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Abstract

Lipid microdomains are ordered regions on the plasma membrane of cells, rich in cholesterol and
sphingolipids, ranging in size from 10 to 200 nm in diameter. These lipid-ordered domains may
serve as platforms to facilitate colocalization of intracellular signaling proteins during agonist-
induced signal transduction. It is hypothesized that fish oil will disrupt the lipid microdomains,
increasing spatial distribution of these lipid-ordered domains and lateral mobility of the
prostaglandin (PG) F,, (FP) receptors in bovine luteal cells. The objectives of this study were to
examine the effects of fish oil on (1) the spatial distribution of lipid microdomains, (2) lateral
mobility of FP receptors, and (3) lateral mobility of FP receptors in the presence of PGF5, on the
plasma membrane of bovine luteal cells in vitro. Bovine ovaries were obtained from a local
abattoir and corpora lutea were digested using collagenase. In experiment 1, lipid microdomains
were labeled using cholera toxin subunit B Alexa Fluor 555. Domains were detected as distinct
patches on the plasma membrane of mixed luteal cells. Fish oil treatment decreased fluorescent
intensity in a dose-dependent manner (P < 0.01). In experiment 2, single particle tracking was used
to examine the effects of fish oil treatment on lateral mobility of FP receptors. Fish oil treatment
increased microdiffusion and macrodiffusion coefficients of FP receptors as compared to control
cells (P< 0.05). In addition, compartment diameters of domains were larger, and residence times
were reduced for receptors in fish oil-treated cells (P < 0.05). In experiment 3, single particle
tracking was used to determine the effects of PGF,, on lateral mobility of FP receptors and
influence of fish oil treatment. Lateral mobility of receptors was decreased within 5 min following
the addition of ligand for control cells (£ < 0.05). However, lateral mobility of receptors was
unaffected by addition of ligand for fish oil-treated cells (P> 0.10). The data presented provide
strong evidence that fish oil causes a disruption in lipid microdomains and affects lateral mobility
of FP receptors in the absence and presence of PGFy,,.
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1. Introduction

Prostaglandin (PG) F» is the endogenous luteolysin in domestic ruminants [1-4]. It is
secreted in a series of pulses late in the estrous cycle from the uterus, causing regression of
the corpus luteum (CL) [5-7]. In nonpregnant cows, PGF,, binds to the PGF,, (FP)
receptor which is a seven-helix, G-protein—coupled, membrane-bound receptor located on
luteal cells [8-10]. The binding of PGF,, to its receptor initiates the phosphatidylinositol-
phospholipase C intracellular signaling pathway that leads to the inhibition of progesterone
synthesis and induction of apoptosis within the CL [11]. However, the interactions of ligand-
bound receptors and —associated heterotrimeric G-proteins that lead to activation of
phospholipase C in bovine luteal cells are largely unknown.

The plasma membrane of cells is composed of a lipid bilayer containing cholesterol,
sphingolipids, and glycerophospholipids [12-14]. The lipids of the bilayer are not
homogenous but rather segregated into microdomains [15,16]. Lipid microdomains are
regions on the plasma membrane of cells rich in cholesterol and sphingolipids, ranging in
size from 10 to 200 nm in diameter [17,18]. Membrane-bound receptors, including G-
protein—coupled receptors, have been reported to be associated with lipid microdomains in
both ligand-bound and -unbound states [19]. Moreover, heterotrimeric G-protein alpha
subunits have been reported to reside in lipid microdomains as reviewed in depth by Chini et
al, [20]. The cellular functions of these domains are still being resolved but may allow for
the colocalization of receptors with its associated heterotrimeric G-protein, leading to the
activation of downstream signaling. Thus, disruption of lipid-lipid, lipid-protein, or protein-
protein structure may cause alteration in downstream signaling.

Degree of unsaturation present in long-chain fatty acids determines fluidity of biological
membranes. It has been reported in bovine platelet cells that cis-unsaturated fatty acids
greatly increase fluidity [21]. In addition, inclusion of marine fish oil into the diet has been
reported to alter lipid dynamics within the plasma membrane of many cell types. Studies
have shown that fish oil supplementation alters membrane fluidity in ovine oocytes [22],
murine macrophages [23], and primate erythrocytes [24] which may influence lateral
mobility of membrane-bound receptors. Other studies have shown that omega-3 fatty acids,
predominantly eicosapentaenoic and docosahexaenoic acid, both present in triglycerides
found in fish oil, incorporate into plasma membranes of T-cells which have an effect on the
fatty acid composition and morphology of the lipid microdomains [25,26]. This suggests
that the incorporation of omega-3 fatty acids from fish oil could also affect the composition
of lipid microdomains of bovine luteal cells which may lead to the alteration of lateral
mobility of membrane-bound receptors. It is hypothesized that fish oil will alter lipid
microdomains leading to an increase in spatial distribution of these lipid-ordered domains
resulting in an increase lateral mobility of FP receptors in bovine luteal cells. The objectives
of this study were to determine the effects of fish oil on (1) the spatial distribution of lipid
microdomains, (2) lateral mobility of FP receptors, and (3) lateral mobility of FP receptors
in the presence of PGF,, on the plasma membrane in bovine luteal cells in vitro.
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2. Methods

