
Lawrence Berkeley National Laboratory
Recent Work

Title
SEM AND X-RAY MICROANALYSIS OF CELLULAR DIFFERENTIATION IN SEA URCHIN EMBRYOS: 
A FROZEN HYDRATED STUDY

Permalink
https://escholarship.org/uc/item/5qq0j929

Author
Klein, S.B.

Publication Date
1985-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5qq0j929
https://escholarship.org
http://www.cdlib.org/


0C-{:f 
LBL-21128 r. l 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

LAWRENCE: 
BERKELEY LABORATORY 

APR 18 1~86 

LIBRARY AND 
DOCUMENTS SECTION 

SEM AND X-RAY MICROANALYSIS OF CELLULAR DIFFERENTIATION 
IN SEA URCHIN EMBRYOS: A FROZEN HYDRATED STUDY 

S.B. Klein 
(Ph.D. Thesis) 

December 1985 

,- ') ~' 

For Reference ;~" · · 
~{ ~ 

Not to be taken from this roc:>,_~· . ! 

.··~,-~·:~_; 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United State~ Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of aut~ors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



' ...... 

SEM and X-ray Microanalysis of Cellular Differentiation in Sea Urchin Embryos: 
A Frozen Hydrated Study 

Susan Beth Klein 

Donner Laboratory, Lawrence Berkeley Laboratory, University of California, 
Berkeley, CA 94720 

Acknowledgements 

Supported by the Director, Office of Energy Research, Office of Health and 
Environmental Research of the U.S. Department of Energy, under Contract DE
AC03-76SF00098 and by National Institutes of Health 5T32 GM07379. 

The United States Department of Energy has the right to use this thesis for 
any purpose whatsoever including the right to reproduce all or any part 
thereof. 



1 

SEM and X-ray Microanalysis 

of Cellular Differentiation in Sea Urchin Embryos: 

A Frozen Hydrated Study 

Copywright €) 1986 

by 

Susan Beth Klein 



'II 

·. 

SEM and X-ray Microanalysis of Cellular Differentiation 

in Sea Urchin Embryos -- A Frozen Hydrated Study 

Susan Beth Klein 

Abstract 

Quantitative studies of major chemical element distri-

but ion amoung individual differentiating cells were 

attempted using a new method of scanning electron microscope 

(SEM) specimen state and calibration standards. Frozen 

hydrated embryos of the sea urchin Strongelocentrotus pur

puratus were examined with an SEM equipped with a low tem

perature stage and characteristic x-ray analytic capability. 

Three stages: blastula, mesenchyme blastula, and early gas-

trula were examine~. The morphology of these embryos 

closely resembled dehydrated embryos with two notable excep-

tions. First the blastocoel matrix contained large beads of 

approximately 1 ~m diameter. Second, the cells of the 

archenteron lacked well defined cell boundaries. Charac-

teristic levels of beam damage and charging provided struc-

tural information. The primary mesenchyme cells within the 

blastocoel were particularly susceptible to both effects. 

Damaging effects were noted in material stored in liquid 

nitrogen longer than three months. Ice crystal growth, 

shrinkage, elemental shift, density changes and charge accu-

mulation may take place in these stored specimens. In addi-

tion to secondary electron imaginng, x-ray microanalysis was 



performed upon fully hydrated, frozen, fractur~d embryos at 

all three stages to test for elemental shifts associated 

with development. Elongating cells of the blastula (the 

vegetal pole and oral plate) presented similar elemental 

content, as did the mesenchyme blastula ectoderm, and the 

thin, equatorial cells of the early gastrula. As suggested 

in previous experiments, sulfur was implicated in the 

ingression and migration of the primary mesenchyme, as well 

as the elongation of the oral plate and vegetal pole. The 

high Ca and K readings from the cells surrounding the 

archenteron pore suggested that they may be responsible for 

primary invagination. Conversion of the x-ray peak to back

ground (P/B) ratios to concentration have been considered, 

as well as the variation in P/B ratios between individual 

cells and organisms. The applicability of non-coated, con

ducting calibration standards for reference in conversion of 

P/B ratios to elemental concentration is discussed. 
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Introduction 

