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Abstract

Background: Impairments in cell migration during vertebrate gastrulation lead to structural birth 

defects, such as heart defects and neural tube defects. These defects are more frequent in progeny 

from diabetic pregnancies, and we have recently provided evidence that maternal diabetes leads to 

impaired migration of embryonic mesodermal cells in a mouse model of diabetic pregnancy.

Methods: We here report the isolation of primary cell lines from normal and diabetes-exposed 

embryos of the non-obese diabetic (NOD) mouse strain, and characterization of their energy 

metabolism and expression of nutrient transporter genes by quantitative Real-Time PCR.

Results: Expression levels of several genes in the glucose transporter and fatty acid transporter 

gene families were altered in diabetes-exposed cells. Notably, primary cells from embryos with 

prior in vivo exposure to maternal diabetes exhibited reduced capacity for cell migration in vitro.

Conclusions: Primary cells isolated from diabetes-exposed embryos retained a “memory” of 

their in vivo exposure, manifesting in cell migration impairment. Thus, we have successfully 

established an in vitro experimental model for the mesoderm migration defects observed in 

diabetes-exposed mouse embryos.

Introduction

Neural tube defects occur with higher incidence in human pregnancies affected by maternal 

diabetes during the first trimester (Kucera 1971, Mills, Baker et al. 1979, Martinez-Frias 

1994). Although hyperglycemia in the mother is believed to create the conditions that impair 

neural tube closure (Kousseff 1999, Ornoy, Reece et al. 2015), the causative mechanisms for 

specific birth defects in human diabetic pregnancies are unknown.

The laboratory mouse has become a popular experimental model for neural tube defects, due 

to the practical advantages of short gestation span and the availability of large collection of 
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mutants that enable investigations into the role of specific molecules and pathways in 

defective neural tube closure (Juriloff and Harris 2000, Harris and Juriloff 2010). By now, 

more than 400 genes that are required for neural tube closure are known, by virtue of 

offspring with homozygous gene disruptions presenting with neural tube defects, and 34.5% 

of these genes exhibit altered expression in embryos from mouse diabetic pregnancies 

(Salbaum and Kappen 2010). Yet, how the products encoded by these genes control the 

morphogenetic events of neural tube closure, i.e. movement of tissues and cells in the 

developing embryo, particularly in conditions of diabetic pregnancy, is less well understood.

We have recently shown, using the NOD (non-obese diabetic) mouse strain that has a high 

rate of neural tube defects (Otani, Tanaka et al. 1991), that maternal diabetes is associated 

with impaired cell migration during gastrulation, the process in which mesoderm is 

generated (Salbaum, Kruger et al. 2015). Explants of primitive streak tissue from 

gastrulation stage embryos exhibited less outgrowth in culture when the embryo was derived 

from a diabetic as compared to a normal pregnancy. We identified the affected cells as of 

mesodermal origin, indicating that cell specification was not altered. We therefore concluded 

that maternal diabetes specifically affects cell migration of mesodermal cells.

In this study, we sought to establish a tissue culture model of mesodermal cell migration that 

would enable detailed investigations of the cellular and molecular mechanisms underlying 

the pathogenesis of neural tube defects in diabetic pregnancies. We therefore established 

primary cell lines from embryos of normal and diabetic mouse females, and assessed the 

capacity of these cells to migrate under conditions of exposure to high and low 

concentrations of glucose. The combined evidence from several independent primary cell 

lines indicates that cell migration is impaired by exposure to high glucose conditions in vitro 
and in vivo.

Materials and Methods

Isolation of primary embryonic cells from a mouse diabetic pregnancy model

As a mouse model for diabetic pregnancy we used the NOD (non-obese-diabetic) mouse 

strain (Jackson Laboratories stock # 001976)(Otani, Tanaka et al. 1991). Females of this 

strain become diabetic spontaneously around 12–17 weeks. Blood glucose levels were 

measured weekly by glucometer, and mice were considered diabetic when the reading 

exceeded 250 mg/dl (13.875 mmol/l). For comparison, blood glucose levels in non-diabetic 

dams were 117.3 mg/dl ± 21.5 (n=10). Diabetic females and non-diabetic females of the 

same age cohort were then mated to non-diabetic NOD males (Salbaum, Kruger et al. 2015). 

Blood glucose levels were measured again before euthanasia. Primary mouse embryonic 

cells were prepared as described by Robertson (Robertson 1987) for preparation of feeder 

layer cells. Embryos were isolated from pregnant females at E12.5 (with the morning of 

detection of a copulation plug counted as E0.5). Only embryos were used that were of the 

same developmental stage when compared between normal and diabetic pregnancies. Cells 

were plated on 0.1% gelatin-coated plastic tissue culture plates in either low or high glucose-

containing DMEM medium supplemented with Glutamax, non-essential amino-acids, 100 

units of Penicillin/Streptomycin, 0.1% β-mercaptoethanol and 16% fetal calf serum 

(Hyclone). Primary cells from embryos of normal pregnancies were grown in low glucose 
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concentration, reflecting normoglycemic conditions in vivo, and cells from diabetic 

pregnancies were initially cultured in high glucose concentration mimicking the 

hyperglycemic conditions in vivo. Cells were expanded to Passage 6, after which each line 

was split into both high and low glucose-containing maintenance media, and adapted to the 

media for 3 more passages. At Passage 9, multiple aliquots were frozen for future 

experimental use.