2.1. Tissue collection, cell preparation, and cell culture

Bovine ovaries containing a CL were collected at a local abattoir and transported to the
laboratory at the University of Northern Colorado in 1x sterile PBS. Age of the CL was
determined by gross morphological differences as previously described by Miyamoto et al
[27]. Mature CLs were used for all experiments in the present study. The ovaries were then
immersed in 70% ethanol to destroy any microorganisms that may be present from time of
collection.

Using sterile techniques under a laminar flow hood, the CL was removed from the ovary and
placed into a 60-mm? Petri dish containing ice-cold Ca*t2/Mg*2-free Hank’s-balanced salt
solution (HBSS, pH 7.34). The CL was dissected free of connective tissue and cut into
approximately 1-mm3 fragments. Approximately 1 g of tissue was placed into T-25 culture
flasks containing 5-mL dissociation medium (HBSS supplemented with 2000 units of
collagenase type 1 and 0.1% BSA) and incubated in a water bath at 37°C with agitation for
45 min. Following incubation, the supernatant was removed and transferred to a sterile 15-
mL culture tube. Cells were then washed 3x with sterile PBS, resuspended in 10 mL of
culture medium (Ham’s F12 supplemented with fetal bovine serum [5%], insulin [5 ug/mL],
transferrin [5 pg/mL], sodium selenate [5 ng/mL], 100 unit per mL penicillin, 0.1-mg/mL
streptomycin, and 0.25-mg/mL amphotericin B [pH 7.34]), and placed on ice. Fresh
dissociation medium was added to the remaining undigested tissue and incubated with
agitation for an additional 45 min. The remaining cells were collected, washed 2x with
sterile PBS, and combined with the previous sample. After the final wash, cells were
resuspended in 10 mL of culture medium.

Viability of cells was determined using trypan blue and cell concentration was estimated
using a hemocytometer. Only preparations with a cell population of greater than 85%
viability were used for each experiment. Cell cultures were maintained at 37°C in an
atmosphere of 95% humidified air and 5% CO,.

2.2. Fish oil preparation for in vitro culture

A commercial fish oil was used for all the experiments (Pharmavite, Mission Hills, CA,
USA). Lipids in fish oil were prebound to BSA before the addition to culture. In brief, fish
oil was added to culture medium containing 33-mg/mL fatty acid free BSA at the
appropriate dose for each experiment as described by Mattos et al [28] Control medium was
prepared using the same conditions as fish oil treatment, without the addition of fish oil.

2.2.1. Experiment 1: effects of fish oil on spatial distribution of lipid
microdomains—Mixed luteal cell cultures were prepared from 4 CL and plated in 35-
mmglass bottom culture dishes at 5 x 104 cells/dish (n = 15 dishes/CL). Cells were
incubated overnight at 37°C in an atmosphere of 95% humidified air and 5% CO> to allow
adhesion to glass cover slips. Culture medium was removed and cells were treated with O,
0.0003, 0.003, 0.03, or 0.3% (vol/vol) fish oil (n = 3 dishes/treatment) for 72 h to allow
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incorporation of fatty acids into membranes. Additional dishes (n = 6 dishes/CL) were
incubated in 0% (vol/vol) fish oil to serve as positive and negative controls.

2.2.2. Lipid microdomain labeling and visualization—Lipid microdomains were
labeled using a commercially available kit per manufacture’s protocol (Vybrant Lipid Raft
Labeling kit; Invitrogen, Carlsbad, CA, USA). In brief, cells were washed 3x with 1-mL
PBS. After the final wash, 1-mL ice-cold culture medium was added to each dish containing
1-ug cholera toxin subunit B Alexa Fluor 555 conjugate. Dishes were incubated at 4°C in the
dark for 10 min. Cells were then washed 3% with PBS and 1-mL ice-cold culture medium
containing anticholera toxin subunit B antibody (1:200 dilution) was added. Dishes were
incubated at 4°C for 15 min in the dark and subsequently washed 3x with PBS. After the
finalwash,1-mL PBS was added to dishes and cells were immediately visualized. As a
positive control, 3 dishes were treated with 10-mM beta-methylcyclodextrin (B-MCD) for 1
h under control conditions to deplete membrane cholesterol and disruption of lipid
microdomains. As a negative control, 3 dishes were treated with only anticholera toxin
subunit B antibody.

