1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2021 March 19.

-, HHS Public Access
«

Published in final edited form as:
J Mammary Gland Biol Neoplasia. 2019 December ; 24(4): 293-304. doi:10.1007/s10911-019-09438-y.

Electron Tomography Revels that Milk Lipids Originate from
Endoplasmic Reticulum Domains with Novel Structural Features

Mark S. Ladinskyl:2, Gonzalo A. Mardones34, David J. Orlicky®, Kathryn E. Howell3, James
L. McManaman®

1Boulder Laboratory for 3D Electron Microscopy of Cells, University of Colorado, Boulder, CO
80309, USA

2Present address: Division of Biology, California Institute of Technology, Pasadena, CA, USA

3Department of Cell & Developmental Biology, University of Colorado Anschutz Medical Campus,
Aurora, CO 80045, USA

4Present address: Instituto de Fisiologia, Universidad Austral de Chile, Valdiva, Chile

SDepartment of Pathology, University of Colorado Anschutz Medical Campus, Aurora, CO 80045,
USA

6Division of Reproductive Sciences, University of Colorado Anschutz Medical Campus, 12700 E.
19th Ave., Aurora, CO 80045, USA

Abstract

Lipid droplets (LD) are dynamically-regulated organelles that originate from the endoplasmic
reticulum (ER), and function in the storage, trafficking and metabolism of neutral lipids. In
mammary epithelial cells (MEC) of lactating animals, intact LD are secreted intact into milk to
form milk lipids by a novel apocrine mechanism. The secretion of intact LD and the relatively
large amounts of lipid secreted by lactating MEC increase demands on the cellular processes
responsible for lipid synthesis and LD formation. As yet these processes are poorly defined due to
limited understanding of LD-ER interactions. To overcome these limitations, we used rapid-
freezing and freeze-substitution methods in conjunction with 3D electron tomography and high
resolution immunolocalization to define interactions between LD with ER in MEC of pregnant and
lactating rats. Using these approaches, we identified distinct ER domains that contribute to lipid
droplet formation and stabilization and which possess unique features previously unrecognized or
not fully appreciated. Our results show nascent lipid droplets within the ER lumen and the
association of both forming and mature droplets with structurally unique regions of ER cisternae,
characterized by the presence of perilipin-2, a protein implicated in lipid droplet formation, and
enzymes involved in lipid synthesis. These data demonstrate that milk lipids originate from LD-
ER domains with novel structural features and suggest a mechanism for initial droplet formation in
the ER lumen and subsequent maturation of the droplets in association with ER cisternae.
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Introduction

Neutral lipids, triglycerides and cholesteryl esters, are major milk constituents and singularly
important sources of calories and bioactive molecules required for neonatal growth and
development in most mammalian species [1]. In eukaryotic cells, neutral lipids are
synthesized by enzymes located on the endoplasmic reticulum (ER) membrane and are
packaged into cytoplasmic lipid droplets (LD), which are dynamically-regulated, organelles
that function in neutral lipid storage, transport and metabolism [2]. Unlike conventional
organelles such as the endoplasmic reticulum, Golgi, nucleus, and mitochondria, in which
functional compartments are bounded by bilayer membranes, LD are uniquely composed of
a neutral lipid core surrounded by a monolayer of phospholipids and abundant amounts of
associated proteins, which serve as determinants of LD formation and function [3-5]. LD
formation and function have become active areas of investigation due to increasing
recognition of their contributions to the pathophysiology of many metabolic diseases [6].

In most cells, LD serve as temporary storage sites for neutral lipids for use in production of
metabolic energy and membrane biosynthesis. However, alveolar epithelial cells of
mammary, meibomian and sebaceous glands are unique in their abilities to secrete intact LD
from the cytoplasm directly into the acinar lumen in conjunction with the production of
milk, meibum, and sebum respectively [7-9]. The large amounts of lipid secreted into milk
during lactation by many species of mammals [10] and developmentally-linked activation of
lipogenesis and biogenesis of LD and other organelles in mammary epithelial cells (MEC)
during their functional differentiation [11-14], make this system an important
physiologically relevant model for investigating LD formation.

