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Abstract

Introduction—The labyrinthine zone of the placenta is where exchange of nutrients and waste 

occurs between maternal and fetal circulations. Proper development of the placental labyrinth is 

essential for successful growth of the developing fetus and abnormalities in placental development 

are associated with intrauterine growth restriction (IUGR), preeclampsia and fetal demise. Our 

previous studies demonstrate that Hectd1 is essential for development of the junctional and 

labyrinthine zones of the placenta. Here we further characterize labyrinthine zone defects in the 

Hectd1 mutant placenta.

Methods—The structure of the mutant placenta was compared to wildtype littermates using 

histological methods. The expression of cell type specific markers was examined by 

immunohistochemistry and in situ hybridization.

Results—Hectd1 is expressed in the labyrinthine zone throughout development and the protein is 

enriched in syncytiotrophoblast layer type I cells (SynT-I) and Sinusoidal Trophoblast Giant cells 

(S-TGCs) in the mature placenta. Mutation of Hectd1 results in pale placentas with frequent 

hemorrhages along with gross abnormalities in the structure of the labyrinthine zone including a 

smaller overall volume and a poorly elaborated fetal vasculature that contain fewer fetal blood 

cells. Examination of molecular markers of labyrinthine trophoblast cell types reveals increased 

Dlx3 positive cells and Syna positive SynT-I cells, along with decreased Hand1 and Ctsq positive 

sinusoidal trophoblast giant cells (S-TGCs).

Discussion—Together these defects indicate that Hectd1 is required for development of the 

labyrinthine zone or the mouse placenta.
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Introduction

The chorioallantoic placenta is the primary site of maternal/fetal exchange of oxygen, 

nutrients and metabolic waste. Defects in placental development cause a spectrum of 

pregnancy complications including IUGR, preeclampsia and fetal demise. The labyrinthine 

placenta of the rodent consists of multiple cell layers: the maternal decidua, junctional zone 

including (trophoblast giant cells (TGCs) and glycogen trophoblasts, spongiotrophoblasts) 

and the labyrinthine layer. The labyrinthine layer is the site of maternal/fetal exchange. It is 

comprised of an intricate network of maternal and fetal blood spaces separated by the 

endothelium of fetal blood vessels and three labyrinthine trophoblast layers: sinusoidal 

trophoblasts (S-TGC) that line the maternal blood spaces and two syncytial trophoblast cell 

layers (SynT-I and SynT-II). Labyrinthine trophoblasts develop from the chorionic ectoderm 

and the fetal endothelial cells from the allantoic mesoderm.

Labyrinth morphogenesis and vascularization are driven by interactions of allantoic 

mesoderm with chorionic-derived trophoblasts (reviewed in [1]. Labyrinthine layer 

development begins around E8.0 with collapse of the chorionic cavity resulting in the 

chorion abutting the ectoplacental cone (EPC). This is followed by chorioallantoic fusion, 

invagination of the chorion and invasion of fetal vessels into the chorionic trophoblast layer. 

Interaction of chorionic ectoderm with the fetal vessels results in differentiation of 

labyrinthine trophoblasts. The elaborate vascular tree forms through branching 

morphogenesis of villi composed of labyrinthine trophoblasts.

Our previous work demonstrates that Hectd1 is required for development of the placenta. 

Hectd1 mutant embryos are smaller, show evidence of IUGR and die at mid-gestation [2]. 

Hectd1opm/opm mutant placentas are smaller than wildtype littermates and show significant 

defects in development of the junctional zone [2]. Specifically, mutant placentas have 

reduced numbers of TGCs, glycogen trophoblasts, uterine natural killer cells (uNKs) and 

spongiotrophoblasts. Here we characterize abnormalities in the labyrinthine layer of the 

Hectd1 mutant placenta. Our data demonstrate defects in the structure of the placental 

labyrinth and alterations in the cells that comprise the maternal fetal exchange surface.

Materials and Methods

Mouse Breeding and Placental Tissue Collection

Hectd1opm/+ and Hectd1XC/+ mice were described previously [3]. Placentas were fixed for 

24 hours by immersion in 4% paraformaldehyde fixative for in situ analysis or DMSO/

Methanol (1:4) fixative for immunohistochemistry. Placentas were embedded in Optimal 

Cutting Temperature compound (OCT, Tissue-Tek) and serial 20 μm sections cut using a 

cryostat. Genotyping was performed using the yolk sac as described [4]. All mice were on a 

congenic 129/SiSv1Mj background (Stock No. 002448, The Jackson Laboratory 

Repository).