An Olympus 1X81 motorized inverted microscope (Tokyo, Japan), equipped with a 60x oil
objective and 0.8x digital zoom was used to visualize lipid microdomains. Approximately
10 cells were randomly selected from each dish, and 1-pm slice z-stacked images were
generated from bottom to top of each cell. A 3-dimensional image of each cell was created
using Fluoview version 4.3 software. Images were converted to 8-bit/channel TIFF format
and were processed utilizing ImageJ (National Institutes of Health, Stapleton, NY, USA)
analysis software. Mean cell fluorescent intensity was determined by outlining the cell
boundary and subtracting background fluorescence.

2.2.3. Experiment 2: effects of fish oil on lateral mobility of FP receptors on
bovine luteal cells—Mixed luteal cell cultures were prepared from 9 CLs and cultured in
35-mm round bottom glass dishes at 5 x 10 cells/dish. Cells were cultured in control
medium or medium supplemented with 0.03% (vol/vol) fish oil for 72 h. Following 72-h
incubation at 37°C, cells were then prepared for single particle tracking.

Biotin was added to FP receptor polyclonal antibody (101802; Cayman Chemical Company,
Ann Arbor, MI, USA) using a commercially available kit per manufacture’s protocol (DSB-
X Biotin Protein Labeling Kit; Life Technologies Corporation, Carlsbad, CA). In brief, stock
antibody solution was diluted to 0.5 mg/mL and desalted using a spin column before
labeling. Two hundred microliters of desalted antibody was combined with 20 pL of freshly
prepared 1-M NaHCO3 and placed in a reaction tube. DSB-X biotin succinimidyl ester was
reconstituted in 40 uL of DMSO, and 2 L of the DSB-X biotin solution was added to 200
uL of FP receptor polyclonal antibody. The derivatization reaction was carried out at room
temperature for 1.5 h with constant stirring. Biotinylated antibody was collected using a spin
column containing purification resin and centrifuged 5 min at 1100 x g to remove unbound
DSB-X. Labeling of antibody was verified using SDS-PAGE and Western blotting (data not
shown).

Domest Anim Endocrinol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Plewes et al.

Page 5

Biotinylated FP receptor antibody (1 pg) was added to each 35-mm dish and incubated at
37°C in an atmosphere of humidified air and 5% CO, for 15 min. Medium was then
decanted and 2 mL of 1x PBS was added to each dish, gently agitated for approximately 5 s,
and decanted. This procedure was repeated 2x to remove unbound antibody. Cells were then
incubated with 0.5-nM 605 quantum dots conjugated with streptavidin (Q10101MP;
Invitrogen) at room temperature for 2 min. Cells were rinsed 6x using gentle agitation at 20-
s interval in 1x PBS to remove unbound quantum dots.

A Zeiss confocal microscope equipped with a high-speed camera (Hamamatsu Photonics,
Shizuoka, Japan) was used to record receptor mobility. Quantum dots were excited with UV
light and the 605-nm emission was collected using the appropriate filter set. Receptors were
observed with a 100x oil objective (N.A. =1.4), and acquisition was set as an image size of
512 x 512 pixels (0.07 um/pixel x 0.07 um/ pixel) with 1 x 1 binning. Receptors were
recorded at 29 frames/s for a total of 870 frames per video.

Trajectories of individual receptors were generated using Video Spot Tracker v08.01
(University of North Carolina-Chapel Hill, Chapel Hill, NC, USA). Only trajectories with
greater than 10 s were used for further analysis. These trajectories were given as X-Y pixel
coordinates which were in measurements of 0.07 um x 0.07 pm. Mean square displacement
of trajectories was calculated and plotted as a function of time to determine both
microdiffusion and macrodiffusion coefficients according to the equations reported by
Daumas et al [29].

Residence time of individual receptors was calculated as previously described by Barisas et
al [30]. In brief, a sliding window analysis was used to determine the normalized variance in
the position of the receptor within time windows. Windows were then translated alongside of
particles time trajectory. The time of the inter-domain jumps was indicated by peaks and
collected as n+1. The average diameter of an individual domain was calculated as previously
described [29-31]. Domain size was determined by taking the square root of the
macrodiffusion coefficient x 4 residence time.

2.2.4. Experiment 3: effects of fish oil and PGF;,, on lateral mobility of FP
receptors on bovine luteal cells—Mixed luteal cell cultures were prepared from 7 CLs
and cultured in 35-mm round bottom glass dishes at 5 x 10 cells/dish. Cells were cultured
in control culture medium or medium supplemented with 0.03% (vol/vol) fish oil for 72 h.
Cells were then prepared for single particle tracking as described in Experiment 2.