The concept that LD are derived from the ER originated with time course studies, which
combined radiotracer and ultrastructural analyses of lactating mouse mammary epithelial
cells, that showed that neutral lipids are initially synthesized on rough ER (rER) and rapidly
transfer to LD, which appear to exist in continuity with ER cisternae [15]. Subsequent
ultrastructural studies identified lipid filled distensions of ER cisternae and ER membrane
bilayers [16] prompted the idea that LD originate from sites of neutral lipid accumulation
on, or within, ER membranes [17]. Intimate associations of LD and ER were further
supported by proteomic studies that identified the presence of numerous ER luminal proteins
on LD isolated free of membranous material from lactating mice [4]. Studies in yeast [18],
certain cell culture models [2], and in vitro biophysical experiments [19] provide evidence
that LD originate from the accumulation of neutral lipids between ER membrane leaflets.
However, the process is not well understood [20] and other mechanisms of LD biogenesis
have been proposed [21-23]. Importantly, details about LD-ER interactions in intact cells of
highly lipogenic organs, such as the mammary gland, are limited and it is unknown if such
interactions are influenced by functional status. However, the significant expansion of ER

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2021 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ladinsky et al. Page 3

and Golgi membranes and activation of lipogenic processes that occur in MEC in response
to induction of secretory functions [11, 12] suggest the hypothesis that LD-ER interactions
in MEC may also be influenced by functional status.

The available information about the ultrastructural properties of LD in mammary epithelial
cells was obtained using conventional two-dimensional (2D) electron microscopy (EM) [17]
and preparative techniques that were sub-optimal for preservation of membranes and major
lipid-containing structures in their native states, which almost certainly distorted their
ultrastructural properties [24, 25]. To overcome these limitations and accurately define LD
ultrastructural properties in greater detail, we analyzed MEC from pregnant and lactating
rats by 3D-electron tomography and immuno-EM in mammary glands prepared by
cryopreservation techniques optimized for minimal extraction of lipids [26] and accurate
preservation of cell structures in nearly native states [27].

Materials and Methods

Animals and Ethical Approval

Pregnant rats were purchased from Harlan, Inc. (Indianapolis, IN). Mammary acini were
isolated from 2 to 4 10-day lactating or 5- and 10-day pregnant rats as described previously
[28]. Animal experiments were approved by the University of Colorado School of
Medicine’s Institutional Animal Care and Use Committee. Rats were housed within the
University of Colorado Denver Anschutz Medical Campus, AAALAC-accredited, Center for
Comparative Medicine. Experimental animals were singly housed at 22 °C in microisolator
cages equipped with automated air and water on a 10:14 h dark:light cycle with ad libitum
access to food.

Materials

Guinea pig antibodies against Plin2 were purchased from Research Diagnostics, Inc.
(Flanders, NJ), and rabbit antibodies against PDI were purchased from Stressgen
Biotechnologies Corp. (San Diego, CA). HEK293 that constitutively express Plin2 were
described previously [29]. Antibodies against Dgatl and Dgat2 antibodies were a generous
gift from Dr. Robert Farese Jr., Harvard School of Public Health. Acatl antibodies were a
gift of Dr. T.Y. Chang, Dartmouth Medical School.

Electron Microscopy and Tomography

Samples of mammary tissue were prepared for EM as described previously [30]. Briefly,
small blocks of tissue (<1 mm3) were placed in medium containing 10% 70 kD Ficoll as an
extracellular cryoprotectant (Sigma-Aldridge) and rapidly frozen in a HPM 010 high-
pressure freezer (BAL-TEC, AG, Liechtenstein). The samples were then freeze-substituted
into acetone at —90 °C, first with 0.1% glutaraldehyde, 0.01% tannic acid for 3 days, then
with 2% Os0O4, 0.1% uranyl acetate in acetone at —20 °C for 12 h. The fixed, anhydrous
tissue was then embedded in Epon-araldite resin. At least 5 tissue blocks were examined
from each animal. Each block yielded ~50 projection micrographs and ~5-10 tomographic
3D reconstructions. Thin (40 nm) sections of mammary tissue were viewed in a Philips
CM10 electron microscope to evaluate preservation and to select appropriate cells for high-
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resolution study. Evidence of LD-ER interactions was seen in nearly all samples and could
be identified in a majority of micrographs where both cytoplasmic ER and LD were present.
Such regions were sought and located specifically for 3D tomographic study. For
tomography, ribbons of 8-10 semi-thick (~200 nm) sections were cut with an UltraCut-UCT
microtome (Leica, Inc.), transferred to Formvar-coated copper-rhodium 1 mm slot grids
(Electron Microscopy Sciences, Port Washington PA.) and stained with uranyl acetate and
lead citrate. Colloidal gold particles (15 nm diameter) were placed on both sides of the grid
to serve as fiducial markers for subsequent image alignment. Samples were imaged with a
Tecnai F20 (FEI) IVEM operating at 200 kV using a pixel size corresponding to ~1 nm at
the specimen plane. Tilt-series were collected over 120° at 1° intervals. The grid was then
rotated 90° and a similar series was collected about the orthogonal axis. Tomographic
reconstructions were calculated, analyzed and modeled using the IMOD software package
[31].

