopores could be acting as 301 

conduits for paracellular diffusion in conjunction with or alongside TSNs. As the desmosome 302 

associated nanopores are so thin, they may only be clearly visualised when the block is in 303 

specific orientations, and so they may be more common than it appears. Cells that cross or 304 

penetrate epithelial barriers have been observed to express tight junction proteins to 305 

facilitate movement through cell-cell junctions, and the desmosome containing nanopores 306 

in the syncytiotrophoblast could provide a route and a mechanism by which maternal or 307 

fetal cells could cross the syncytiotrophoblast [25, 26]. Images of erythrocytes protruding 308 

through the syncytiotrophoblast suggest that distensible channels that could allow cell 309 

passage exist [27]. 310 

The physiological role of TSNs is likely to include the maintenance of ionic and 311 

osmotic homeostasis between the mother and fetus. Diffusion of ions and bulk flow of fluid 312 

would balance any osmotic and pressure gradients that could otherwise build up across the 313 

placenta if the syncytiotrophoblast did not allow paracellular diffusion. TSNs may also 314 

facilitate the placental transfer of nutrients, such as glucose, with maternal to fetal 315 

gradients to the fetus. Diffusion of glucose via TSNs may explain why attempts to inhibit 316 

placental glucose transfer competitively have been unsuccessful [28]. However, the 317 

physiological roles of TSNs may come at the cost of allowing non-selective placenta transfer 318 

of potentially harmful substances and reducing the efficiency of active nutrient transport. 319 

For nutrients whose concentration is higher in fetal than maternal plasma, such as amino 320 

acids, TSNs may mediate leak back to the mother, reducing the efficiency of active transfer. 321 

Nutrients bound to binding proteins, e.g. calcium and vitamin D will be less susceptible to 322 
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back flux via the TSNs. The TSNs also provide a pathway for potentially harmful molecules to 323 

cross the placenta, including pharmacological drugs, environmental toxins, nanoparticles 324 

and maternal wastes. Efflux transporters and organic cation and anion transporters act 325 

together to pump toxins in the fetal to maternal direction. However, it is less clear how the 326 

fetus is exposed to exogenous toxins in the first place, and the identification of TSNs 327 

suggests that water-soluble toxins could diffuse across the placental barrier. 328 

Structures similar to the TSNs could play essential roles in other tissues, particularly 329 

epithelial or endothelial barriers. Trans-endothelial pores have been reported in mouse 330 

endothelial cells where they may play a role in capillary permeability [29]. We have also 331 

reported an example of a large pore in human placental endothelium [30]. 332 

There is considerable diversity in placental structures across species and given the 333 

possibility that the syncytiotrophoblast has evolved independently in different branches of 334 

the evolutionary tree, the diversity of TSNs (or similar structures) is of interest. To date, full 335 

width trans-syncytial channels have only been described in the degu which has both short 336 

direct channels in thin regions of syncytiotrophoblast and more complex channels 337 

connecting infoldings of basal and apical surfaces [31]. The human TSNs had a distinct 338 

appearance but were most similar to the more complex Degu channels, although longer and 339 

thinner. The distribution of TSNs across species may inform their biological role and origins. 340 

Identifying the molecular processes underlying TSN formation will be key to 341 

understanding these structures. While TSNs may form by a unique mechanism, they are 342 

more likely to co-opt at least some of the known molecular mechanisms that mediate 343 

endocytosis. There are multiple endocytic processes, including clathrin and caveolin, 344 

micropinosomes or CLIC/GEEC, which form tubular structures [23]. The CLIC/GEEC may be of 345 

particular interest as these form tube-like structures [32]. 346 

In conclusion use of three-dimensional imaging approaches has demonstrated the 347 

existence of TSNs. These TSNs will mediate non-selective diffusion across the placenta and 348 

may be the pathway by which pharmacological drugs, environmental toxins and even 349 

particulate pollutants cross the syncytiotrophoblast. In the future, accurately determining 350 

the density of TSNs in healthy pregnancy is necessary to confirm the capacity of TSNs to 351 

mediate transfer. Furthermore, establishing the density of TSNs in disease states may 352 

provide novel insights into disease processes.  353 
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Figures and tables 500 

 501 

Table 1: Estimated number of pores per gram required to explain the experimentally 502 

observed placental permeability surface area products. 503 

*Placental permeability surface area product data taken from Bain et al. (1990) [6] and diffusion coefficients 504 

from Atkinson et al. (1991) [33]. ** Permeability surface area product calculated based on Cleal et al. (2007) 505 

and diffusion coefficient from Collins et al. (1979) [34]. 506 
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 508 

 509 

Figure 1, Classification of nanopores found in human placental syncytiotrophoblast. A, 510 

continuous TSNs connecting the apical and basal membrane without any breaks. B, near-511 

continuous TSNs with sections connected to the apical and basal plasma membranes but 512 

contained discontinuities where no clear connection could be observed but the ends of the 513 

discontinuous sections were adjacent. C & D. Unilateral nanopores were ultrastructurally 514 

similar to TSNs but opened from either the apical or basal plasma membrane but without 515 

any apparent connection to the opposing membrane. 516 

 517 

  518 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 28, 2022. ; https://doi.org/10.1101/2022.01.26.477815doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.26.477815
http://creativecommons.org/licenses/by/4.0/