For experimental use, cell aliquots were thawed and plated in 0.1% gelatin-coated T75 tissue 

culture flasks, where all cell lines were maintained in two conditions in parallel in media 

with high and low glucose concentration, respectively. After confluence was reached for the 

first time (typically after three to four days), cells were passaged every three days by 

splitting the contents from one flask into three new flasks of the same size. Passaging was 

performed by incubating cells with 0.25% Trypsin 0.04% EDTA (Sigma) for 5 minutes, after 

which the digestion was stopped by adding serum-containing medium. Once the desired cell 

quantities were reached, cells were trypsinized off for use in the respective assay. As much 

as possible, cells used in a given assay were of comparable passage, and assay results were 

only combined from cells within a range of two passages.

Medium

The culture media for maintenance after passage 6 were based on DMEM supplemented 

with Glutamax, non-essential amino-acids, 100 units of Penicillin/Streptomycin and 0.1% β-

mercaptoethanol. Low glucose medium contained 1 g/l D-glucose (5.55 mmol/l), high 

glucose medium contained 4.5g/l D-glucose (24.97 mmol/l), and both media had a 

concentration of 110 mg/l Sodium Pyruvate and 10% Fetal Bovine Serum (Hyclone). All 

other media ingredients came from GIBCO.

Migration Assays

Cells were plated in 24-well plates and allowed to adhere and grow for 24 hours to reach 

confluency. Cells were scratched from one half of each well after a broad longitudinal 

scratch through the middle of the well. Supernatant was removed and fresh medium 

containing high or low concentrations of glucose was added for the respective assay 

condition, and plates were placed in a humidified 37° chamber with 5% CO2 atmosphere. 

Plates were then videographed over 26 hours on a Leica TIRF microscope with time-lapse 

images taken every 10 minutes, producing 157 frames, including the first frame at time = 0 

minutes. Analysis of cell migration was performed for all conditions at frame 145, 

corresponding to 24 hours after the scratch was made. A vertical line was drawn (Leica 

Application Suite) at the edge of the scratch in frame 1 (= 0 minutes) to mark the starting 

position, from which net migration distance was measured for individual cells as the length 

of a straight distance perpendicular to the start line (frame 1) to the individual cell location 

in frame 145, respectively. As many video recordings as possible were made along each 

scratch and videos of non-overlapping fields of view analyzed for each well. Each assay 

condition was represented by multiple wells as noted in the Figure legends. Multiple cell 

travel distance measurements were averaged by well (see Figure legends), and then averages 

were calculated for all wells with the same assay condition. Cell lines were assayed under 

two conditions of glucose concentration in the medium, i.e. low and high, respectively.
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Computer-assisted cell counting

Freshly thawed cells were seeded at 30,000 cells/well into gelatin-coated 24-well plates in 

respective media conditions, with three plates in identical layout: 6 time points and 4 cell 

lines. At given time points, media were aspirated from one well each per plate and cell line, 

and cells stained with Hoechst 33342 (1:10,000) on the plate. Using a preheated cell 

incubation chamber, 5 images/well were taken on the Leica TIRF microscope in identical 

sequence for each well. After all 20 pictures were taken for the 4 stained wells of a plate, the 

24-well plate was returned to normal incubation until the next time point. The process of 

photography took less than 10 minutes per time point and plate.

Image analysis was performed in ImageJ as follows: After background subtraction and color 

adjustment to eliminate minor signals from dirt or serum particles, each image was 

processed in “Binary->Covert to Mask” and “Binary->Watershed” to set thresholds so that 

two adjacent cells are detected as two distinct entities, followed by “Analyze->Analyze 

Particles” with the assumption that number of particles are proportional to cell number.

For each well, the particle numbers from 5 images were added, and then averaged between 

the three wells containing the same cell line. The first time point was normalized to 100%, 

and counts at subsequent time points were expressed as percentages of the first time point.

Measurements of cellular energy metabolism

The Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure 

the Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) 

according to the manufacturer’s recommendation. Briefly, XF-24 cell culture plates 

(Seahorse) were coated with 0.1% gelatin followed by a cell inoculation. Mouse primary 

embryonic fibroblasts (passage 8–9) were plated at density of 3×104 cells per well and 

incubated overnight at 37°C in 5% CO2 in a humidified incubator. Prior to the assay, growth 

medium was replaced with assay medium (Seahorse XF Base Medium, 0.025 M glucose, pH 

7.4), and the cells were incubated at 37°C in a CO2-free incubator for 30 min. Following 

baseline measurements, the assay wells were sequentially injected with oligomycin (ATP 

synthase inhibitor; 2 μM final concentration), carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP; mitochondrial respiration uncoupler; 2 μM final concentration), 

antimycin (mitochondrial electron transport blocker; 4 μM final concentration), and glucose 

(200 mM final concentration). Two measurements of OCR and ECAR for each compound 

were obtained, and the values were normalized to a pre-exposure baseline. Data are 

expressed as a percentage of OCR or ECAR change over baseline.

Gene expression analyses

Total RNA from cells was isolated using TRIzol Reagent (Thermo Fisher Scientific). RNA 

cleanup and on-column DNase I digestion was performed using the RNeasy Mini Kit from 

Qiagen. RNA quantity was determined with the NanoDrop ND-1000 Spectrophotometer 

(Thermo Fisher Scientific). Quality of RNA was assessed using the RNA 6000 Nano chip 

designed for the Agilent 2100 Bioanalyzer instrument (Agilent Technologies). The RNA 

Integrity Number (RIN) obtained was above 9 for all samples. For each sample, 1μg of RNA 
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was subjected for reverse transcription reaction (High-Capacity cDNA Reverse Transcription 

Kit, Applied Biosystems).