Immunoelectron Microscopy

Acini were prepared for immuno-EM as previously described [32]. Briefly, blocks of
mammary tissue were fixed with 4% paraformaldehyde in PBS + 5% sucrose in 100 mM
HEPES buffer, pH 7.2, at 4 °C for 12 h, infiltrated with 2.1 M sucrose in PBS, then frozen in
liquid nitrogen. Thin (90-100 nm) cryosections were cut with a cryo-diamond knife
(Diatome U.S.) at =110 °C on an UltraCut-UCT microtome equipped with a FCS cryostage
(Leica Inc.). Sections were picked up with a wire loop containing a drop of 2.3 M sucrose,
1% methylcellulose in phosphate-buffered saline (PBS) and transferred to Formvar-coated,
carbon-stabilized, glow-discharged 100-mesh copper-rhodium EM grids. Labeled
cryosections were observed with the Tecnai F20 IVEM operating at 80 kV, and images were
recorded digitally.

Immunofluorescence Microscopy

Mammary glands from rats on P5 were excised and fixed overnight in 4%
paraformaldehyde, 5% sucrose, in PBS at 4 °C, followed by successive incubations at 4 °C
in 30% sucrose in PBS (overnight), 30% sucrose in Tissue-Tek embedding medium (Sakura
Finetek USA, Inc.) (30 min) and 100% Tissue-Tek (overnight). Cryosections (10-16 pum)
were prepared and deposited on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA),
post-fixed with 4% paraformaldehyde in PBS for 30 min, incubated in 0.2% Triton X-100 in
PBS for 20 min, and blocked in 0.2% gelatin in PBS for 20 min. For labeling, both primary
antibodies and secondary antibodies labeled with Alexa Fluor 488 (green) or Alexa Fluor
594 (red) (Molecular Probes, Eugene, OR) were incubated for 30 min at 37 °C, and
coverslips were mounted onto slides with Moviol in the presence of 1 microgram/ml of 4,6-
diamino-2-phenylindole (DAPI; Molecular Probes). Sections were visualized with an
Axiovert 200 M deconvolution microscope (Carl Zeiss, Thornwood, NY). Images were
collected and processed using SlideBook software (Intelligent Imaging Innovations, Inc.,
Denver CO). For double labeling, images in two channels were collected separately and then
overlaid using Adobe Photoshop software (Adobe Systems Inc.). To label lipid, slides were
incubated with 100 nM Nile red (Sigma) in PBS for 10 min.
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Results

LD-ER Interactions in the Lactating Mammary Gland

As prior ultrastructural studies demonstrated the association of LD and ER in MEC of
lactating animals, we focused initially on MEC from day 10 (L10) lactating rats in order to
characterize interactions of forming droplets with other organelles under conditions of
elevated neutral lipid synthesis [33]. In cryo-preserved tissue, a well-developed acinus from
this stage is composed of a group of polarized epithelial cells surrounding a large lumen
filled with milk fat globules (MFG) of varying sizes, apoptotic cells and other debris (Fig.
1). The epithelial cells are characterized by highly enlarged and distended Golgi membranes
and the presence of numerous large lipid droplets. Some droplets are in the process of being
secreted into the lumen and appear to be bound by membrane that is continuous with the
apical plasma membrane. Although most cellular features are visible in this thin section,
low-magnification overview, greater volume and higher resolution are required to evaluate
the associations between LD and cytoplasmic membranes.

Electron microscope surveys of thin sections of mammary tissue 2—4 animals identified LD-
ER interactions in nearly all samples and in a majority of micrographs where both
cytoplasmic ER and LD were present. A LD may be partially or fully surrounded by a single
ER cisterna and/or multiple cisternae can be closely apposed to the droplet at points along its
surface. Such ER cisternae form flattened, ribosome-free domains that associate with the
droplet surface and with similar domains of adjacent cisternae. These ribosome-free
domains are continuous with ribosome-bound cytoplasmic ER distal to the lipid droplet (Fig.
2A). Remarkably, smooth ER with the tubular morphology associated with lipid synthesis,
and which is abundant in hepatocytes and in other lipogenic cells, is not observed to a
significant extent in the cytosol of mammary epithelial cells [12] even though lipids are
being extensively synthesized for secretion into milk. In other regions of the cell, ER with
ribosomes on both surfaces appear in very close proximity to LD. This suggests that the
droplet-associating ER domains are functional and not simply a result of a growing lipid
droplet displacing adjacent cytoplasm (data not shown). This domaining and “layering” of
multiple ER cisternae is not specific to mammary epithelial cells as a similar organization is
present in hepatocytes (Fig. 2B). In this image, two ER cisternae encompass the lipid droplet
with ribosomes present only on the cytoplasmic face of the outermost of the two cisternae.