Figure 2, SBF SEM serial sectioning allows 519 

identification of TSNs crossing the human 520 

placental syncytiotrophoblast. A) An SBF SEM 521 

image showing a cross section of the 522 

syncytiotrophoblast (STB) from the maternal 523 

intervillous space (IVS) to the underlying 524 

cytotrophoblast (CTB). Within this image a cross 525 

section of a nanopore can be seen (white arrow) 526 

illustrating how difficult it would be to identify 527 

these structures from individual 2D images. The 528 

inset shows the nanopore reconstructed in 3D 529 

from 44 consecutive sections with the white 530 

arrow indicating where the section comes from 531 

and modelled solute concentration indicated by 532 

colour from high (red) to low (blue). B) the 533 

apical opening of the TSN with the inset 534 

showing this highlighted in green. C) A thin 535 

region of nanopore with the inset showing this 536 

highlighted in green. D) a dilated region of the 537 

nanopore with the inset showing this 538 

highlighted in green. In B, C and D the nanopore 539 

has a low electron density consistent with a 540 

fluid filled pore E) A region of nanopore where 541 

the lumen has a higher electron density than in 542 

other regions. The inset showing this cross 543 

section of the nanopore highlighted in green. 544 

This region is close to the end of the nanopore 545 

and the cytotrophoblast boundary can be seen 546 

bottom left. * Indicate inclusion bodies. A movie 547 

showing the nanopore highlighted in individual 548 

slices can be seen in the supplemental movie 1). 549 
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 551 

Figure 3, Examples of TSN inclusions formed from engulfed syncytiotrophoblast or 552 

cytotrophoblast. A-C) an apical nanopore inclusion body (*) was observed which appeared 553 

to be derived from the trophoblast (green). A) shows a SBF SEM image containing a cross 554 

section of a TSN inclusion. B) shows the same inclusion (pink) in 3D within a complex near-555 

continuous TSN (red). This TSN has several discontinuities indicated by black arrows but 556 

gives the appearance of being part of a trans-syncytial network even if it does not form a 557 

complete pore. C) shows a higher power image of the inclusion which is continuous with the 558 

syncytiotrophoblast (green) via a small stalk (white arrow). D-F) An example of a TSN 559 

inclusion which is derived from the underlying cytotrophoblast (yellow). D) shows a SBFSEM 560 

image of the cytotrophoblast derived inclusion. E) shows the nanopore inclusion within a 561 

TSN with a relatively simple tubular structure. F) shows a higher power image of the 562 

cytotrophoblast derived inclusion.  563 
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  564 

Figure 4, Modelled solute concentration gradients within the continuous TSNs. High 565 

concentrations (red) were applied to the maternal facing TSN opening, and concentration 566 

gradients are shown for diffusion through the channel. The molecular flux associated with 567 

these gradients was used to calculate the effective cross sectional surface area used to 568 

calculate permeability. A-J) show the nanopores presented in order of calculated 569 

permeability from highest to lowest. The apical opening is presented on top right and basal 570 

openings on the bottom or left. The TSN shown in A is a double pore with four apical and 571 

basal openings and a connection on the basal side which accounts for its higher 572 

permeability despite its longer length. Blind ends are present in D, I and G. TSN A has two 573 

openings to the microvillous membrane and two openings to the basal membrane of the 574 

syncytiotrophoblast. J) shows a scatterplot showing the distribution of permeabilities with 575 

the line indicating the median value.  576 
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 578 

 579 

 580 

Figure 5, Comparison of endocytic vesicle and TSN openings on the apical and basal 581 

membranes of the placental syncytiotrophoblast. A-J serial SBFSEM images (50 nm apart) 582 

showing a flask shaped invagination forming the opening to a TSN (black arrow), alongside a 583 

vesicle (seen in B-E, red arrows) In these images the microvilli are bottom left. K. TEM image 584 

of syncytiotrophoblast basal membrane showing an endocytic vesicle with dynamin spirals 585 

(red arrow) near an opening characteristic of a TSN (black arrow). 586 
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 588 

 589 

Figure 6, Desmosome associated nanopores. A) a TEM image of a desmosome associated 590 

nanopore traversing most of the width of the syncytiotrophoblast (white dotted line) and 591 

associated with dilation typical of TSNs (indicated by an *). B) an SBF SEM image of a 592 

desmosome associated nanopore connecting basal membrane folds to a TSN like opening 593 

(*). C) A TEM image of a desmosome associated nanopore which begins and ends in the 594 

same field of view (red arrows). This demonstrates that it is not a cell-cell junction as if this 595 

were the case it would need to intersect 2 sides of the image or be a circle. This channel 596 

contains an empty TSN like dilation (top*) and one which contains inclusion material 597 

(bottom*). EC = endothelial cell, VS = villous stroma, BL = basal lamina, STB = 598 

syncytiotrophoblast, BMF = basal membrane folds. IVS = intervillous space. 599 
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