Expression levels of nutrient transporters were measured by quantitative RT-PCR. Primer 

pairs were designed using Primer Express Software v3.0 (Applied Biosystems) and 

synthesized by Integrated DNA Technologies (Coralville, IA). Where possible, primer pairs 

were designed to span an exon-exon boundary (Table 1) to exclude potential contamination 

with genomic DNA from detection in the assay. PCR reactions were run with the equivalent 

of 2ng cDNA (estimated to be equivalent to the amount of RNA input into the reverse 

transcription reaction) in 10μl volume per sample using iTaq Universal SYBR Green 

Supermix (Bio Rad) on the 7900HT Sequence Detection System (Applied Biosystems) with 

default settings, dissociation curves included. The Comparative CT Method was used for 

quantification of gene expression (User Bulletin #2, Applied Biosystems). For each primer 

pair, the actual amplification efficiency was calculated (Table 1) and implemented in the 

formula to calculate fold-changes as described before (Kruger and Kappen 2010). The 

geometric means of measurements for Polymerase epsilon 4 (Pole4) and PAK interacting 

protein 1 (Pak1) gene expression were used as the references for normalization of nutrient 

transporter expression to derive ΔCt values. For each sample, triplicate aliquots were 

measured for technical replication, and these triplicate values were used to evaluate 

statistical significance.

Statistical analysis

Statistical analysis of comparisons between conditions was conducted using T-tests, 

assuming unequal variances and two-sided p-values. ANOVA with Bonferroni post-hoc 

correction was used to adjust for multiple comparisons. P-values smaller than p=0.05 were 

considered significant. One-way ANOVA was used to perform statistical analysis of 

Seahorse measurements as implemented in the analysis software package supplied by the 

manufacturer. Two-factor ANOVA was applied to comparisons across the independent 

variables “exposure” and “glucose concentration”, and to identify potential interactions 

between these variables.

Results

Primary cells were isolated from mouse embryos from pregnant dams of the non-obese 

diabetic strain (NOD) that had either normal or diabetic (>250 mg/dl) blood glucose levels. 

For the first 6 passages, cells were grown according to their origin in media containing either 

low or high glucose concentrations, to mimic normal glucose levels for cells derived from 

embryos from normal pregnancies, or high glucose levels for cells derived from embryos 

from diabetic pregnancies. After these 6 passages, each cell line was split into low and high 

glucose containing media, regardless of origin. Thus, cells from 2 different metabolic 

conditions were adapted to two media conditions, respectively, so that in each subsequent 

assay, 4 conditions were compared. Figure 1 depicts a flow chart for the experimental design 

of this study. The first set of experiments measured the capacity of cells to migrate in 

different glucose concentration conditions after a wide scratch had been placed through the 

middle of a confluent cell layer in 24-well plates.
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The net distance traveled by normal cells into the scratch was not different between 

conditions, regardless of the glucose concentration for the growth and maintenance, or the 

glucose concentration in the migration assay, respectively (Figure 2A). However, when cells 

from an embryo of a diabetic pregnancy (red bars) were tested in the same assay conditions 

on the same 24-well plate, cells migrated farther if they had been grown/maintained and 

assayed in low glucose medium compared to those same cells assayed in high glucose 

condition. Even less migration was observed from diabetes-exposed cells that were grown/

maintained in high glucose medium: they migrated slower in low glucose assay condition, 

and even less migration was evident in high glucose assay condition (Figure 2A, closed red 

bars). Thus, cells that were diabetes-exposed during pregnancy were more responsive to 

glucose concentrations during maintenance and in assay than normal cells under those 

conditions.

This observation that differences in migratory capacity were attributable to exposure to 

maternal diabetes in utero prompted us to perform subsequent assays as comparisons 

between normal (N) and diabetes-exposed (DE) cell lines; in either low glucose or high 

glucose assay conditions. Separating the assay condition onto different 24-well plates 

allowed us to increase the number of plating replicates for each cell line. Figure 2B depicts 

the data from an individual assay in low glucose concentration, and Figure 2C displays the 

aggregate results from four independent repetitions of the same experiment. Although the 

absolute net distance traveled varied between repeat experiments, the reproducible trend was 

that cells maintained in high glucose migrate slower than those maintained in low glucose, 

and that diabetes-exposed cells migrate slower than normal cells, particularly when 

maintained in high glucose concentrations. Thus, cell migratory capacity is impaired by 

exposure to high glucose in vitro and by diabetes-exposure in vivo.

To determine the extent to which glucose concentration at the time of assay affects cell 

migration, we performed the same set of experiments in medium containing the high glucose 

concentration. The data from an individual experiment using the same cell lines as before 

are displayed in Figure 2D, with aggregate results from 4 independent experiments shown in 

Figure 2E. While the assays in high glucose concentration exhibited a trend towards farther 

overall distance traveled by normal cells compared to assays in low glucose, it has to be kept 

in mind that those assays were performed on different dates and plates. We therefore limit 

our conclusions to comparisons of cell migration on the same 24-well plate. Taken together, 

we reproducibly found that exposure to high glucose in the assay conditions or during 

maintenance had minimal effect on migratory behavior of normal cells, while exposure to 

high glucose in the maintenance media produced impairment in cell migration in those cells 

that had previously been exposed to hyperglycemic conditions in vivo in a diabetic 

pregnancy. Thus, exposure to high glucose in vivo and continued exposure to high glucose 

levels in vitro reduces the migratory capacity of primary embryo-derived cells.