Tomographic reconstruction and 3D analysis permit closer evaluation of ER-LD
associations. A slice from a tomographic volume of an L10 MEC (Fig. 2C) shows a large
lipid droplet (LD), Golgi (G; identified by the presence of casein micelles [35], a
mitochondrion (M) and abundant ER. All of these structures were modeled through the
tomogram volume, rendered in different colors, and superimposed over the tomographic
slice to highlight the continuity of ER membranes in Fig. 2D. A single ER cisterna (green)
encompasses the droplet while three other distinct ER cisternae are layered on top of one
another in close apposition to the right side of the droplet. These same three cisternae are
continuous with domains that appose the largest Golgi element and the mitochondrion. A
detail of the projected 3D model (Fig. 2E) illustrates their close apposition to the lipid
droplet and organelles. Tracing of the ER contours through the tomographic volume
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indicates that the region of LD association is large. This and other datasets confirm that ER
cisternae associate with a large portion, but not all, of a lipid droplet’s surface. These data
identify specific multidimensional interactions between LD and ER membranes in mammary
epithelial cells of lactating animals that have not been described previously, and which
suggest that specialized ER-LD interaction domains produce distal alterations in ER
structure and functional properties.

Perilipin-2 Localizes to the ER-LD Contact Sites

LD-ER interactions are mediated by specific protein interactions [2]. Perilipin-2 (Plin2; also
known as adipophilin/ADPH and adipose differentiation related protein/ADRP) is a
prominent constitutively-associated LD protein in MEC that has been linked to LD
accumulation during secretory differentiation [36, 37] and is implicated as mediator of LD
growth [22] and LD-ER interactions [5]. In the context of this evidence, and data showing
extensive association between the LD surface and the ER, we used immuno-EM localization
of Plin2 in cryopreserved tissue to further delineate LD-ER interacting domains in L10
samples. Antibodies against the ER luminal enzyme, protein disulfide isomerase (PDI), were
used to specifically immune-label ER in these samples. In double-labeling experiments,
Plin2 (small gold particles) primarily localized to the periphery of LD while there was
abundant PDI labelling (large gold particles) over the entirety of the cell’s ER network (Fig.
3A). At higher magnification, labeled lipid droplets show Plin2 localized to the surface of
the droplet, often specifically to the ends of membranes that appear to terminate at (Fig. 3B,
arrowhead), or within (Fig. 3B, arrow) the droplet. The presence of both Plin2 and PDI at
these domains (Fig. 3C, arrows) indicate that ER membranes may penetrate the LD interior.
Using the superior spatial resolution obtained with tomography, Plin2 labeling can be seen
both at the limiting edge (3D) and on thin strands that traverse the middle of the droplet
(3D’), which provides direct evidence that Plin2 associates with ER domains that penetrate
the interior of the lipid droplet, a finding that is consistent with freeze-fracture immuno-EM
data [22, 39].

As a test of whether the presence of ER domains within the interior of LD is a specific
feature of ER-LD interactions in MEC, we defined Plin2 association with ER and LD in
HEK?293 cells that were engineered to constitutively express Plin2, and which have been
used previously as a cell culture model to study Plin2 and LD functions [29]. LD formation
was induced by culturing Plin2 expressing HEK?293 cells in media containing oleic acid
[29]. In this model, LD are visible within 2 h of feeding oleic acid-containing media
(unpublished observation). A 100 nm thin section from cryo-fixed cells double-labeled with
Plin2 and PDI show that Plin2 and PDI are present on the LD periphery and co-localize at a
site within the LD interior (Fig. 4A). In agreement with results obtained from lactating
MEC, a tomographic section from the LD interior demonstrates discrete co-localization of
Plin2 and PDI on a structure that invaginates into the interior of the lipid droplet (Fig. 4B),
which is consistent with the presence of Plin2 on ER domains that penetrate within the LD.

LD-ER Interactions in the Pregnant Mammary Gland

As LD formation in MEC is stimulated in response to secretory differentiation of the
mammary gland during pregnancy [12, 36], we investigated LD-ER interactions in
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mammary glands of rats on pregnancy days 5 (P5) and 10 (P10) to identify organelle
associations involved in the initial periods of their formation. A survey of thin section
images of cryopreserved MEC at P10 identified ER cisternae with distended by 50-100 nm
spherical inclusions that are similar in shape and electron density to LD, and which have a
size consistent with that reported for nascent LD in other systems [40]. Nascent LD localize
to cisternal domains that are continuous with, and have the same density as, the ER lumen
(Fig. 5A) and are surrounded by an outer ER membrane bearing ribosomes on its surface
(Fig. 5A, inset). Additionally, nascent LD with diameters in the 1200-200 nm range are found
in MEC from P10 animals. A composite tomographic reconstruction of a P10 cell (Fig. 5B)
shows 2 nascent LD within a distinctive ribosome-free region that is penetrated by multiple
ER cisternae, all of which possess abundant numbers of ribosomes on both membranes prior
to the point of entering the matrix. The nascent LD within the matrix lie in close proximity
(7-10 nm) to an ER cisterna and may correspond to an initial stage of LD egression from the
ER [2].