Five luteal cells containing a minimum of 20 labeled FP receptors from each dish were
randomly selected for recording. Following the identification of labeled cells, XYZ
coordinates were saved to ensure consistent directional positioning along the cell membrane
throughout the experiment. Selected cells were recorded without ligand at 0 min to
determine initial diffusion coefficients, residence time, and domain size. Cells were then
treated with 10-nM PGF»,, analog (cloprostenol sodium, Merck Animal Health, Madison,
NJ, USA) and recorded at 5, 15, and 30 min after the treatment. Receptors were recorded for
29 s (30 frames/s) for a total of 870 frames per time point and analyzed as described in
Experiment 2. All visibly labeled FP receptors were counted at 0 min and 30 min post-
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PGF,, treatment to estimate percent decrease in receptor number present on the plasma
membrane.

2.3. Statistical analysis

3. Results

Data sets were examined for normality using the Shapiro-Wilk test and transformed
accordingly using natural logarithms before statistical analysis. All data are reported as least
square means + standard error of the mean and significance was declared at £< 0.05. In
experiment 1, effects of fish oil on fluorescent intensity of lipid microdomains were
analyzed using 1-way ANOVA. The statistical model included CL, concentration of fish oil,
cell, and residual error. Corpus luteum was used as random variable in the model. The
effects of fish oil concentration on fluorescent intensity were further characterized by using
linear regression analysis. In experiment 2, influence of fish oil on lateral mobility of FP
receptors (microdiffusion and macrodiffusion coefficients), domain sizes, and residence time
of receptors were analyzed using 1-way ANOVA. The model included CL, treatment
(control, fish oil) cell, receptor, and residual error as sources of variation. Corpus luteum was
considered a random variable in the model. In experiment 3, the effects of fish oil and
PGF,, on lateral mobility of FP receptors, domain sizes, and residence time were analyzed
using 1-way ANOVA. The model included CL, treatment (control, fish oil) cell, receptor,
time, and residual error as sources of variation. Corpus luteum was considered as a random
variable in the model. The effects of ligand on the disappearance of FP receptor on the
plasma membrane 30 min after the treatment in experiment 3 was analyzed using a 1-way
ANOVA. The statistical model included CL, treatment (control, 0.03% fish oil, B-MCD),
cell, and residual error. Corpus luteum was used as random variable in the model.
Calculations were made using the mixed-model procedure or regression procedure of SAS.
If main effects or interactions were significant, then means were separated using preplanned
ttests and PDIFF option of SAS.

3.1. Experiment 1: effects of fish oil on spatial distribution of lipid microdomains on bovine

luteal cells

Representative micrographs acquired from control, fish oil, and B-MCD-treated luteal cells
are shown in Figure 1A. Lipid microdomains were detected as distinct patches on the plasma
membrane of bovine luteal cells. Fish oil and B-MCD treatment had a major impact on
structural integrity of these domains. Mean cell fluorescent intensities of microdomains were
greater in control cells as compared with cells treated with fish oil or B-MCD (£ < 0.05).
Fish oil decreased mean cell fluorescent intensity of microdomains in a dose-dependent
manner (P < 0.05; Fig. 1B). Increasing fish oil concentrations from 0.0003% to 0.3 % (vol/
vol) resulted in a linear disruption of lipid microdomains. Furthermore, removal of
membrane cholesterol using B-MCD resulted in further disruption within microdomains,
decreasing fluorescent intensity, when compared to control-treated cells (P < 0.05).
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3.2. Experiment 2: effects of fish oil on lateral mobility of PGF,, receptors on bovine luteal

cells

Labeled FP receptors on the plasma membrane of a bovine luteal cell using biotinylated FP
receptor antibody and 605-nm streptavidin quantum dots are shown in Figure 2. A
representative trajectory from a control and fish oil-treated cell is shown in Figure 3. Fish oil
treatment had a significant influence on lateral mobility of FP receptors. Both
microdiffusion and macrodiffusion were increased in fish oil-treated cells compared with
control cells (P< 0.05). Fish oil treatment increased microdiffusion of the FP receptors on
luteal cells by 95% when compared to receptors from control luteal cells (P< 0.05; Fig. 4A).
Furthermore, fish oil treatment increased macrodiffusion of FP receptors by 166% when
compared to control luteal cells (P< 0.05; Fig. 4B).

Fish oil treatment also affected domain size and the time a FP receptor resided within a
domain, which is referred to as residence time and are shown in Figure 5. The residence time
of FP receptors on luteal cells from 0.03% (vol/vol) fish oil treatment was decreased by 25%
when compared with receptors on luteal cells from control treatment (P < 0.05; Fig. 5A).
Furthermore, fish oil treatment increased the domain size, or corral, of the microdomains by
36% (P < 0.05; Fig. 5B).