Because the abovementioned experiments employed cell lines derived from a single 

pregnancy each, we sought to reproduce the findings with cells from independent 

pregnancies. We first compared the responses to assay conditions (Figure 3A), analogous to 

the experimental design shown in Figure 2. While in the particular experiment depicted, 

normal cells assayed in high glucose migrated faster than in a low glucose assay, this could 
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not be reproduced in three independent experiments with the same cells. There was also no 

difference in migratory capacity of diabetes–exposed cells that were maintained in low 

glucose concentrations when compared to normal cells. However, diabetes-exposed cells 

that were maintained in high glucose concentrations exhibited impaired migration, both 

when compared to the low glucose-maintained line, and when compared to normal cells 

maintained and assayed in high glucose conditions. Since a difference in migratory capacity 

between these two cell lines was reproducibly seen only in the high glucose concentration 

assay, additional experiments were conducted in high glucose concentration conditions 

(Figure 3B depicts results from an individual experiment and Figure 3C shows aggregate 

results from four independent experiments). Testing a third set of cell lines for migratory 

capacity did not produce differences to our earlier results (data not shown). The finding that 

combined exposure to high glucose in utero and in culture reduces migratory capacity was 

thus confirmed with several independent cell lines in multiple independent experiments.

Two-factor ANOVA analysis was performed to analyze the relative contribution of the two 

variables “in vivo exposure” and “glucose concentration in the maintenance media” on the 

ability of cells to migrate. In the experiments depicted in Figure 2, interactions between both 

factors were detected in the statistical analysis when migration was assayed in low glucose 

media (p=0.0003) but not in high glucose conditions. Notably, “in vivo exposure” was the 

stronger factor over “glucose concentration in the maintenance media” (with “exposure” 

contributing 56.1% of the variation in Panel B and 27.8% in Panel C, and “glucose 

concentration” explaining 34.2% and 23.4%, respectively; all p-values <0.0001). The 

finding of significant interactions was confirmed with the independent cell lines in Figure 3 

(p=0.0004 for Panel B, p<0.0001 for Panel C). Again, “exposure” contributed to a greater 

extent than “glucose concentration” (with “exposure” explaining 30.6% and 27.8%, and 

“glucose concentration” explaining 23.2% and 23.4% of the variation, respectively). Thus, 

our finding of impaired migratory capacity is explained primarily by the prior in vivo 
exposure to maternal diabetes, with additional influence of the glucose concentration of the 

media in which cells were propagated in culture.

The apparent differences in migratory capacity could be associated with the cell density 

achieved in the assay plates after seeding and overnight incubation. Cell densities would 

differ by the time when the scratch is made, if the cell lines proliferated at different rates in 

high and low glucose-containing media. We therefore determined growth rates in different 

media over several days, as shown in Figure 4. The cell numbers for diabetes-exposed cells 

were significantly lower (P<0.05) only at the 96-hour timepoint (4 days) when compared to 

normal cells in the same medium, but there were no differences at early time points. 

Importantly, there were no differences in the growth curves in the first 10–16 hours 

(overnight), excluding differential proliferation after seeding in the assay plate as a 

confounder for the migration assays. Consistency of seeding and confluence of the cultures 

prior to placing the scratch was also ascertained by visual inspection.

A plausible biological cause of impaired cell migration could be altered energy metabolism 

in conditions of excess glucose. Hyperglycemia-induced oxidative stress, as is present in 

diabetes-exposed embryos (Forsberg, Borg et al. 1996, Loeken 2005), may affect 

mitochondrial function and lead to reduced generation of energy, leaving less than required 
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for optimal cell migration. To test this proposition, we measured mitochondrial respiration in 

normal and diabetes-exposed cells using the Seahorse instrument. Figure 5 displays two 

independent experiments for two normal and two diabetes-exposed cell lines each, and 

additional repeat experiments yielded equivalent results (not shown). When normalized to 

the baseline value at 7 minutes, the curves for the cell lines produced the same patterns, 

irrespective of prior exposure in vivo. Oxygen consumption rates and reserve capacity did 

not differ between the cell lines, and neither did extracellular acidification rates (data not 

shown). Multiple repeat experiments comparing cells exposed to high or low glucose 

conditions during the assay in the Seahorse instrument (data not shown) also did not provide 

any evidence for altered metabolic activity by maintenance condition or prior exposure, at 

least according to parameters measured in the Seahorse instrument.

We then investigated the expression of nutrient transporters, with particular focus on glucose 

transporters (Figure 6), and, given that diabetes is associated with hyperlipidemia, on fatty 

acid transporters (Figure 7). Messenger RNA levels for several glucose transporters were 

undetectable (Slc2a2/Glut2) or very low (note that higher ΔCt values reflect lower 

expression levels), such as for Slc2a3/Glut3, Slc2a4/Glut4 and Slc2a7/Glut7, and moderately 

low expression was found for Slc2a6/Glut6, Slc2a8/Glut8, Slc2a9/Glut9, Slc2a12/Glut12, 

and Slc2a13/Glut13. The most strongly expressed glucose transporters in both normal and 

diabetes-exposed cells were Slc2a1/Glut1 and Slc2a10/Glut10 (note: lower ΔCt values 

signify higher relative expression levels). Expression levels for many of these genes were 

stable between passages 12 and 24 of cell culture, although some decreases were detected 

with time (significant changes indicated in blue), most notably for Slc2a1/Glut1, Slc2a3/

Glut3, Slc2a5/Glut5 and Slc2a13/Glut13. The biological relevance of these changes in late-

passage cells is currently unknown, as all migration assays were done with early passage 

cells.

Differences in transporter expression were detected when the same cell line was maintained 

in low and high glucose media in parallel (significant fold-changes indicated in green), but 

this was not observed for all genes or conditions. Most of the differences were found for 

normal cells, except for Slc2a5/Glut5 and Slc2a9/Glut9 at passage 12, when diabetes-

exposed cells expressed these transporters at higher levels when cultured in high glucose 

media. While elevated expression of these transporters would enable the cells to utilize more 

of the available glucose, the metabolic assays do not provide evidence for increased 

metabolism, at least by the parameters measured in the Seahorse instrument.