Both nascent and mature LD were detected in MEC from rats by P5. An image from a thin
section of a P5 MEC shows ER-lipid droplet domains form at numerous places along a
single ER cisterna and demonstrate that a large part of the cisterna is involved in this
process. Mature LD with diameters of ~ 1 p were found to contact individual ER cisternae at
multiple points (Fig. 5C). As with mature CLD from lactating animals, the ER membrane
facing LD-contact sites is free of ribosomes, which are abundant on the apposing cisternal
face (arrowheads, Fig. 5C). In agreement with results from P10 MEC, nascent LD with
diameters in the range of 100-200 nm are found in regions of cisternae having continuity
with the ER lumen.

Lipid Synthesizing Enzymes
Maturation and growth of LD has been shown to involve relocalization of neutral lipid
synthesis enzymes, which are integral ER membrane proteins, from the ER to the surface of
LD in some systems [2]. To determine if an analogous process occurs during the initial
phase of LD accumulation in differentiating MEC, we localized enzymes that catalyze
synthesis of triglycerides (acyl-CoA diacylglycerol acyltransferase (Dgat) —1 and — 2) [41]
and cholesteryl esters (acyl-CoA cholesterol acyltransferase; Acatl) [42] in mammary
glands of P5 rats. For this study, we used confocal immunofluorescence microscopy because
the available antibodies to these enzymes unfortunately did not work on cryosections for
EM. LD were identified by staining the neutral lipid core with Nile red (NR) [43], or by
immunostaining with antibodies to Plin2, which has been shown previously to specifically
localize to the surface of LD in MEC [36]. Double labeling of mammary gland sections
from P5 rats with NR and antibodies to Plin2 verify that Plin2 specifically localizes to the
periphery of NR-stained LD at this early stage of differentiation (Fig. 6A—C). Sections
double labeled with Plin2 and Dgat-1 (D-F), Dgat-2 (G-I), or Acat (H-K) further
demonstrate that each of these enzymes are located near LD, and in some instances are
closely associated with Plin2. These results are consistent with the presence of LD-ER
membrane contacts in differentiating MEC that allow neutral lipid synthesizing enzymes in
ER membranes to localize near the LD surface to facilitate their maturation.
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Discussion

Cytoplasmic lipid droplets are organellar structures that function in the storage and
trafficking of neutral lipids for use as substrates for metabolism and membrane biosynthesis
in eukaryotic cells. In mammary epithelial cells of lactating animals, LD are secreted as
intact structures by an apocrine mechanism to form milk lipids [28], which increases
demands on the cellular processes that mediate neutral lipid synthesis and LD formation.
Beginning with studies of mammary glands of lactating mice [15], there is increasing
evidence from multiple organisms that LD originate from the ER, and that LD contacts with
the ER and other organelles play critical roles in cellular neutral lipid storage and trafficking
functions of LD [2]. Prior ultrastructural studies of MEC from lactating animals using
conventional 2D-EM approaches identified contacts between LD and the ER [16]. However,
subsequent technological advancements in tissue fixation that preserve cellular structures in
near native states, and the introduction of 3D electron tomography [44], permit
understanding of LD-ER interactions in greater detail and with greater accuracy than that
achieved by conventional 2D-EM [25]. Using combinations of 3D electron tomography and
immuno-EM and confocal fluorescence microscopy of mammary glands from pregnant and
lactating rats prepared by high pressure freezing and freeze substitution, we identified novel
features of LD-ER domains in MEC that provide new insight into their structural
organization and LD biogenesis.