Pretreatment of luteal cells with p-MCD to remove cholesterol from the plasma membrane
resulted in a 56% reduction in microdiffusion as compared to receptors on luteal cells from
control treatment (P < 0.05; Fig. 4A). Furthermore, macrodiffusion was decreased by 66%
when compared to control cells (P < 0.05; Fig. 4B). The residence time of the FP receptors
on luteal cells pretreated with B-MCD was increased by 53% when compared with receptors
on luteal cells from control treatment (P < 0.05; Fig. 5A). Moreover, the depletion of
cholesterol by B-MCD decreased the domain size of the microdomains by 35% when
compared to control cells (P< 0.05; Fig. 5B).

3.3. Experiment 3: effects of fish oil on lateral mobility of PGF,, receptors on bovine luteal
cells in the presence of PGFyq

Effects of PGF,, on microdiffusion of FP receptors on bovine luteal cell membranes are
shown in Figure 6A. In control luteal cells, there was no difference in microdiffusion at 5
min after addition of ligand (P> 0.10). However, microdiffusion of FP receptors in control
luteal cells was reduced at both 15 and 30 min after the addition of ligand when compared
prior to the addition of ligand (0 min; £< 0.05). As in experiment 2, microdiffusion of FP
receptors was greater for fish oil-treated luteal cells before the addition of ligand as
compared with control luteal cells (P < 0.05). Unlike control luteal cells, the addition of
PGF,, had no effect on microdiffusion of FP receptors at any of the time points for luteal
cells treated with fish oil (P> 0.10). As a result of ligand not affecting mobility of receptors,
microdiffusion of FP receptors was greater for fish oil- treated cells at 5, 15, and 30 min
after the treatment when compared to control luteal cells (£ < 0.05). Depletion of cholesterol
from the membrane using B-MCD decreased microdiffusion of FP receptors when compared
to control luteal cells as in experiment 2 (£ < 0.05). Microdiffusion of FP receptors was
unaffected by the addition of PGF,, for luteal cells pretreated with B-MCD (~> 0.10).
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Effects of PGF,, on macrodiffusion of FP receptors on bovine luteal cell membranes are
shown in Figure 6B. In control luteal cells, there was no difference in macrodiffusion at 5
min after the addition of ligand (> 0.10). However, macrodiffusion of FP receptors was
reduced at both 15 and 30 min after the addition of ligand when compared prior to the
addition of ligand (0 min; < 0.05). Macrodiffusion of FP receptors on fish oil-treated
luteal cells prior to the addition of ligand was increased by 198% as compared with
receptors on luteal cells from control treatment (£ < 0.05). Macro diffusion was not affected
by the addition of PGF, in luteal cells treated with fish oil or -MCD (P> 0.10).

Effects of PGF,, on residence time of FP receptors in a domain are shown in Figure 7A.
The addition of PGF, increased residence time of FP receptors in a domain for control
luteal cells within 5 min after the addition of ligand (P < 0.05). Residence time of FP
receptors in a domain was 20% less for luteal cells treated with fish oil treatment when
compared with control luteal cells before addition of PGF,, (P < 0.05). Unlike control luteal
cells, PGF,, treatment had no effect on residence time of FP receptors at 5, 15, or 30 min
after the treatment (P> 0.10). The residence time for FP receptors was greater for luteal
cells treated with B-MCD before PGF,, treatment when compared with control luteal cells
(P<0.05). The addition of PGFy, further increased residence of FP receptors for luteal cells
pretreated with B-MCD (P < 0.05).

Effects of PGF,, on domain size are shown in Figure 7B. Size of domain was influenced by
fish oil treatment. Domains were larger when compared to control luteal cells (£ < 0.05).
Prostaglandin F,, treatment did not affect domain size for control, fish oil-treated, or
pretreated -MCD luteal cells (P> 0.10).

The decreased number of FP receptors visible on the plasma membrane for control, 3-MCD,
and 0.03% fish oil- treated cells at 30 min after the treatment were 81 £ 6, 91 + 6, and 37

+ 6%, respectively. This decrease in the percentage of visible receptors did not differ
between control and B-MCD-treated cells (£> 0.10). However, when compared to fish oil-
treated cells, there was a decrease in the percentage of visible receptors for both control and
B-MCD (P< 0.05).

4. Discussion

Biological membranes including the plasma membrane of cells are made of a bilayer of
lipids with associated integral and peripheral proteins [32]. The major lipids of membranes
include glycerophospholipids, sterols, and sphingolipids [12—-14]. Once postulated to be
homogeneous, the plasma membrane is asymmetric in regard to lipid composition and is
very dynamic [33]. Early studies in the 1970s using artificial membranes showed that the
lipids of the bilayer segregate into lipid-ordered states, now referred to as lipid
microdomains [34]. Lipid microdomains were detected as distinct patches on the plasma
membrane of control luteal cells using cholera toxin binding to
monosialotetrahexosylganglioside, a known marker of lipid microdomains, and antibody
crosslinking. The present study shows that culturing bovine luteal cells in the presence of
fish oil had a dramatic effect on lipid microdomain structure. Fish oil resulted in an increase
in the spatial distribution of these domains in a dose-dependent manner. The results from

Domest Anim Endocrinol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Plewes et al.