Differentiation and Cellular Co~munication 

The development of a complex organism from a single 

cell requires temporal and S?atial regulation which produces 

?redictable, coordinated cellular behavior • Intercellular 

. coordination involves several components amoung '.vhich are 

regulation of the extracellular matrix (ECM) and ion 

transfer. For example, Grinnell (1978) noted in his review 

on cell adhesion that fibroblasts spread onto a substratum 

in serum free medium from the ;?oint of contact (an adsor?

tive sprea-3ing), whereas cells supplied with serum formed 

~rotrusions which developed contact origins (separate foci 

from which contact spread). This "active spreading" 

occurred on particular matrices, containing collagen, 

glycoprotein binding moeties (Kleinman et al., 1981), and 

specific glycosaminoglycans (GAGs) (Hay, 1981, Kujawa and 

Te?perman, 1933). GAGs, in the for~ of hydrated proteogly-

cans, occupy as much as half of the ECX volume and have 

various carbohydrate com;?ositions, degrees of sulfation, 

types of linkage, and lengths (Hascall and Hascall, 1981). 

In general, migrating embryonic cells move through an 

environ;nent rich in hyaluronic acid (:·Ln.) (Toole, 1931). 

Sulfated GAGs, such as chonJroitin sulfate (CS) and heparan 

sulfate (HS), may also mediate adhesion of cells to the ZCM 

(Laterra et al., 1983, anJ :c..1jawa anJ Tepper;nan, 1983, Fib0i 

et al., 1983). IIo·..,.ever, changes in aJhesion (for example, 
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Becker 1975, and Gri~nell, 1978), are not necessarily a re

flection of cellular differentiation. Fibronectin added to 

a transformed culture causes cells to flatten but when the 

fibronectin is removed, they return to an roundej morpholo

gy. No new extracellular products can be identified as a 

result of adding fibronectin to the culture medium. Nonethe

less, a number of experiments establish that certain cells 

placed on particular matrices respond by altering their cell 

surface and extracellular biochemistry (Teng et al., 1977). 

For example, chick limb bud chondrocytes cultured in a hy

aluronate rich matrix supress chondroitin sulfate synthesis 

(Solursh et al., 1980). Nathanson (1983) reported that hy

aluronate prevented the dedifferentiation of skeletal muscle 

into chondrocytes. ~orishita et al. (1983) noted that 

several GAGs (heparin, chondroitin sulfate A, B, and C, dex

tran sulfate, and hyaluronate) block stimulation of a po

lyamine responsive protein kinase in Morris hepatoma cells. 

Bissell et al. (1983) demonstrated the effects of EC~ on 

cytoskeleton, polarity and morphogenesis. 

Ion transfer is a second component of intercellular 

coordination. Revel et al. (1973), identified gap junctions 

in the early chick embryo, indicating intercellular ion 

transfer in developing systems. Extracellular calcium has 

been implicated in initiating cyclic nucleotide cascades 

(Kurth et al., 19Bl, etc.), neuromuscular synapse function 
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(Altura and Altura, 1981), and the for~ation of the hyalin 

~e~brane in sea urchin eggs (Steinhardt et al., 1977, 

~·1cCarthy and Spiegel, 1983). Intracellular calcium regula-

tion of motility, contractility, endo- and exocytosis, 

organelle translocation, and mitochondrial function has been 

well documented (for review see Cheung, 1980). Furukawa and 

3havananjan (1983) found that exogenous GAG's can enter cell 

nuclei and affect DNA synthesis. Because diffusible sub-

stances and the ECM are important to cellular differentia-

.·-
tion and embryonic morphogenesis, this investigation is 

specifically designed to examine a develo9ing system, in 

situ, with mini~al artifacts in elemental chemistry or mor

phology. 