Distinct LD-ER Domains in Lipogenic Organs

LD-ER contacts are observed at the ultrastructural level in multiple organisms and cell types
including MEC [2, 17]. However, there are considerable differences in the type and extent of
contact, which can range from single or multiple contacts between discrete regions of the ER
membrane and the LD surface to contacts that follow a portion of the contour of the LD
surface [45]. The extent of contact between LD and ER cisternae is seldom seen to be
extensive in cultured mammalian cells [46, 47], yeast [48] or in insect cells [49] under
normal conditions. However, the extent of LD-ER contact can be influenced by genetic
alterations that affect the composition of LD proteins [46], and by regulators of LD-ER
contact and LD growth, such as seipin and the Arf1/COP1 complex [50-52]. In contrast,
electron tomography of MEC and hepatocytes from lactating rats reveal continuous contact
between ER cisternae and the LD surface that follow the droplet’s contour over a large
portion of its circumference, and which exhibit structural features not reported for other cell
types. Portions of the cisternae that contact LD in MEC and hepatocytes also contact
concentrically layered stacks of flattened cisternae, which are arrayed in contour with the
droplets surface. In both tissues, cisternae that wrap LD or that comprise the concentric
stacks have a distinct distribution of ribosomes, which localize selectively to membrane
surfaces facing the cytosol but are not found on surfaces adjoining the LD or adjacent
cisternal layers, as typically found in rough ER stacks. Notably, cisternae within these stacks
can also form contacts with elements of the trans-Golgi and/or mitochondria membranes in
nearby regions of the cytoplasm, a property that facilitates cellular trafficking of lipids and
proteins by permitting their direct inter-organelle transfer [53]. Collectively, these features
suggest that LD in cells of highly lipogenic organs, such as the mammary gland and liver,
form highly specialized domains with ER cisternae, which may function to accommodate
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lipid and protein transfer requirements associated with elevated neutral lipid synthesis and
secretion during lactation. Intriguingly, the expression of seipin, which has been shown to
regulate LD-ER contact and conversion of nascent to mature LD in cultured cells [20, 50], is
markedly elevated in MEC of lactating mice compared to pregnant mice [54]. The extent to
which seipin, or other LD or ER proteins, mediate LD-ER interactions observed in MEC
remains to be determined. Moreover, LD-ER interactions are dynamic [45] and LD are able
to exist independently of ER contact and to form multiple types of contact with ER
membranes [2]. Consequently, it is likely that the extent of contact between LD and ER
cisternae in MEC may be variable, a concept supported by previous conventional 2D EM
[16] and by electron tomography of MEC from pregnant rats (Fig. 5), and that other factors,
such as lipogenic activity, will influence LD-ER contacts. We did not quantify the extent of
LD-ER contact observed by electron tomography in MEC due to constraints on sample
number and on access to microscope time for generating statistically significant numbers of
datasets. However, extensive areas of contact were observed in the majority of micrographs
in which both cytoplasmic LD and ER were present, in both pregnant and lactating animals,
as well as in hepatocytes, which suggest that such interactions may be a structural feature of
these cells and possibly others that possess elevated lipogenic activity.

Specialization of LD-ER Domains

The morphological features of LD-ER interacting domains identified in mammary and liver
tissues are consistent with the egg cup model of LD growth proposed by the Robenek
laboratory [22], which hypothesizes that extensive contact between LD and the outer ER
membrane bilayer is ideally configured for transferring neutral lipids from their sites of
synthesis on ER membranes to the LD core. In this model, contact between LD and the ER
membrane occurs at sites enriched in Plin2, which is proposed to contribute to the
mechanism of neutral lipid transfer from the ER to the LD core [22]. In agreement with this
proposal, our immune-EM data demonstrate Plin2 on the surface of LD, and on ER at sites
of their contact with LD. In addition, immunofluorescence microscopy demonstrated
localization of Plin2 near Dgat-1 and -2 and Acatl, which are ER membrane enzymes that
respectively catalyze triglyceride and cholesteryl ester synthesis [41]. Significantly, data
demonstrating that Plin2 loss reduces total neutral lipid accumulation and/or decreases the
size of LD in MEC and hepatocytes of mice [37, 55] support the proposed role of Plin2 in
lipid transfer to LD. Although the mechanisms underlying the effects of Plin2 on LD growth
are not well-understood, structural studies demonstrating that Plin2 possesses distinct LD-
and membrane phospholipid-binding domains [56] suggest the possibility that it contributes
to the formation of structural links between LD and ER membranes. Such interactions
potentially account for the detection of Plin2, and structurally-related members of the
perilipin family, within the LD interior (Figs. 3 and 4; [39]) by providing a mechanism for
ER cisternae to invaginate into the LD surface. Alternatively, evidence that Plin2 modulates
de novo lipid synthesis and the phospholipid composition of ER membranes in hepatocytes
under conditions of elevated lipogenesis [57], suggest that it may contribute to functional
specializations of LD-ER interacting domains that mediate LD growth during lactation.
Additional ultrastructural and molecular studies will be required to rigorously establish the
importance of Plin2, and possibly other proteins, in mediating the distinct morphological
features and the functional importance of LD-ER interactions in MEC.
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Sites of LD Formation