Most relevant to the migratory impairments of diabetes-exposed cells would be differences 

in transporter expression associated with prior exposure in vivo. Lower expression in 

diabetes-exposed cells was detected for Slc2a1/Glut1 at passage 12, although at only a 

moderate fold-change of 1.2-fold. Decreased expression was also found for Slc2a5/Glut5, 

but given its low overall expression levels, the biological significance of this remains to be 

examined. Increased expression of Slc2a3/Glut3, Slc2a6/Glut6, Slc2a8/Glut8, Slc2a9/Glut9, 

Slc2a10/Glut10, Slc2a12/Glut12, and Slc2a13/Glut13 was measured in diabetes-exposed 

cells, albeit not at all time points or in all conditions. It is important to note here that the 

patterns of glucose transporter gene expression at passage 12 do not overtly correlate, 

neither directly nor inversely, with migratory capacity.
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Largely similar interpretations pertain to the measurements of fatty acid transporter gene 

expression (Figure 7): Slc27a1/Fatp1, Slc27a3/Fatp3, Slc27a6/Fatp6 and Slc27a5/Fatp5 

were expressed at decreasing levels relative to each other, and Slc27a4/Fatp4 had the highest 

expression level, but there were no differences by maintenance or exposure. CD36 and 

Slc27a2/Fatp2 were undetectable. Of the mitochondrial fatty acid transporters, Cpt1b had 

the lowest expression, and Cpt1a the highest level. Differences with potential to explain 

migratory impairments would be increased expression of Slc27a1/Fatp1 and Slc27a3/Fatp3 

in diabetes-exposed cells maintained in high glucose, and reduced expression of Slc27a6/

Fatp6 in diabetes-exposed cells, particularly when maintained in high glucose. Thus, these 

cells may be capable of metabolizing more fatty acids than normal cells. Yet, the 

mitochondrial activity measurements do not provide evidence for altered oxygen 

consumption in our cultured cells.

We also measured the expression of two genes known to be affected by oxidative stress, 

Gapdh and Gpx4 (Figure 8). No differences were found in the expression of Gapdh at 

passage 12, and only minor differences at passage 24 in diabetes-exposed cells. Gpx4 

expression was higher in diabetes-exposed cells compared to normal, at passage 12 in cells 

maintained in low glucose, and at passage 24 in both maintenance conditions. The higher 

expression of Gpx4 in diabetes-exposed cells may indicate higher levels of oxidative stress, 

a possibility that remains to be investigated.

Discussion

Migration of cells during mammalian gastrulation is critical to formation of tissues and 

organs, and perturbations of cell migration can cause structural defects, such a heart defects, 

skeletal anomalies, and neural tube closure defects. Such birth defects are more frequent in 

progeny from pregnancies affected by maternal diabetes (Mills, Baker et al. 1979, Martinez-

Frias 1994). We have previously shown that exposure of mouse embryos to the diabetic 

maternal environment is associated with impaired cell migration during gastrulation, prior to 

neural tube closure (Salbaum, Kruger et al. 2015). Specifically, we demonstrated that 

diabetes-exposed embryos manifested protrusions in the primitive streak that consisted of 

accumulations of mesodermal cells. Explant cultures of primitive streak tissue, and of the 

accumulations that form the protrusions, showed that migration of mesodermal cells was 

impaired in diabetes-exposed embryonic tissue. In order to investigate molecular 

mechanisms underlying impaired mesodermal cell migration in vivo, we sought to establish 

an in vitro system that mimics this process.

We here report isolation of embryonic cell lines from diabetes-affected pregnancies of the 

non-obese diabetic (NOD) strain of mice. These primary cells exhibit mesenchymal and 

fibroblast-like appearance and thus can be assumed to be of mesodermal origin, and 

expression of mesodermal markers was detected (unpublished results). Assays for cell 

migratory capacity in the classical monolayer ‘wound scratch’ paradigm (Lampugnani 1999) 

revealed that cells isolated from embryos exposed to maternal diabetes in vivo migrated 

slower and traveled shorter distances into the scratch area, when compared to cells isolated 

from embryos of normal pregnancies. Thus, these cell lines reproduced the migration 

impairment ex vivo, in primary cell culture. Diabetes-exposed cells exhibited impaired cell 
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migration particularly when cultured in media containing high concentrations of glucose, 

simulating the hyperglycemic in vivo situation. These results show that even after isolation 

and passaging in cell culture, diabetes-exposed embryonic cells retained a “memory” of the 

in vivo exposure, and they reproduced the finding of diminished migratory capacity. 

Intriguingly, this “memory” appears to be maintained in diabetes-exposed embryos long 

after mesoderm formation, as the cells for our primary cultures were isolated from E12.5 

embryos. We therefore consider the migratory impairment we observed in our new cell lines 

as an in vitro model of impaired mesodermal cell migration.

Reduced migratory capacity was also reported for neural crest cells derived from diabetes-

exposed rat embryos (Suzuki, Svensson et al. 1996), leading these authors to conclude that 

in vivo exposure to maternal diabetes “permanently influences” the future phenotype of 

neural crest-derived cells. Similar to our findings, the impairment in neural crest cell 

migratory capacity was exaggerated by culture of these cells in high glucose concentrations 

in vitro. Taken together with our previous findings of impaired mesoderm in diabetes-

exposed embryos in vivo (Salbaum, Kruger et al. 2015), the present study thus implicates 

impairments of cell migratory capacity as a common biological response to maternal 

diabetes in two cell lineages of different developmental origin. It remains to be investigated 

whether additional embryonic cell lineages in the diabetic pregnancy paradigm are affected 

by impairments in their migratory capacity.

