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Lipid droplets of neuroepithelial cells are a major calcium storage site during neural tube formation in chick 
and mouse embryos ~ 
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Abstract. In situ precipitation of calcium (Ca 2 +) with fluoride and antimonate shows that Ca 2 +-specific precipitate 
is localized almost exclusively within lipid droplets of neuroepithelial cells during neural tube formation in chick and 
mouse embryos. The density of Ca 2 + precipitate within lipid droplets is generally greater in the apical ends of cells 
situated in regions of the neuroepithelium that are actively engaged in bending. These findings suggest that lipid 
droplets, in addition to providing a source of metabolic fuel for developing neuroepithelial cells, also serve as 
Ca 2 +-s torage and -releasing sites during neurulation. 
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Several lines of evidence have implicated the calcium ion 
(Ca 2 § as a key factor in regulating many types of cellu- 
lar and morphogenetic movements, particularly those de- 
pending on microfilaments and the interactions of actin 
and myosin 2 - 6. During the formation of the neural tube 
(NT), neuroepithelial (NE) cells possess prominent actin- 
and myosin-containing microfilament bundles at their 
apical (future luminal) ends 7- 9. The strategic location 
and orientation of these microfilaments and their associ- 
ation with local changes in the geometry of NE cells have 
led to the proposal that they contribute to the motive 
forces that bend the neuroepithelium during NT forma- 
tion. The fact that experimental perturbations of free 
Ca 2+ levels can influence the rate and extent of NT 
formation suggests that Ca 2 + plays a key role in regulat- 
ing this important developmental event 10-14. For Ca 2 § 
to serve in this capacity, NE cells must have a means to 
transiently store and release Ca 2 § and control its local 
intracellular level. However, the structural identity of 
Ca 2 +-storage and -releasing sites within NE cells and the 
mechanism by which Ca 2 § is mobilized during sequential 
phases of NT formation remain unclear. As part of our 
interest in elucidating the regulatory role of Ca 2 + in this 
process, we used a cytochemical technique developed by 
Poenie and Epel 15 to determine the intracellular distri- 
bution of Ca 2 + in the neuroepithelium during various 
phases of NT formation in chick and mouse embryos. 

Materials and methods 
Stages 5 -9  chick embryos 16 exhibiting successive phases 
of NT formation were procured by incubating fertile 
White Leghorn eggs at 37.5 ~ To obtain mouse em- 
bryos, random bred CD-1 mice (Charles River Laborato- 
ries) were paired for 2 - 3  h in the early morning and 
females were examined for the presence of a vaginal plug. 
The mice were sacrificed by cervical dislocation on days 
8-10  of pregnancy. For the ultrastructural localization 
of  Ca  2 +, embryos were processed according to the fluo- 
ride-antimonate technique of Poenie and Epel is and 

then prepared for routine transmission electron mi- 
croscopy 7. Some thin sections were contrasted with 
uranyl acetate and lead citrate; others were left uncon- 
trasted to facilitate visualization of the electron-dense, 
Ca 2 § precipitate against a background with low 
overall contrast. Thin sections were examined and pho- 
tographed with a Zeiss EM 109 electron microscope. In 
addition, thick (1 gm), unstained sections were mounted 
on 200-mesh copper grids, examined, and photographed 
using a Zeiss CEM 902 electron microscope equipped 
with an electron spectroscopic imaging system. To test 
the reaction specificity, mouse skeletal muscle tissue was 
processed for Ca 2+ localization and used as a positive 
control. In addition, some embryos prepared for Ca 2 + 
localization were subsequently treated with ethylene-gly- 
col-bis (p-aminoethyl ether) N,N'-tetraacetic acid 
(EGTA) in distilled water (pH adjusted to 7.4) for 2 h at 
4 ~ before processing for electron microscopy. 
Morphometry was used to measure (1) the density of 
Ca 2 + precipitate granules within lipid droplets and (2) 
the relative cytoplasmic density of lipid in NE cells in the 
developing midbrain of stages 5 - 9  chick embryos. Pho- 
tographic montages of thin, transverse sections through 
the developing midbrain region were prepared 12. Mea- 
surements of the total areas of the cytoplasm and profiles 
of lipid droplets in each region (floor, lower walls, and 
midlateral walls) of the forming NT were taken and the 
relative cytoplasmic density of lipid (total area of lipid 
droplets/total cytoplasmic area) was calculated for each 
region. Separate measurements were made on the apical, 
neck and basal regions of NE cells to reveal intracellular 
variations in the cytoplasmic density of lipid. In addition, 
Ca 2 § precipitate granules were counted and the density 
of granules within lipid droplets was calculated. 