The mechanisms responsible for LD formation from the ER remain poorly understood and
may differ among eukaryotic cells. The prevailing mechanism is that neutral lipid
accumulation between ER membrane bilayer leaflets induces membrane distension and
separation creating a LD surrounded by the outer membrane leaflet that buds into the
cytoplasm [2]. Although convincing evidence for this model exists in yeast and insect cells,
it has not been observed unequivocally, and other mechanisms of LD biogenesis have been
proposed. The demonstration that nascent LD in differentiating MEC are found within
specialized lumen domains of terminal regions of ER cisternae is consistent with results
from conventional 2D-EM of MEC [16], and with biochemical and ultrastructural data from
yeast [18, 21, 58], which show that neutral lipids accumulate within the lumen prior to being
incorporated into LD. A luminal ER origin of LD in MEC is also consistent with proteomic
evidence showing selective enrichment of ER luminal proteins on LD isolated from MEC
compared to those obtained from hepatocytes [4]. Significantly, the presence of small
nascent LD in lumens of terminal ER cisternae and larger mature LD that contact external
membranes of ER cisternae in P5 MEC demonstrate that LD and ER form morphologically
distinct domains within the same cell. How this transition occurs is not yet known and may
differ between cell types and organisms. However it is consistent with concept that the ER-
LD domains undergo dynamic remodeling, which include ER fission and fusion, adapted to
the different requirements associated with formation and subsequent growth of LD [2].
Although we did not detect lipid accumulation as lenses between ER membrane bilayers in
MEC, as demonstrated in other organisms [18], we can rule out the possibility that such
structures may exist only transiently and were not effectively captured by high pressure
freezing of mammary tissue. Nevertheless, lens formation occurs primarily, if not
exclusively, in tubular (smooth) ER [2, 59], whereas MEC like other cells with high
secretory activity are enriched in rough ER [12], which appears to be the initial location of
neutral lipid formation in mammary tissue [15]. Consequently, the mechanisms of LD
formation in MEC may be specifically adapted to their elevated secretory activity.
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Fig. 1.

Seg::retory acinus at lactation day 10. Low-magnification view of a typical acinus from the
mammary gland of a lactating rat. Seven epithelial cells are surrounding a lumen than
contains an apoptotic cell, numerous milk fat globules (MFG) and casein micelles. The
acinar cells have distinct apical micro-villi and contain lipid droplets of varying sizes, both
in the cytoplasm (LD) and in the process of being secreted (LDS) at the apical plasma
membrane. Voluminous Golgi structures (G) are evident in most of the epithelial cells in this
thin section. The trans-Golgi cisternae are distended and contain large amounts of micellar
casein (see [34]). Bar =5 ym
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Fig. 2.
Endoplasmic reticulum association with lipid droplets in mammary epithelial cells on

lactation day 10. (A) A representative composite of 15, 0.9 nm slices from a tomographic
reconstruction of a MEC from an L10 mammary gland prepared by high-pressure freezing
and freeze substitution. Domains of three distinct ER cisternae exist in tight association with
the lipid droplet (LD). One cisterna wraps around ~60% of the droplet’s perimeter. The other
two are wrapped tightly adjacent to the first cisternae on the right side of the droplet. All
three cisternae extend beyond the droplet into the cytosol. Ribosomes are absent from ER
domains that contact the LD surface or other cisternae but are present on domains facing the
cytosol. A closely associated mitochondrion (M) is present on the left side of the LD. (B)
Thin (40 nm) section of a LD in a rat hepatocyte. The droplet is smaller than those in L10
MEC, but it associates with two ER cisternae in a similar fashion and only the cytoplasmic
face of the outer ER cisterna bears ribosomes. Bars = 0.2 um. (C-E) Tomographic
reconstruction of 10, 0.9 nm slices from another L10 MEC. (C) A tomographic slice shows a
lipid droplet (LD) in contact (arrowhead) with single ER cisterna (inset), which is
juxtaposed to three additional slender ER cisternae to form a four-layer domain that is in
contour with a portion of the LD surface (arrow). The outer cisternae extend upwards from
the lipid droplet to approach both the trans-region of a nearby Golgi complex (G) and a
mitochondrion (M). (D) The same image data shown in panel C overlaid with filled model
contours of ER cisterna, Golgi and Mitochondria. The cisterna in contact with the LD is

J Mammary Gland Biol Negplasia. Author manuscript; available in PMC 2021 March 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ladinsky et al.

Page 16

shown in green, the three juxtaposed cisternae are shown in yellow, magenta, and light blue
respectively. The yellow and light blue ER cisternae form similarly close appositions with
the trans-Golgi (dark blue) and mitochondrion (gold) respectively, with the magenta cisterna
between them. Domains of ER cisternae in contact with each other or with the other
organelles are free of ribosomes but bear ribosomes on cisternal regions that face the
cytoplasm. (C) Detail of the projected model showing specialized ER domains in close
apposition to the lipid droplet, Golgi (G), and mitochondrion (M). Bars = 0.2 ym
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Fig. 3.