Page 9

this study are in agreement with previous observations that supplementation with fish oil,
either in vitro or in vivo, affects the order of lipid microdomains on the plasma membrane
[35-38].

The mechanism by which fish oil affects lipid microdomain structure is still largely
unknown. It is postulated that long-chain polyunsaturated fatty acids, specifically the
omega-3 fatty acids eicosapentaenoate and docosahexaenoate, may play a key role in the
disruption of the structural integrity of lipid microdomains. Generally, long-chain fatty acids
associated with microdomains are saturated, allowing for tight packing, thereby increasing
lipid order [39]. The long-chain omega-3 polyunsaturated fatty acids prevalent in fish oil can
incorporate into the lipid microdomains [25,35], which may increase the fluidity of this
ordered region of the plasma membrane. Alteration of membrane fluidity or microdomain
structure with fish oil may affect mobility of integral and peripheral proteins associated with
the plasma membrane.

To our knowledge, this is the first study examining lateral mobility of FP receptors on the
plasma membrane of bovine luteal cells using single particle tracking methodology.
Receptors were successfully labeled and tracked, and resulting trajectories from individual
receptors allowed for the estimation of diffusion coefficients, domain sizes, and residence
times. Microdiffusion and macrodiffusion coefficients, domain size, and residence time of
FP receptors obtained from control luteal cells were slightly greater than values reported in
the literature for membrane-bound receptors. Most studies reported in the literature with
lower diffusion coefficients for membrane-bound receptors were conducted using transfected
cells [29,40,41]. The introduction of membrane-bound receptors to the plasma membrane
using transfection may lead to overexpression of receptors causing an increase in protein
crowding. Increased protein crowding has been reported to decrease mobility of membrane
proteins in computer-simulated membrane models [42,43] and artificial membranes [44]
which may account for differences in mobility characteristics in the present study and other
studies using transfected cell lines. Moreover, the steroidogenic nature and potential-
increased cholesterol content within the plasma membrane of bovine luteal cells [45] could
play a role in the increased diffusion coefficients observed in this study as well. However,
more importantly, luteal cells cultured in the presence of fish oil had increased lateral
mobility of the FP receptor when compared with control luteal cells. Furthermore, the
average time a receptor resided in a domain was decreased compared with receptors from
controls. Likewise, increased domain sizes were observed with fish oil-treated cells,
confirming spatial distribution results, indicating increased structural disruption of lipid
microdomains. Taken together, the disruption of spatial distribution of lipid microdomains
and increased lateral mobility of the FP receptors indicate that fish oil supplementation
could potentially influence sensitivity of FP receptors to PGF,,,.

Effects of ligand on the lateral mobility of the FP receptor in bovine luteal cells were also
examined in the present study. Lateral mobility of FP receptors (both microdiffusion and
macrodiffusion) in control luteal cells decreased following the addition of ligand.
Furthermore, the number of visible receptors on the membrane decreased following the
addition of ligand. As previously discussed, lipid microdomains may play a role in
colocalization of membrane-bound receptors with its associated intracellular signaling
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proteins. In addition to cell signaling, these domains may play a role in endocytosis of
ligand-bound receptors, leading to desensitization to additional ligand [46]. It is
hypothesized that binding of PGF,,, to its receptor resulted in receptor docking within the
lipid microdomains between 5 and 15 min after the treatment, allowing for downstream
signaling. Within 30 min after the treatment, there was clearly a decrease in number of
receptors visible on the membrane, indicating possible endocytosis of ligand-bound FP
receptors. Endocytosis of the FP receptor may be occurring through a negative feedback
mechanism, which includes the phosphorylation of receptors by protein kinases [47] and
binding of Parrestin, following the addition of ligand [48]. However, unlike in control luteal
cells, the lateral mobility of the FP receptor in fish oil-treated cells remained unchanged
during the 30 min of stimulation. Likewise, the number of visibly labeled receptors on the
cell membrane 30 min after the treatment was higher than control luteal cells, possibly
indicating a potential disruption in downstream cell signaling and (or) endocytosis of ligand-
bound receptors.