Results and discussion 
The ultrastructural preservation of NE cells prepared by 
the fluoride-antimonate technique 15 was found to be 
quite good and comparable to those prepared by more 
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Figures 1-4. Electron micrographs of contrasted (stained with uranyl 
acetate and lead citrate) transverse sections through NE cells of  stages 
5 - 9  chick embryos that were processed for Ca 2+ localization using the 
fluoride-antimonate technique Is. Ca/+ precipitate (arrows) is most 
prominent in lipid droplets (L) and appears as small, irreguiarly shaped 
electron-dense granules. 1) In neural plate cells of a stage 5 chick embryo, 
nearly all lipid droplets (L) contain some Ca / + precipitate (arrows). Lipid 
droplets in the apex (2) of NE cells at the point of bending of 
the V-shaped neuroepithelium are smaller and possess Ca/+ precipi- 
tate denser than those in the cell base (3). 4) In NE cells forming the 
floor of the midbrain region of a stage 8 embryo, lipid droplets in the 
apical regions are generally smaller and contain denser Ca 2 § precipitate 
than those seen in earlier developmental stages. Lu, lumen; Y, yolk. 
(1) x 16,500; (2) x 18,000; (3) x 8,900; (4) x 16,000. 

Figure 5. Electron micrograph of an uncontrasted, longitudinal section 
through mouse skeletal muscle that was processed for Ca / + localization 
using the fluoride-antimonate technique 15. Ca / § precipitate (arrows) is 
localized almost exclusively within the sarcoplasmic reticulum. M, mito- 
chondria; Z, Z-line; T, T-tubule. x 27,900. 

Figure 6. Uncontrasted section through the neck region of chick NE cells 
after processing for Ca/+ localization and treatment with EGTA. Very 
little Ca / + precipitate is detectable in these sections. L, lipid droplet; M, 
mitochondria, x 9,700. 

Figures 7 9. Electron micrographs of uncontrasted thick (1 gm) sec- 
tions through the neck regions of NE cells forming the foor  of the 
midbrain region of a stage 8 chick embryo (7 and 8) and a day 9 mouse 
embryo (9) after processing for Ca 2 § localization using the fluoride-anti- 
monate technique 15.7) Lipid droplets (L), a substantial portion of which 
are contained within the section, show a rather uniform distribution of 
Ca / + precipitate (arrows). RER, rough endoplasmic reticulum; M; mito- 
chondria, x 22,000. 8) Reverse contrast imaging accentuates the electron 
density of  the Ca/+ precipitate against a background provided by the 
cytoplasmic ground substance. M, mitochoudria, x22,000. 9) Section 
through the perinuclear region of mouse NE cells. Lipid droplets (L) in 
mouse cells are, for the most part, similar to those in the chick. One 
notable difference is that some lipid droplets exhibit a more electron-lu- 
cent peripheral layer with an irregular perimeter and abundant Ca 2+ 
precipitate (arrows). M, mitochondria; Nu, nucleus, x 14,900. 
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conventional fixation protocols. In thin transverse sec- 
tions through NE cells from all phases of neurulation, the 
cellular location of C a  2 + is revealed by the presence of 
small, irregularly shaped, electron-dense granules ( C a  2 +-  