Tile Biological ~-tater ial 

The sea urchin embryo system offers a number of advan

tages for this experiment. The embryos are readily avail

able, are hardy, develop externally, and ~itosis is rela-

tively synchronous. Figure l sc~ematically de?icts the ~or

phogenesis of the sea urchin embryo from fertilized egg to 

late gastrula. At the fourth division, asymmetrical mitosis 

produces four micromeres (solid black) and four macromeres 

(striped). The cells then begin dividing asynchronously 

(~rinnell, 1978), Jut after two more complete rounds of 

division, a blastocoel begins to form. At the end of ten 

1ivisions, the blastula is complete. Tight junctions bind 

the e?ithelial cells at their apices; a basal lamina anchors 
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the basal tips. The progeny of the ~icromeres, macromeres 

and mesomeres are represented by.the established codin3 in 

the early blastula of figure 1. As the blastula matures and 

hatches from its fertiliztion membrane, the progeny of the 

macromeres elongate and the lower ~esomeres, labeled "animal 

II," become noticably thinner. At a slightly later time the 

upper mesomeres, labeled "animal I," elongate to form the 

oral plate with which the archenteron tip will later fuse. 

The progeny of the micromeres then begin pulsatile behavior 

(Gibbins, et al., 1969). These presumptive primary mesen

chy:ne (P:1) cells pass through the basal lamina and pile up 

at the vegetal end of the blastocoel. The rounded PM cells 

elaborate various forms of pseudopodia (Gt..lfstafson and tlol

pert, 1967) and begin actively to translocate around the 

inside of the blastocoel. As the archenteron rises, the PM 

cells gather at three rather 9recise locations at the edge 

of the invagination, forming a ring. Their filopodia 

entwine, form syncitial cables, and lay down the larval 

sk~leton (Inoue and O~azaki, 1977). Secondary mesenchyme 

cells at the tip of the archenteron extend filopodia, reach 

toward the oral plate (and in fact often detach from the tip 

of the archenteron) , attach themselves to the oral ?late and 

~ppear to pull the two structures together. The re~ainder 

of the development to pluteus is accompanied by the growth 

of the skeleton. 

The intra- and extracellular sulfur content of sea 

urchin embryos is critical to the differentiation of the 

• 
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blastula. In 1972, Sugiyama investigated the location of 

sulfur in sea urchin embryos by light microscopy, using ~oth 

35s label and various s~lfur sensitive stains. He found 

that the presumptive PM cells and rim cells of the blastula 

incorporated sulfur into compounds secreted into their 

intercellular spaces. Karp and Solursh (1974) detected the 

uptake of sulfur using radioactive 35so4 , and found that 

sulfur is taken up from the two to four cell stage onward, 

out that it is not incorporated into GAG until hatchin·g. 

Our ing the transition to mesenchyme blast\lla they found the 

incorporation of so4 into proteoglycan increases 13 fold. 

A~asaka and Terayama (1984) reported that a sulfated fucan 

could cause dissociated embryonic cells to reaggregate. 

Karp and Solursh also determined, by Hale's reaction, that 

the presumptive PM cells were coated with sulfated GAGs, as 

were the P~ cells after extrusion. Kinoshita and Saiga 

(1979) focused on the effects of GAG within the nucleus, 

treating sea urchin embryos with aryl-xylosides, sodium-

selenate, and deoxy-D-glucose to block the covalent linkage 

of so 4 to the GAGs at various stages. The addition of 2 to 

5 :n."'t xylosides, •t~hich supplied excess free suqars for com

?letion of GAG chains and thereby blocked the attachment of 

such chains to the ap?ropriate protein, was found to 9revent 

the translocation of PM cells to the 9roper losation around 

the archenteron. ~ore severe doses prevented migration of 

the PM cells Sodium-selenate, which prevents the sulfation 

of G~Gs, allo~ed erratic movement of the PM within the blas-
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tocoel, but development beyond the mesenchyine blastula stage 

was prevented. Deoxy-D-glucose, which may block polysac-

charide chain elongation, but also has an unfortunate number 

of other effects seriously impared embryonic development 

prior to mesenchyme extrusion. Kinoshita and Yoshii (1979) 

further investigated embryos treated as above by adding back .. 
exogenous ~roteoglycan. In this case the embryo advanced to 