The mechanism(s) by which fish oil affects lateral mobility of membrane-bound FP
receptors on bovine luteal cells is unknown. The increased mobility most likely is due to
greater membrane fluidity in both lipid microdomains and bulk lipid allowing receptors to
diffuse at a greater rate. The increased domain size in response to fish oil may be due to the
incorporation of omega-3 polyunsaturated fatty acids. The triglycerides in fish oil must be
hydrolyzed to release the omega-3 polyunsaturated fatty acids prior to the incorporation of
free eicosapentaenoate and docosahexaenoate into the plasma membrane of the luteal cells.
It is, however, possible that the triglycerides are hydrolyzed catalytically by the lipases
present in the fetal bovine serum present in the culture media. In addition, it has been
reported that intact triglycerides can diffuse through plasma membranes; thus the
triglycerides may be hydrolyzed by luteal lipases [49]. Experiments are ongoing in our
laboratory investigating the influence of individual omega-3 polyunsaturated fatty acids on
lipid microdomain structure and lateral mobility of FP receptors on bovine luteal cells.

In this study, B-MCD was used as a disruptor of lipid microdomains. Cholesterol content
within the plasma membrane of bovine luteal cells also affected lipid microdomain structure,
mobility of FP receptors, and residence time within domains which differed greatly from
fish oil-treated cells. These data are in agreement wherein cholesterol is critical for
microdomain integrity [50]. Removal of cholesterol from these domains can allow for the
rearrangement of lipids [51], membrane proteins [52], or the cytoskeleton [53]. This
reorganization of the plasma membrane may lead to larger or disordered lipid
microdomains. Further investigation of interaction of cholesterol with the cytoskeleton and
lipids in microdomains is warranted in bovine luteal cells. Removal of cholesterol by -
MCD reduced lateral mobility of FP receptors and increased residence time. These data are
in agreement with previous studies where acute depletion of cholesterol reduces mobility of
membrane proteins and increases confinement [53,54].

The role of cholesterol in regulating lipid microdomain structure and mobility of lipids and
proteins within the plasma membrane still needs defining. The hydrocarbon rings of
cholesterol interact with the acyl chains of long-chain fatty acids esterified to
glycerophospholipids that regulate plasma membrane fluidity. The concentration of B-MCD
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used in this study removes approximately 80% of the cholesterol [55] which would allow for
packing of acyl chains reducing fluidity of the membrane and most likely lateral mobility of
the FP receptor. Acute depletion of cholesterol in the present study also increased residence
time of FP receptors which has been shown in previous studies in which acute or chronic
depletion of cholesterol increased confinement of membrane-bound proteins [53,54].
Depletion of membrane cholesterol results in reorganization of the cytoskeleton and
phosphatidylinositol which may lead to increased confinement of membrane-bound
receptors. A similar mechanism may be occurring with the FP receptor in cholesterol-
depleted luteal cells and warrants further investigation.

Inclusion of omega-3 fatty acids from fish by-products in the diet of breeding cows may
prevent the embryonic loss during early gestation. It has been estimated that 20% to 30% of
potentially viable embryos die within the first 30 d of pregnancy [56]. Inadequate control of
PGF,, secretion by reproductive tissues may contribute to this embryonic loss. The
conceptus must effectively regulate uterine PGF,, secretion during early pregnancy
allowing for continuous secretion of progesterone by the CL and establishment of
pregnancy. The trophoblastic cells of the conceptus secrete interferon-t which inhibits
uterine PGFy,. Timing of interferon-t secretion and (or) its concentration is critical for
maternal recognition of pregnancy. Mann and Lamming [57] reported that a delay in
postovulatory progesterone secretion can lead to a poorly developed conceptus that produced
nondetectable levels of interferon-t which may lead to failure in pregnancy.

A single luteolyic pulse of PGF,, from the uterus may set in motion the mechanisms that
cause regression of the CL and loss of the pregnancy for a poorly developed conceptus.
Reducing the sensitivity of the CL to PGF,, may increase the window of opportunity for a
conceptus to appropriately inhibit uterine PGF, secretion. Prostaglandin F,, binds to a G-
protein—coupled receptor, activating an intracellular signaling cascade that leads to inhibition
of progesterone synthesis and induction of apoptosis. The interaction of ligand-bound
receptors with its associated G-proteins is unclear, but may involve lipid microdomains. This
study shows that fish oil influences plasma membrane ultra-structure and FP receptor
dynamics in the absence and presence of ligand in bovine luteal cells. Therefore, inclusion
of fish oil or other fish by-products such as fish meal in the diet of dairy and beef cows may
be a novel approach to alter sensitivity of the CL to PGF,., delaying regression of the gland,
and thus allowing for an extended window for the establishment of pregnancy.