spec i f i c  precipitate). These granules are particularly 
abundant and distributed throughout lipid droplets 
(figs 1-4). The presence of C a  2+ within these precipi- 
tates was confirmed by the findings that 1) the same 
cytochemical reaction yields the expected, well-known, 
distribution pattern of Ca z+ in and around the sar- 
coplasmic reticulum of mouse skeletal muscle (fig. 5) and 
2) lipid droplets are nearly devoid of Ca z + precipitate in 
NE cells after a brief exposure to EGTA (fig. 6). Fur- 
thermore, the possibility that precipitate granules form 
nonspecifically in lipid droplets is unlikely since, as de- 
scribed below, consistent, region-specific variations in 
the density of precipitate were observed. In sections con- 
trasted with uranyl acetate and lead citrate to enhance 
the visualization of general cytoplasmic ultrastructure 
(e.g. figs 1-4), Ca 2+ precipitate is often difficult to dis- 
tinguish from other granular, electron-dense, cytoplas- 
mic components (especially ribosomes). To circumvent 
this problem, the amount and distribution of cytosolic 
Ca 2+ precipitate was studied in uncontrasted sections 
(figs 7-9). Figures 7 and 8 show the distribution of Ca z + 
precipitate in thick (1 gin), uncontrasted sections taken 
through chick NE cells and examined with a Zeiss 
CEM 902 electron microscope. These sections contain a 
roughly 10-fold greater volume of cytoplasm than the 
thin sections commonly used for transmission electron 
microscopy and provide a much more reliable depiction 
of the distribution of Ca 2+ precipitate within lipid 
droplets and the surrounding cytosol. These sections 
show that Ca 2 + precipitate is abundant and rather uni- 
formly distributed within individual lipid droplets, but 
sparse throughout the cytosol (figs 7-8). In addition, 
examination of thin, uncontrasted sections through the 
developing NT of mouse embryos shows that C a  2 + pre- 
cipitate has the same distribution as that described for 
the chick NT (fig. 9). The fact that nonmuscle cells gener- 
ally have low cytosolic C a  2 + concentrations in the range 
of 10-v molar, and a total C a  2+ concentration in the 
range of a few millimoles per liter has been well-docu- 
mented t 7. The sparse cytosolic C a  2 + precipitate that we 
observed in NE cells is consistent with these findings. No 
significant regional variations in the amount of cytosolic 
Ca z + precipitate were detected within NE cells. Howev- 
er, we did observe marked variations in the density of 
Ca 2 + precipitate contained within lipid droplets of NE 
cells. In fact, although these lipid droplets are found 
throughout NE cells, a generalized apico-basal gradient 
in the density of Ca 2 + precipitate is observed within NE 
cells in which lipid droplets in the cell apex and neck (e.g. 
figs 1-2) contain a more dense Ca 2+ precipitate than 
those situated in the cell base (table; fig. 3). 
The present study also shows that lipid droplets contain- 
ing Ca 2 + precipitate are found in NE cells throughout 

Density of Ca 2 + precipitate within lipid droplets" 

A) Apical lipid vs basal lipid 
Apex 163 _+ 64 b 
Base 71 _+ 40 

B) Apical lipid: Bending region vs non-bending region 
Bending 181 _+ 58 b 
Non-bending 135 _+ 64 

" Density expressed as number of  precipitate granules/gm 2. 
b p <~ 0.01 by t-test. 