Phenotypic and Histological Analyses

To analyze Hectd1 expression, sectioned Hectd1XC/+ placentas at the indicated stages were 

subjected to LacZ staining and counterstained with eosin [5]. For immunohistochemistry 
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wildtype placentas were subjected to immunofluorescence confocal microscopy analysis 

using an antibody against Hectd1 as described [4]. At least two placentas were analyzed at 

each developmental stage. In situ hybridization on sectioned wildtype and mutant placentas 

was carried out as described [6]. The following probes were used: Hand1 [7], Ctsq [8], Dlx3 

[9], Gcnf/Nr6a1 [10], Esx1 [11], SynA, SynB [12] and Gcm1 [13]. The following antibodies 

were used: Pecam1 (1:200; BD Pharmingen #550274), Mct1 (1:200; Millipore AB1286I), 

Mct4 (1:200; Millipore #AB3314P) and Hectd1 (1:100; Novus; #H00025831-M03). Images 

shown are representative of at least 3 pairs of wildtype and mutant placentas unless 

otherwise indicated. Measurements of fetal and maternal blood space areas were done in 

Pecam1 or Mct1 stained sections using Image J software. Only bisected vessels/bold spaces 

(e.g. roughly circular) were measured in this analysis. Statistical analyses were done using 

Prism software and the Student’s t-test was used to determine statistical significance 

between groups.

Stereological analysis of placental structures

Stereological analyses were performed essentially as described [14]. Briefly, three litters 

were collected at E13.5 and one wildtype and mutant placenta collected from each litter was 

completely sectioned at 10 μm thickness. Sections were stained by H&E. The Stereo 

Investigator software system (MBF Biosciences, Vermont, USA) was employed to 

superimpose probe grids (Cavalieri estimation probe for area and volume; orthogonal 

intercepts for interhemal membrane thickness) on random fields of view within systematic 

random cryosections. Volume and surface densities were converted to absolute values by 

multiplying with the absolute placental volume of the placenta and corrected for tissue 

shrinkage.

Results

Hectd1 is expressed in the developing labyrinthine layer and in mature SynT-I cells and S-
TGCs

To understand the role of Hectd1 in establishment of the labyrinthine zone, its 

spatiotemporal expression was examined (Figure 1). For these studies, expression of beta-

galactosidase was determined by LacZ staining in heterozygous Hectd1XC/+ genetrap 

concepti [15]. Samples from crosses between wildtype females and Hectd1XC/+ males were 

used to label Hectd1 expressing cells derived from the conceptus and not the maternal 

decidua. LacZ staining is observed throughout placental development (Figure 1). Expression 

is enriched in the chorion and EPC by E8.5. Between E9.5 and E12.5, LacZ staining is 

found in almost all trophoblast-derived cells of the placenta. In contrast, cells of the allantoic 

mesoderm show comparatively weaker staining at E9.5, which decreases further by E12.5. 

During this time frame, staining is comparatively higher in cells at the chorioallantoic 

interface. At E12.5, intense LacZ staining is observed in cells that separate maternal and 

fetal blood spaces. In particular staining is increased in some long flat cells and more 

rounded cells in the interior of cell clusters that separate maternal and fetal blood spaces.

To further characterize the cell types expressing Hectd1 in the mature placenta, we 

examined expression of Hectd1 protein by immunofluorescence confocal microscopy in 

Sarkar et al. Page 3

Placenta. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E12.5 wildtype placentas. Mct1, Mct4 and Pecam1 were used to label SynT-I, SynT-II and 

endothelial cells, respectively. Hectd1 protein mainly co-localizes with Mct1 positive SynT-

I cells (Figure 2). Expression is also found in cells lining the maternal blood spaces with 

large nuclei (S-TGCs).

Defects in the Hectd1 mutant labyrinthine zone

Gross comparison of Hectd1opm/opm mutant placentas with their wildtype littermates reveals 

that mutant placentas are pale and frequently have large hemorrhages (Figure 3A, B). 54% 

of the mutant placentas (n=43) analyzed show hemorrhages that occupy 20–30% of the fetal 

surface of the placenta. Only 7% (n=73) of wildtype littermates showed these hemorrhages. 