5. Conclusion

The data presented here provide strong evidence that fish oil supplementation leads to
disruption in lipid microdomains. This disruption resulted in increased spatial distribution of
lipid microdomains and lateral mobility of the FP receptor. Furthermore, addition of PGF5,
restricted lateral mobility of FP receptors and increased residence time of receptors in
domains in control cells, but had no effect on fish oil-treated cells. This study showed that
fish oil causes an increase in lateral mobility in the presence of ligand, indicating that fish oil
supplementation could potentially influence sensitivity of FP receptors to PGFy,.
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Fig. 1.
Effects of fish oil on spatial distribution of lipid microdomains. Panel A shows

representative micrographs obtained from (A) control cells, (B) 0.0003% fish oil (vol/vol),
(C) 0.003% fish oil (vol/vol), (D) 0.03% fish oil (vol/vol), (E) 0.3% fish oil (vol/vol), and (F)
10-mM beta-methylcyclodextrin (B-MCD). Panel B shows means of the fluorescent intensity
for luteal cells obtained from control cells (n = 49), 0.0003% fish oil (vol/vol; n = 48),
0.003% fish oil (vol/vol; n = 48), 0.03% fish oil (vol/vol; n = 49), and 0.3% fish oil (vol/vol;
n = 47); control vs fish oil; *£< 0.05; **P < 0.001; ***~ < 0.0001.
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Quantum Dot

Fig. 2.
Verification of prostaglandin F,, receptor labeling on bovine luteal cells. Representative

micrograph of bovine luteal cells bound with biotin-conjugated prostaglandin F2,, FP
antibody and quantum dots.
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Trajectories of individual prostaglandin F,, receptor on the plasma membrane of control
and 0.03% (vol/vol) fish oil-treated bovine luteal cells. Individual trajectories of
prostaglandin F,, FP receptor on luteal cell membranes obtained from control (panel A) and
0.03% fish oil (panel B)-treated cells. Inset represents corresponding mean square
displacement of each trajectory which was calculated and plotted as a function of time.
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Fig. 4.

Efgfects of fish oil on lateral mobility of prostaglandin F,, receptors on bovine luteal cells.
(A) microdiffusion and (B) macrodiffusion coefficient of the prostaglandin F,, (FP) receptor
on bovine luteal cells treated with control or 0.03% (vol/vol) fish oil-treated cells. The inset
in each panel shows the mean = standard error of the mean; compared to control *~< 0.05.
Control (n = 44 FP receptors), Fish oil 0.03% (vol/vol; n = 29 FP receptors), and 10-mM
beta-methylcyclodextrin (B-MCD; n = 26 FP receptors).
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Fig. 5.

Efgfects of fish oil on domain size and residence time of prostaglandin F,, receptors on
bovine luteal cells. (A) Residence time of prostaglandin F,, (FP) receptors and (B)
microdomain diameter on bovine luteal cells treated with control, 0.03% (vol/vol) fish oil, or
10-mM beta-methylcyclodextrin—(B-MCD). The inset in each panel shows the mean £
standard error of the mean; compared to control *~ < 0.05. Control (n = 44 FP receptors),
fish o0il 0.03% (vol/vol; n = 29 FP receptors), and 10-mM B-MCD (n = 26 FP receptors).
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Effects of fish oil on lateral mobility of prostaglandin F, receptors in the presence of ligand
on bovine luteal cells. (A) Microdiffusion and (B) macrodiffusion coefficient of the
prostaglandin F,, (FP) receptors on bovine luteal cells treated with control, 0.03% (vol/vol)
fish oil, or 10-mM beta-methylcyclodextrin—(B-MCD) in the presence of 10-nM
prostaglandin F, . Fish o0il 0.03% (vol/vol). Ten mM of B-MCD. a, b control cells—means
with different letters differ (P < 0.05) when compared to 0 min. Number of receptors
analyzed at each time point. Control (n = 80, 52, 31, and 14 FP receptors, respectively), fish
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oil 0.03% (vol/vol; n = 86, 48, 57, and 32 FP receptors, respectively), and 10-mM B-MCD (n
=35, 26, 22, and 9 FP receptors, respectively).
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Effects of fish oil on domain size and residence time of prostaglandin Fy receptors in the
presence of ligand on bovine luteal cells. (A) Residence time of prostaglandin F2a. (FP)
receptors and (B) microdomain diameter on bovine luteal control, 0.03% (vol/vol) fish oil, or
10-mM beta-methylcyclodextrin—(B-MCD) in the presence of 10-nM prostaglandin Fy,.
Fish oil 0.03% (vol/vol). Ten mM of B-MCD. a, b control cells—means with different letters
differ (P < 0.05) when compared to 0 min. A,B p-MCD cells—means with different letters
differ (< 0.05) when compared to 0 min. Number of receptors analyzed at each time point.

Domest Anim Endocrinol. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Plewes et al.

Page 24

Control (n =80, 52, 31, and 14 FP receptors, respectively), fish oil 0.03% (vol/vol; n = 86,
48, 57, and 32 FP receptors, respectively), and 10-mM B-MCD (n = 35, 26, 22, and 9 FP
receptors, respectively).
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