the stage from which the donor proteoglycan was removed, 

implying that the proteoglycan is stage specific. Akasaka 

··-
et al. (1980) studied the effects of sulfate free sea 

water, ~-D-xylosides and Tunicamycin on developing sea 

~rchin embryos, with the emphasis on P~ migration. They 

confirmed Kinoshitafs and Saiga's results with respect to 

the P~ migration PM cells will not migrate when the ECM 

develops in a sulfate-free medium, or when the EC~ is 

treated with inhibitors of sulfate incorporation. Katow and 

Solursh (1981) cultured embryos in sulfate free sea water 

and verified that either the long slender processes upon 

which the PM cells migrate would not form, or that the 

attachments were so '1/eakened the processes disappeared soon 

after cytos :<eletal contraction. Kawabe et al. (1981) stu-

died gastrulae and blastulae through correlative microscopy 

techniques and reported that the blastocoel was filled with 

a thick fibrillar matrix which appeared to be continuous 

with the basal lamina, and stained alcian blue positive in 

the light microscope. These results suggested that the 

entire blastocoel is filled with a sulfur-rich 9roteoglycan 
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network upon which the P~ cells may migrate. Katow and 

Solursh (1979) showed that this fibrous material contained 

elongated chains of 30 nm particles, which were a~sent in 

sulfate deprived embryos. Furthermore fibronectin, which 

has been shown to be associated with heparin sulfate and 

chondroitin sulfate (Culp et al., 1979, Perkins et al., 

1979, Yamada et al., 1980, Kleinman et al., 1981, Sekiguchi 

et al., 1983) has been identified in sea urchin embryos by 

Spiegel et al. (1980, 1983), and Iwata and Nakano (1984) • 
. ·. 

Dermatan sulfate and heparin sulfate have been extracted and 

identified from embryos of the stages under investigation 

herein (Akasaka and Terayama, 1980, Katow and Solursh, 

1981). The molecular configurations of the proteoglycans 

within the blastocoel are unknown, as are their functions, 

but it is apparent that sulfur is an important element for 

the development of the embryo. 

~-~ :1icroanalysis 

Scanning electron microscopy (SEM) x-ray microanalysis 

takes advantage of the transfer of energy from the electron 

~earn to the atoms within the biological sample. ·rhis 

interaction produces two primary energy conversions. First, 

the primary electron may decelerate as it interacts with the 

nuclear field of an atom within the sample, proJucing a pho-

ton (bremstraahlung) with any energy up to the pri~ary 

electron's energy. Second, the primary electron may excite 

the atom with which it interacts ejecting an inner shell 
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electron. In this case, a cascade of photons with energies 

precisely equal to the energy bands sepa.rating resting 

shells of that particular element are emitted as the remain~ 

ing electrons occupy the vacated levels. These are the 

characteristic x rays An analysis of the energies of these x 

rays will disclose the elemental composition of the biologi-

cal sample of interest. 

Biological tissue may be prepared for frozen hydrated 

analysis by two methods: bulk and thin section (Roomans, 

1980). Thin sections offer the advantage of a greatly 

reduced interaction volume and resulting hi3her spatial 

resolution so that subcellular analysis may be attempted. 

It is however not clear that the sections remain hydrated 

under the heati1g influence of the electron beam, even under 

the much improved conditions of modern equipment (Gupta and 

Hall, 1981 and Saubermann, et al., 1981). A more insidious 

problem resulting from the heating of thin sections is :nass 

loss which results in the disappearance from the sample of 

up to 50% of the original concentration of the element under 

analysis (Glaeser and Taylor, 1977,and Hall and Gupta, 

1973). Bulk analysis, the examination of tissue thick 

enough for the interaction volume to fall fully '.vi thin the 

sa~ple, suffers from reduction of analytical spatial resolu-

tion to cellular size. However, the tissue bul~ provides a 

superior heat sink and the effects of radiation, mass loss 

and heating are significantly reduced (Echlin et al., 1981, 

Fuchs et al., 1977) .. Bulk tissue preparation also provides 

.. 
" 

• 
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low contamination in a reduced time (Ro~ards and Crosby, 

1979). The morphological data of frozen fractured bulk sam

ples are more recognizable than the low contrast sections of 

cryoultramicrotomy. Furthermore, bulk samples retain posi

tional relationships crucial to some analyses. For these 

reasons, this study will rely upon frozen-hydrated bulk tis

sue analysis. 