Histological examination reveals that the majority of Hectd1opm mutant placentas are 

moderately affected with obvious disruption in lamination even in placentas with 

comparable total thickness (Figure 3C, D). The thickness of the maternal decidua is notably 

larger with a corresponding decrease in the thickness of the labyrinthine layer. This was 

quantified by stereology (Figure 3G). Furthermore, while maternal and fetal blood is most 

often visible in blood spaces in wildtype placentas, mutant placentas retained fewer blood 

cells in histological sections (Figure 3E,F).

Defects in labyrinthine trophoblasts in the Hectd1 mutant placenta

Since Hectd1 is expressed during labyrinthine zone development and alterations in 

organization of the labyrinthine zone were found, we examined whether labyrinthine 

trophoblast cells develop normally in the mutant placenta. The expression of Dlx3, Nr6a1/

Gcnf and Esx1, expressed in undefined labyrinthine trophoblast subtypes [9, 11, 12, 16, 17], 

was examined in E12.5 wildtype and mutant placentas. Expression of Dlx3 was increased in 

the mutant labyrinthine zone (Figure 4A, B), whereas expression of Nr6a1/Gcnf and Esx1 

were essentially unchanged (Figure 4C–F). Expression of cell type specific markers was 

examined to determine if changes in the specific labyrinthine trophoblast cell types are 

found in Hectd1 mutants. Hand1 and Cathepsin Q (Ctsq) label sinusoidal trophoblast giant 

cells (S-TGCs) and these cell types are reduced in mutants (Figure 5G–J). The intensity of 

SynA expression in SynT-I cells is increased in the mutant placenta (Figure 5E, F) and 

expression of SynB and Gcm1 that mark SynT-II cells were essentially unchanged (Figure 

5G–J). These results indicate alterations in development of labyrinthine trophoblast cell 

types that express Hectd1 protein (Figure 2) in the mutant placenta.

To further examine changes in SynT-I and SynT-II cells in Hectd1 mutants, expression of 

Mct1 and Mct4 were examined by immunofluorescence confocal microscopy in E12.5 

wildtype and mutant placentas (Figure 6). Syncytiotrophoblasts are organized into layers 

with SynT-I cells adjacent to maternal blood spaces and SynT-II cells adjacent to fetal blood 

spaces. Mct1 is localized to the apical membrane of SynT-I cells (facing the maternal 

sinusoid) whereas Mct4 is localized to the basal membrane of SynT-II cells (adjacent to the 

fetal vasculature [18]. At low magnification of transverse placental sections, Mct4 stained 

regions of the placenta are fewer and surround larger spaces in the mutant than in the 

wildtype placenta (Figure 6A, B, E, F). Imaging at high magnification in coronal sections 

reveals that Mct4 positive cells surround vessels that contain fewer nucleated red blood 

cells. In the wildtype placenta, Mct1 positive cells are typically next to Mct4 positive cells 
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representing the separation of adjacent maternal and fetal blood spaces by single layers of 

syncytiotrophoblasts (Figure 6C, D). However, in the mutant placenta there are areas where 

Mct1 positive cells appear disorganized and show multiple cells layered between fetal 

vessels (arrowheads in Figure 6D, H).

To further examine the organization of fetal blood vessels and SynTII cells, transverse and 

coronal placental sections were co-stained with Pecam1 and Mct4 (Figure 6I-P). Fetal 

vessels show less elaborate branching in low magnification images of transverse sections. In 

higher magnification images of coronal sections, the number of blood vessels appears 

reduced along with increase in diameter of the vessels. This was quantitated by measuring 

the area of blood vessels in a number of sections of wildtype and mutant placentas, revealing 

an overall increase in the size of fetal blood vessels along with increased numbers of large 

vessels with a corresponding decrease in small vessels in the mutant (Figure 6R, S). 

Similarly, the area of maternal blood spaces was quantitated revealing a slight decrease in 

the size of maternal blood spaces in the mutant (Figure 6Q).

Discussion

Data presented here and in our previous study demonstrate that Hectd1 is essential for 

development of the murine placenta [19]. Hectd1 is expressed throughout development of 

this organ and enriched in some labyrinthine trophoblast populations including SynT-I and 

S-TGC cells [2]. Mutant placentas are smaller with defects in the junctional zone including 

decreased TGCs, spongiotrophoblasts and glycogen trophoblasts [2]. Mutant placentas also 

show increased numbers of immature uterine natural killer (uNK) cells in the maternal 

decidua [2]. Here we describe in detail defects in development of the labyrinthine zone. 