Irr?muno-EM localization of ER and lipid droplet markers in lactating mammary epithelial
cells. (A) Double-labeled section showing the localization of PDI (15 nm gold) and Plin2
(10 nm gold). Abundant PDI is detected on ER throughout the section but is not present on
the Golgi complex (G). Plin2 selectively localizes to the LD surface. PDI and Plin2 co-
localize at distinct places on the surface of the LD (arrow). The inset is an enlargement of
the boxed area showing 10 nm gold labelled Plin2 localizing to the LD surface (arrow) and
15 nm gold labelled PDI localizing to the ER (arrowhead). (B) Detail of a lipid droplet in a
thin (100 nm) section labeled with antibodies against Plin2. Gold is localized to membranes
at the periphery of the droplet (arrowhead), some of which appear to penetrate into the body
of the droplet (arrow). (C) Double-labeled 100 nm section showing PDI (15 nm gold, small
arrows) and Plin2 (10 nm gold, large arrows) colocalizing at the periphery and within the
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body of the LD (arrows). (D & D”) Tomographic reconstructions of thin sections labeled
with antibodies to PDI and Plin2. (D) A 0.91 nm tomographic slice from the surface of the
reconstruction showing Plin2 on the LD surface and PDI near the droplet periphery (the light
streaks extending from either side of the large gold particles are artifacts of single axis
tomographic reconstruction [38]). (D’) A 0.91 nm tomographic slice from within the LD
interior demonstrating that Plin2 labels strands that cross through the interior of the droplet.
Bars = 0.2 ym
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Fig. 4.

In?muno—EM localization and tomographic reconstruction of Plin2 on lipid droplets in
HEK?293 cells. (A) A 100 nm section of an HEK293 cell double-labeled with antibodies to
PDI (15 nm gold) and Plin2 (10 nm gold). PDI localizes to regions of ER that are proximal
and distal to the LD surface. Plin2 localizes to the LD surface. A portion of the ER that
intercalates into the right side of the LD is labeled with antibodies against both PDI and
Plin2 (arrow). (The inset shows an enlargement of this area). (B) A single 0.77 nm slice
taken from the middle of the interior of the tomographic reconstruction shown in (A). Plin2
labeling is present through the interior of the section and the co-labeled region (arrow) is
easily distinguished, indicating that it is indeed an intercalation and not a superimposition of
a labeled structure above or below the lipid droplet (The inset shows an enlargement of this
area documenting the presence of both immunogold labeled Plin2 and PDI). Bar = 0.2 pm
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Fig. 5.
Endoplasmic reticulum association with lipid droplets in differentiating mammary epithelial

cells. (A) Thin (40 nm) section image of a mammary epithelial cell on pregnancy day 10
(P10), showing a small (~100 nm) lipid droplet within the lumen of an ER cisterna (arrow
and inset). The small droplet is surrounded by a dense material that is similar in appearance
to, and is continuous with, the ER lumen. This density is itself surrounded by a ribosome-
bearing membrane that is continuous with the ER membrane. A second, slightly larger lipid
droplet is present on the upper right side of the mitochondrion (M). Although it is
surrounded by dense material similar to that of the smaller droplet, its association with
nearby ER cannot be determined in the plane of this thin section (N, nucleus). (B) A
composite of 7, 1.1 nm slices from a tomographic reconstruction of a P10 cell, showing 2
small lipid droplets (*) amongst ER cisternae. The droplets lie within a matrix that excludes
ribosomes; regions of ER cisternae bordering the matrix are smooth. Two ER cisternae near
the droplets are closely apposed to one another analogously to the ER domains associating
with larger droplets (arrow). Bars = 0.2 ym. (C) EM image showing a field of LD in contact
with ER cisternae in a mammary epithelial cell at P5. ER cisternae are shown to contact
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multiple mature (1 um) droplets at numerous points (arrowheads) while other parts of the
reticulum remain distant from the droplets. Small (~100 nm) LD localize to termini of ER
cisternae (asterisks)
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Plin2 Acat1 Merge

Fig. 6.

Lc?calization of ER proteins and lipid droplets in mammary acini of pregnant rats.
Representative confocal microscopy images of mammary acini from day 5 pregnant rats
showing specific localization of Plin2 to the surface of Nile red (NR) stained LD (arrows, A-
C). Areas of overlap of Dgatl (arrows, D-F); Dgat2(arrows, G-1); and Acatl (arrows, J-L)
with Plin2 indicate their localization on the LD surface. DAPI-stained nuclei are shown in
blue. Bar = 7 pm
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