We then attempted to define molecular correlates for this cellular phenotype, by 

investigating growth properties, energy metabolism and gene expression in these cells. The 

latter experiments focused on glucose and fatty acid transporters, because in the mouse 

diabetic pregnancies are characterized by severe hyperglycemia (Kappen, Kruger et al. 

2011), and accompanied by hyperlipidemia in humans and rodents (Hollingsworth and 

Grundy 1982, Damasceno, Volpato et al. 2002), including mice (our own unpublished 

results). Altered nutrient utilization and altered energy metabolism could provide plausible 

explanations for the impaired migratory capacity of diabetes-exposed cells. Growth curves 

did not differ between exposed and normal cells in the short time frames of typical cell 

passaging and culture/seeding before metabolic measurements and migration assays. 

Likewise, there were no significant differences in metabolic capacity between exposed and 

normal cells, irrespective of the concentration of glucose offered in the assay (data not 

shown). Although we did not specifically test for utilization of other nutrients, the metabolic 

assays did not provide evidence for reduced energy (ATP-) production in diabetes-exposed 

cells. Thus, we consider it unlikely that energetic perturbation could be involved to explain 

the phenotype of impaired cell migration.

Gene expression levels were remarkably stable over time in culture for many of the glucose 

and fatty acid transporters examined. Glucose level in culture, and even exposure to diabetes 

in vivo did not substantially affect expression of any of these genes. Notable exceptions were 

Slc2a1/Glut1, Slc2a5/Glut5 and Slc2a6/Glut6, where diabetes-exposure was associated with 

reduced expression at early passage, while for Slc2a3/Glut3 and Slc2a9/Glut9, expression 

was increased by exposure. It has to be kept in mind, however, that differences were 

moderate (below 2-fold) and that most glucose transporter family members were expressed 

only at very low levels. Overall, Slc2a1/Glut1 appears to be the dominant glucose 
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transporter in these cells, followed by Slc2a10/Glut10. In contrast to reports implicating 

Glut2 in diabetes-exposed embryos (Li, Thorens et al. 2007), cells derived from such 

embryos did not exhibit any measurable expression of Slc2a2/Glut2 in our assays. We 

currently do not know if Glut2 is expressed at the time of cell isolation and then lost during 

culture, or whether the isolated cells already lacked Glut2 expression in the embryo.

The dominant cell surface fatty acid transporter in these cells appeared to be Slc27a4/Fatp4, 

followed by Slc27a1/Fatp1 and Slc27a3/Fatp3. Some variability of expression was observed 

for Slc27a1/Fatp1 by time, glucose level in culture and diabetes exposure, but only in late 

passage cells. The mitochondrial fatty acid transporters Cpt1 and 2 were expressed, with 

isoform Cpt1a at highest level, but differences were only observed in late passage cells. 

Considering that neither ATP-production nor oxygen consumption were altered in diabetes-

exposed cells, it remains to be investigated to what extent nutrient utilization and cellular 

energy metabolism could be affected by the observed changes in gene expression levels. 

Uniform expression of Gapdh would also be consistent with the interpretation of normal 

metabolic activity in all cell lines tested. In vivo, Gapdh expression is reduced in diabetes-

exposed embryos (Wentzel, Ejdesjo et al. 2003, Pavlinkova, Salbaum et al. 2009), which 

might be responsible for the lower rate of glycolysis and ATP production observed in 

exposed embryos (Zhao, Hakvoort et al. 2016). To what extent or how our embryo-derived 

primary cells normalize their expression of Gapdh, and ATP production, after the in vivo 
exposure is currently unknown.

Of interest is that expression of Gpx4 was higher in cells derived from embryos that were 

exposed to diabetes in vivo, although the difference to normal cells did not reach statistical 

significance when cells were maintained in high glucose-conditioning media. Gpx4 activity 

is the only anti-oxidant capacity that cannot be ablated from embryonic cells without 

compromising survival (Yant, Ran et al. 2003, Liang, Yoo et al. 2009), indicating that the 

lipid-peroxide-neutralizing action of Gpx4 is essential. Increased Gpx4 expression levels 

thus might be an indicator of elevated phospholipid hydroperoxide production in diabetes-

exposed cells. Gpx4 has been shown to interfere with Wnt-signaling in zebrafish through 

physical interaction with the TCF/Lef transcription factor complex (Rong, Zhou et al. 2017). 

Mouse mutants for Wnt-signaling pathway components Wnt3, Lrp5/6, ß-catenin and Tcf3 

also exhibit cell migration defects during gastrulation (reviewed in (Herion, Salbaum et al. 

2014), suggesting that Gpx4 modulation of this pathway could play a role in the migration 

defects of diabetes-exposed cells. Consistent with this possibility is our previous finding of 

reduced Wnt3a expression in diabetes-exposed embryos (Pavlinkova, Salbaum et al. 2008). 

Expression profiling of diabetes-exposed embryos at E8.5 and E10.5 did not reveal 

differences in Gpx4 at the mRNA level (unpublished observations), but measurements of 

Gpx4 protein activity, especially in the NOD mouse model, have yet to be performed.