These include gross abnormalities in the structure of the labyrinth, with a smaller overall 

volume. We demonstrate alterations in labyrinthine trophoblast cell types including reduced 

S-TGCs and increased expression of SynT-I cell markers. Furthermore, SynT-I cell are 

disorganized with added cell layers between Mct4 labeled membranes. Additionally, the 

vasculature is less elaborated with increased numbers of larger vessels and a corresponding 

decrease of small vessels. Together these results indicate altered organization of the cells 

that separate maternal and fetal circulations.

The severe placental defects described here and in our previous study [2] likely contribute to 

midgestation lethality and IUGR observed in Hectd1 mutants. Other developmental defects 

in Hectd1 mutants may also play a role such as complex cardiac defects [20], which could 

exacerbate or even cause placental defects. Similarly, it is also possible that defects in 

development of the labyrinthine zone are secondary to abnormal development of the 

junctional zone [2]. Future experiments utilizing conditional Hectd1 alleles and cell type 

specific cre drivers will address this issue.

The mechanism by which Hectd1 regulates development of the labyrinthine zone remains to 

be determined. Our previous studies showed a decrease in overall cell proliferation and 

increased apoptosis in the labyrinthine zone [2]; however, it remains to be determined if 

these changes are restricted to specific labyrinthine trophoblast cell types or represent 

overall changes in apoptosis or proliferation. Furthermore, the molecular pathways 
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controlled by Hectd1 regulating placental development are unknown. Hectd1 is an ubiquitin 

ligase and Hectd1 dependent ubiquitination does not appear to target proteins to the 

proteasome but results in altered intracellular localization [19–21]. While the identity of 

Hectd1 regulated proteins in the placenta are not currently known, Hectd1 can affect 

ubiquitination of numerous proteins ([21–23] and AAS and IEZ unpublished). Two of these, 

Hsp90 and APC are associated with development of the labyrinthine zone [1, 24]. Hectd1 

ubiquitinates Hsp90alpha regulating its intracellular localization and function [22]. While 

placental defects have not been described for Hsp90alpha, Hsp90beta is required in the 

allantoic mesoderm for chorioallantoic attachment [24]. Hectd1 interacts with a conserved 

domain of Hsp90 [22] raising the possibility that Hectd1 may also regulate Hsp90beta. 

Furthermore, it is not clear what placental phenotypes would result from altering 

intracellular localization of Hsp90beta. But as Hsp90 plays an essential role in development 

of the labyrinthine zone vasculature this remains a viable candidate for mediating Hectd1-

dependent placental phenotypes. Hectd1 also inhibits Wnt signaling transduction by 

ubiquitinating APC to facilitate interaction of Axin and APC [21]. Wnt signaling is required 

for labyrinthine zone development [1, 25] and is implicated in chorioallantoic attachment 

[26–28] with less severe mutants showing a poorly developed labyrinthine layer [29–31]. 

Future experiments will determine which pathways regulated by Hectd1 mediate 

labyrinthine zone development.
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Abbreviation

HECT homologous to E6-AP Carboxyl terminus

Ub ubiquitin

IUGR Intrauterine growth restriction

TGC trophoblast giant cell

H&E Hematoxylin and eosin
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Highlights

• Hectd1 is expressed during development of the labyrinthine placenta

• In the mature placenta, Hectd1 protein is localized to SynT-I and S-TGCs.

• Mutation of Hectd1 results in a smaller labyrinthine zone.

• Hectd1 mutants show reduced S-TGCs and increased expression of SynT-I 

markers.

• The fetal vasculature is less elaborated in the Hectd1 mutant placenta.
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Figure 1. Hectd1 is expressed throughout development of the labyrinthine zone
A–F”) Hectd1 expression was monitored by LacZ staining in heterozygous Hectd1XC/+ 

placentas at E7.5, E8.5, 9.5, 10.5, 11.5 and E12.5 as indicated. Samples from crosses 

between wildtype females and Hectd1XC/+ males were used to label Hectd1 expressing cells 

derived from the conceptus and not the maternal decidua. Structures contributing to the 

placenta are labeled in E7.5 and 8.5 embryos including the ectoplacental cone (EPC), 

chorion (CH) and allantois (AL). The layers of the E9.5–12.5 placenta are labeled as 

maternal decidua (MD), junctional zone (JZ), labyrinthine zone (LZ) and allantoic 

mesoderm (AL). Magnification of boxed region is shown. LacZ staining is greater in the 

chorion and cells at the border of the chorionic-derived labyrinthine cells and allantoic 

mesoderm.
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Figure 2. Hectd1 protein is localized to SynT-I and S-TGCs in the labyrinthine zone
Wildtype placentas were subjected to immunostaining with antibodies against Hectd1 along 