the neuroepithelium at all phases of NT formation. Fur- 
thermore, the density of Ca 2 § precipitate within individ- 
ual lipid droplets depends on the location of the lipid 
droplet within the cell (i.e. apex, neck or base), the 
specific position of the NE cell within the neuroepitheli- 
um (i.e. floor, lower walls or midlateral walls), and 
whether or not the neuroepithelium exhibits bending at 
this particular site. For example, in NE cells of the neural 
plate, nearly all lipid droplets contain some Ca 2 § precip- 
itate, but there are no apparent region-specific differ- 
ences in the density of Ca 2 + precipitate within or among 
NE cells. However, at sites where the neuroepithelium 
exhibits bending, lipid droplets in the apical ends of NE 
ceils clearly contain a denser Ca 2 § precipitate and more 
prominent precipitate granules than those located in re- 
gions that are not engaged in bending (table; figs 1 -2  
and 4). The finding of Ca 2 § associated with lipid in NE 
cells is somewhat surprising, but not unprecedented. 
There is substantial experimental evidence for lipid-Ca 2 § 
associations in other developing systems such as carti- 
lage, bone and dentin ~8-21, and there are a number of 
proteins (e.g. calmodulin) that, upon binding Ca z +, ex- 
pose hydrophobic domains that can associate with 
lipid 22. 
Most cellular Ca z + has been found to be bound to or 
enclosed by membranes. For example, a class of smooth 
vesicles, referred to as calciosomes, has been described in 
many types of cells that may function as a rapidly ex- 
changing, membrane-enclosed, C a  2 + pool 23. A number 
of studies on the biochemical aspects of NT closure has 
implicated the key role played by apical micro filament 
bundles in generating motive forces for this important 
developmental event. These microfilaments appear to en- 
gage in a contractile activity that results in the slow, 
progressive, apical constriction of NE cells 24'z5. Al- 
though the role of C a  2 + in the regulation of relatively 
rapid cellular motile activities is rather well-document- 
ed 2-4, how Ca 2+ might regulate the slow, but progres- 
sive, contractile activities of microfilament bundles, such 
as those in NE cells and in the cleavage furrow of divid- 
ing cells, remains to be elucidated. In the case of NE cells, 
we propose here that lipid droplets may be involved in 
regulating the contractile activity of apical microfilament 
bundles by mediating a slow, but continual, release of 
Ca 2 + into the apical cytosol. Although a specific Ca 2 +- 
releasing mechanism may exist, it is possible that stored 
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INTRACELLULAR VARIATIONS IN THE 
DISTRIBUTION OF LIPID IN THE NEUROEPITHELIUM 
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Figure 10. Graph showing the temporal relationship between the cyto- 
plasmic density of lipid in NE cells and local changes in the shape of the 
neuroepithelium. Morphometric measurements were made on the floor, 
lower walls and midlateral walls of the neural plate and closed NT. (a) At 
the neural plate stage, most of the intracellular lipid is concentrated in the 
apical end of NE cells. By the time the NT has closed, the lipid distribu- 
tion is more uniform in NE cells. 
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Figure 11. Graph showing the marked reduction in the total amount of 
lipid in the floor, lower walls and midlateral walls during transformation 
of the neural plate into a NT. 

C a  2 + is gradually liberated from lipid droplets through a 
rather simple and straightforward mechanism, i.e., uti- 
lization of lipid droplets as an energy source 26-28. Mor- 
phometric measurements investigating a possible tempo- 
ral relationship between the cytoplasmic density of lipid 
in NE cells and local changes in the overall shape of the 
neuroepithelium show that NT formation is accompa- 
nied by a pronounced change in the relative intracellular 
distribution of lipid. Results show that, throughout the 
neural plate, 55-64% of the total intracellular lipid is 
concentrated within the apical third of NE cells, whereas 
31-39% is in the cell neck and 6 -19% in the base 
(fig. 10). A dramatic reduction in the apical lipid and an 
increase in lipid in the cell base results in a more uniform 
lipid distribution throughout NE cells of the floor, lower 
walls and midlateral walls in the C-shaped NT. Despite 

this apparent redistribution of intracellular lipid, fig- 
ure ] ] shows that, overall, the total amount of lipid in the 
floor, lower walls and midlateral walls is sharply reduced 
during transformation of the neural plate into a C- 
shaped neuroepithelium. Even though utilization of lipid 
droplets (and the consequent release of stored Ca 2 § may 
occur throughout NE cells, the loss of Ca 2 + situated in 
the cell apex would be most likely to have the greatest 
influence on the contractile activity of apical microfila- 
ment bundles, apical constriction of NE cells, and bend- 
ing of the neuroepithelium. Although our findings raise 
the possibility that lipid droplets serve as important in- 
tracellular Ca 2+ storage sites in NE cells during NT for- 
mation, additional work is needed to further clarify the 
precise role of lipid droplets in Ca 2 § storage and release 
within the developing neuroepithelium. 
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