Hyperglycemia has previously been shown to inhibit the migration of Schwann cells out of 

cultured mouse dorsal root ganglia (Gumy, Bampton et al. 2008). Reduced migration of 

fibroblasts isolated from db/db (Leptin-receptor-deficient) mice was observed after onset of 

diabetes (Lerman, Galiano et al. 2003), and this was associated with increased production of 

matrix metalloproteinase MMP9, which is known to be localized at the leading edge of 

migrating cells (Sivak, West-Mays et al. 2004, Mauris, Woodward et al. 2014). The leading 
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edge also contains the WAVE complex, a regulator of the actin skeleton. Absence of WAVE 

was shown to be associated with impaired migration of mesodermal cells during 

gastrulation, leading to neural tube and heart defects in mouse mutants lacking the 

regulatory component of the WAVE complex Nap1 (Rakeman and Anderson 2006). The 

WAVE complex is under control of the GTPase Rac1; interestingly, mouse mutants with 

deletion of Rac1 in epiblast cells exhibit impaired migration of mesodermal cells (Migeotte, 

Grego-Bessa et al. 2011), similar to NOD mouse embryos exposed to maternal diabetes 

(Salbaum, Kruger et al. 2015). Thus, it is possible that the adverse effects of maternal 

diabetes on mesodermal cell migration in vivo and mesoderm-derived primary fibroblast cell 

migration in vitro could be mediated by pathways previously identified in genetic ablation 

approaches in mouse mutants (Herion, Salbaum et al. 2014).

Another mechanism that regulates cell motility is based upon phosphorylation of Vimentin 

by Akt kinase, and Vimentin stability is dependent on Akt activity (Zhu, Rosenblatt et al. 

2011). We have recently shown that the embryonic cells affected by diabetes-induced 

impairment in migration express Vimentin when placed into explant cultures (Salbaum, 

Kruger et al. 2015). Constitutively active Akt can induce cell migration in otherwise 

immotile mesenchymal cells (Ackah, Yu et al. 2005), suggesting the possibility that 

impaired migration in our cultures could be associated with reduced Vimentin 

phosphorylation and reduced Akt activity.

Also relevant to the speed of cell migration is the extent of cell adhesion (Burdsal, Damsky 

et al. 1993, Hammerschmidt and Wedlich 2008). While our comparisons of diabetes-

exposed to normal cells were conducted on standard gelatin-coated plates, there is evidence 

that the extracellular matrix composition in diabetes-exposed embryos is altered by the 

exposure (Cagliero, Forsberg et al. 1993). Altered ECM composition would be expected to 

affect cell migration in cultures of embryo tissue explants, and early in the culture of 

primary cells, but it is unlikely to be maintained after extended cell passaging, as new 

extracellular matrix is produced. Yet, we cannot exclude the possibility that diabetes-

exposed cells permanently change their repertoire of expression of ECM components after 

exposure. Investigations to distinguish between the various scenarios and to define the 

epigenetic basis for the “memory of exposure” in embryo-derived primary cells are currently 

underway.

Finally, our experiments show that maintaining normal primary cells in hyperglycemia-

mimicking high glucose concentrations alone -even for extended amounts of time- is not 

sufficient to induce migratory impairment. Thus, the in vivo exposure -although its 

physiological hallmark is hyperglycemia- likely involves additional pathways that impinge 

on cell migratory capacity. Noteworthy in this regard are reports showing that components in 

the serum of diabetic dams can contribute to abnormalities in cultured embryos (Sadler 

1980, Sadler, Phillips et al. 1986, Sadler, Hunter et al. 1989, Styrud and Eriksson 1992, 

Wentzel and Eriksson 1996). The new cell lines we have established will facilitate 

identification of such factors, and of the molecular basis for impaired cell migration, in the 

genetic context of the non-obese (NOD) mouse strain that is high susceptible to diabetes-

induced neural-tube defects.
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Figure 1. Schematic Depiction of Experimental Design.
Using the NOD mouse model, primary cells were isolated from embryos of normal and 

diabetic pregnancies. Cells were kept in culture medium with a glucose concentration 

designed to reflect the in vivo conditions of low glucose level (normal cells) and high 

glucose level (cells from diabetes-exposed embryos), respectively. After 6 Passages, half of 

each cell line was transferred into medium with the other glucose concentration, grown for 3 

more Passages and frozen in multiple aliquots at Passage 9. For each assay, aliquots were 

thawed, and cells propagated in the respective medium until assay. In the migration assays, 

conditions of either high or low glucose in the assay were applied, resulting in 8 

experimental groups.
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Figure 2. Assay for migratory capacity of primary embryonic fibroblasts exposed to maternal 
diabetes in vivo.
Primary cells were isolated from embryos of either normal (N) pregnancies or diabetic (DE) 

pregnancies as described in the Methods section. For each migration assay, isolates were 

thawed and grown for 2–3 passages before the assay in either low (L) glucose conditions or 

high (H) glucose-containing media. Migration assays were performed in either media 

condition as indicated. Panel A: A scratch was made through the confluent cell layer, and 

time-lapse images were taken of cells migrating into the scratch over the next 24 hours 

(number of wells/condition = 3, number of cells measured/condition is given at the bottom 
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of each bar). Cells that came from diabetes-exposed embryos migrated shorter distances, 

particularly after having been maintained in high glucose conditions. Panel B: Individual 

experiment with all four conditions assayed on the same 24-well plate. For condition N:L 

migration distance was measured for a total of 125 individual cells (25 cells in one well and 

20 cells in each of 5 wells); for N:H 130 individual cells were measured (17, 19, 35, 19, 20, 

and 20 cells/well); for condition D:L 133 individual cells were measured (19, 21, 20, 20, 30, 

and 23 cells/well); and for condition D:H 79 individual cells were measured from 4 wells 