with Mct1 (A, D), Mct4 (B, E) or Pecam1 (C, F) to label SynT-I, SynT-II and endothelial 

cells respectively. Placentas in panels AC are transverse and D–F coronal sections. Hectd1 

protein co-localizes with Mct1 but not Mct4 or Pecam1. Hectd1 protein is also found in 

more rounded Mct1-negative S-TGCs that line the maternal blood spaces (*). Examples of 

fetal vessels (F) and maternal blood spaces (M) are labeled.
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Figure 3. Hemorrhages and altered histological appearance of Hectd1 mutant placentas
A, B) E12.5 (A) wildtype (Hectd1+/+) and (B) mutant (Hectd1opm/opm) placentas viewed 

from the fetal side demonstrating the overall pale appearance and large hemorrhages (white 

arrowhead) in the mutant. C, D) H&E staining of midsagittal section of E12.5 (C) wildtype 

and (D) mutant placentas. The layers of the placenta are labeled as maternal decidua (MD), 

junctional zone (JZ) and labyrinthine zone (LZ). E, F) Higher magnification images of the 

labyrinthine zone of H&E stained wildtype (E) and mutant (F) placentas. Maternal (MBS) 

and fetal blood spaces (FBS) are labeled that contain anucleated and nucleated red blood 

cells, respectively. G) Stereological analysis of Hectd1 wildtype and mutant placentas. 

Three placentas and wildtype siblings at E12.5 from three separate litters were utilized in all 

groups, mean values ± S.E.M, significant difference assessed by paired t-test between 

mutant and wildtype (* indicates p < 0.05).
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Figure 4. Expression of labyrinthine trophoblast markers in the Hectd1 mutant placenta
In situ hybridization showing expression of Dlx3 (A, B), Nr6a1/Gcnf (C, D) and Esx1 (E, F) 

in E12.5 wildtype (A, C, E) and Hectd1opm/opm mutant (B, D, F) placentas. Images are 

shown at 10X and a 40X magnification of the boxed region.
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Figure 5. Altered expression of cell-type specific labyrinthine trophoblast markers in the Hectd1 
mutant placenta
Reduced Hand1 (A, B) and Ctsq (C, D) expressing S-TGCs and expanded expression of 

Syna (E, F) or Synb (G, H) and Gcm1 (I, J) (SynT-I or SynT-II cells, respectively) in E12.5 

wildtype (A, C, E, G, I) and Hectd1opm/opm mutant (B, D, F, H, J) placentas. Images are 

shown at 10X and a 40X magnification of the boxed region.
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Figure 6. Altered organization of SynT-I, SynT-II and fetal blood vessels in the Hectd1 mutant 
placenta
Expression of Mct1 (SynT-I cells, green) and Mct4 (SynT-II cells, red) were examined by 

immunofluorescence confocal microscopy in E12.5 wildtype (A, C, E, G) and mutant (B, F, 

D, H) placentas. Expression of Mct4 (SynT-II cells, green) and Pecam1 (endothelial cells, 

red) in E12.5 wildtype (I, K, M, O) and mutant (J, L, N, P) placentas. Nuclei are stained 

with Hoechst and shown in Blue in panels C, D, K and L. Placentas in panels A, B, E, F, I, J, 

M and N are sectioned in the transverse plane and shown at 10X and C, D, G, H, K, L, O 

and P in the coronal plane and shown at 60X. Yellow arrowheads in D and H highlight 

abnormal organization of SynT-I cells in the mutant. Fetal (F) and maternal (M) blood 

spaces are labeled. In panels I, J, M, N, the layers of the placenta are labeled as maternal 

decidua (MD), junctional zone (JZ) and labyrinthine zone. The dotted line denotes the 

boundary between junctional and labyrinthine zones. Q–S) The area of maternal (Q) and 

fetal (R, S) blood spaces were measured and the average area plotted (Q, R). 208 maternal 

blood spaces were measured in 13 wildtype and 155 blood spaces were measured in mutant 

sections from 4 wildtype and 2 mutant placentas. 237 fetal vessels in 12 wildtype and 210 

fetal vessels in 18 mutant sections were measured from 4 wildtype and 2 mutant placentas. 
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Significant differences were assessed by paired t-test between mutant and wildtype (* 

indicates p < 0.05 and *** p < 0.001). (S) The number of fetal vessels with the indicated 

area for wildtype (black bars) and Hectd1 mutant (grey bars).
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