(19, 26, 18, and 19 cells/well). Panel C: Aggregate results from four independent 

experiments, in which the average of condition N:L was normalized to 100%, and individual 

well averages were transformed to percentage values relative to the 100% for each 

experiment, respectively. Condition N:L was represented by a total of 21 wells, and 

migration distance was measured for a total of 642 individual cells; for condition N:H 670 

individual cells were measured; for condition D:L 762 individual cells were measured; and 

for condition D:H 350 individual cells were measured from 15 wells. The averages were 

calculated over all wells for a given condition (21, 21, 21, and 15 wells/condition, 

respectively). Panel D: Individual experiment with 6 wells/condition, migration assayed in 

high glucose-containing media. For condition N:L migration distance was measured for a 

total of 168 individual cells, from 36, 31, 38, 18, 24, and 21 cells/well, respectively; for N:H 

190 individual cells were measured (37, 40, 35, 25, 24, and 29 cells/well); for condition D:L 

180 individual cells were measured (34, 40, 41, 24, 22, and 19 cells/well); and for condition 

D:H 113 individual cells were measured (24, 26, 11, 18, 16, and 18 cells/well). Panel E: 

Aggregate results from four independent experiments, normalized as described for Panel C. 

Condition N:L was represented by a total of 21 wells, and migration distance was measured 

for a total of 275 individual cells; for condition N:H 356 individual cells were measured; for 

condition D:L 386 individual cells were measured; and for condition D:H 179 individual 

cells were measured from 13 wells. The average was calculated over all wells for a given 

condition (21, 21, 21, and 13 wells/condition, respectively). Significantly (P<0.05) reduced 

cell migratory capacity (indicated by asterisks) was observed in cells with prior exposure to 

maternal diabetes in vivo, particularly when these cells were maintained in high glucose-

containing media.
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Figure 3. Migratory capacity of additional independent primary embryonic cell lines.
Cell migration was measured as described in the Legend to Figure 2. Panel A: Assay over 

the 24 hours (number of wells/condition = 3). Panel B: Individual experiment with all four 

conditions on the same 24-well plate, assayed in high glucose-containing media. For 

condition N:L migration distance was measured for a total of 200 individual cells (40, 32, 

24, 24, 40, and 40 cells/well); for N:H 216 individual cells were measured (32, 16, 48, 32, 

48, and 40 cells/well); for condition D:L 240 individual cells were measured (56, 32, 40, 40, 

40, and 32 cells/well); and for condition D:H 174 individual cells were measured from 4 

wells (47, 47, 40, and 40 cells/well). Panel C: Aggregate results from four independent 

experiments. Over all four experiments, condition N:L was represented by a total of 18 

wells, and migration distance was measured for a total of 553 individual cells; for condition 

N:H 679 individual cells were measured (18 wells); for condition D:L 669 individual cells 

were measured (18 wells); and for condition D:H 566 individual cells were measured from 

15 wells. Cells with prior exposure to maternal diabetes in vivo exhibited significantly 

(P<0.05) reduced cell migratory capacity when these cells were maintained in high glucose-

containing media.
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Figure 4. Cell counting of primary embryonic cells in culture.
The same cell lines as used in Figure 3 were assayed for cell number (for experimental 

details see Methods section), and were maintained and assayed (triplicate wells/condition 

and time point) in low glucose conditions (open symbols, hatched lines), or high glucose 

conditions (closed symbols, solid lines). Significant differences (P<0.05) were only found 

between normal and diabetes-exposed cells in each condition at 96 hours.
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Figure 5. Measurements of cellular energy metabolism in the Seahorse instrument.
The assays were performed in quadruplicate wells/cell line, comparing the oxygen 

consumption rates of cell lines used in Figure 2 (round symbols, hatched lines) and Figure 3 

(square symbols, solid lines). The addition of compounds is depicted by arrows, and cells 

had been maintained in high glucose media before the assays. Panels A and B display results 

from two independent experiments.
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Figure 6. Expression of nutrient transporters as assayed by quantitative real-time PCR: glucose 
transporters
Expression levels are expressed in ΔCycle threshold (Ct) values, relative to the references 

gene averages (see Methods for details), with each sample measured in triplicate on the 

same assay plate. Standard deviations for the technical replicates are not depicted because 

they were negligible. Higher bars (larger ΔCt values) correspond to lower expression levels, 

smaller ΔCt values (lower bars) reflect higher expression levels. Fold-changes are given for 

significant differences in expression level when compared for the same condition between 

passage 12 and passage 24 (blue numbers), for comparisons of the same cell line in different 

maintenance media conditions (green numbers), and for differences between normal and 

diabetes-exposed cells (red numbers). Note that Y-axes have different scales for different 

genes.
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Figure 7. Expression of nutrient transporters as assayed by quantitative real-time PCR: fatty 
acid transporters
Expression levels are expressed in ΔCycle threshold (Ct) values, relative to the references 

gene averages (see Methods for details), with each sample measured in triplicate on the 

same assay plate. Standard deviations for the technical replicates are not depicted because 

they were negligible. Higher bars (larger ΔCt values) correspond to lower expression levels, 

smaller ΔCt values (lower bars) reflect higher expression levels. Fold-changes are given for 

significant differences in expression level when compared for the same condition between 

passage 12 and passage 24 (blue numbers), for comparisons of the same cell line in different 

maintenance media conditions (green numbers), and for differences between normal and 

diabetes-exposed cells (red numbers). Note that Y-axes have different scales for different 

genes.
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Figure 8. Expression of genes related to oxidative stress.
Because Gapdh and Gpx4 were expressed at higher levels than the average of the reference 

genes, the ΔCt values calculated are negative. Larger negative ΔCt values correspond to 

higher expression levels, smaller negative ΔCt values reflect lower expression levels. 

Otherwise, results are depicted analogous to Figures 6 and 7.
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