The generation of and collection of x-rays are initial 

steps in the process of x-ray analysis. The resultant sig

nals are amplified and sorted into appropriate energy chan

nels of a multichannel analyser. Electronic operations 

introduce statistical variation in the number of charge car

riers, and introduce thermal noise (Goldstein et al., 1981), 

which broaden the energy ~ands. Overlapping peaks of ele

ments with adjacent energies must be separated. Incomplete 

charge collection results in non-Gaussian "tails" on the low 

energy side of each peak. The original spe=trum also con

tains deviations in the form of absorption edges arising at 

the beryllium window to the detector, coating layer on the 

detector, and silicon dead layer. After the raw spectrum is 

computer corrected, quantification retains three inherent 

?roblems of x-ray generation. First, electrons will scatter 

and decelerate differently in specimens with different aver

age atomic wei~ht or with different ho~ogeneities (ie. par

ticles vs. colloidal suspensions). Second, x rays are 

ajsorbed within the specimen according to atomic weight, 

accelerating voltage, take off angle, and specimen-beam 
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interaction angle. Third, fluorescence resulting from 

secondary radiation requires high~r characteristic energies 

than are found in this experiment. Either the samples and 

standards must be well matched or correction factors must be 

ajded. A number of methods convert the x-ray intensity to 

per cent weight weight, most of which fall under the general 

heading of ZAF (atomic w~ight, absorption, and fluorescence) 

techniques and are either the result of mathematical model

ing or empirical methodology. A more useful biological 

technique is the "peak to background i~tio (P/B)" method 

proposed by Statham and Pawley (1978). This method is based 

on the observation that although the bremsstrahlung and 

characteristic x rays of a particular energy are generated 

by different physical phenomena, and subject to different 

generation probabilities, for a given energy they are sub

ject to the same detection process. The bremsstrahlung 

background can therefore be used as an internal normaliza

tion factor. Provided the standard and sample are in close 

approximation with respect to density, average ato~ic 

weight, detection geometery, and operating conditions (to 

minimize fluorescence and backscatter factors) the conver-

sion to percent wet weight requires a single experimental 

conversion factor for each element (for an exhaustive review 

of all of these methods see Goldstein, et al., 1981). The 

most significant experimental error arises fro~ secondary 

x-ray emissions whose origins are not the area under exami

nation. The particular methods employed to correct for 
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extraneous emission will be discussed at length in the body 

of this thesis. 

The following study is an attempt to correlate jif-

~ 
·' 

ferentiation events of the sea urchin Strongelocentrotus 

purouratus with compositional variations as reflected in 
.. 

changes in relative concentration detected by characteristic 

x-ray emission from fully frozen-hydrated tissue. Changes 

in concentration occur in a number of diffusible and nondif-

fusible molecules, both intracellularly anq extracellularly. 

Because fixation techniques for autoradiography allow move-

ment and loss of diffusible ions, and because these tech-

niques require thin sectioning of the biological material, 

the results are subject to artifacts which may be inter-

preted as in vivo concentration. Bulk analyses cannot exam-

ine cell types which are not readily separated from the rest 

of the embryo and include intracellular and extracellular 

~olecules. This experiment is designed to compare relative 

concentrations of elements within microvolumes the size of a 

cell. This ~ethod allows comparason of volumes in close 

proximity without the need for dissection or bulk analysis. 

This tec~nique also reduces ion movement durin~ processing 

~y exa~ining the specimens in the fully frozen hydrated, 

unetched and uncoated state • 
... 
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Materials and ~ethojs 

Preparation of Biological Tiss~e 

Eggs from 3ravid Strongelocentrotus purpuratus sea 

urchins were releasej by OeS M KCl introduction into 

millipore-filtered sea water (MPFSW) and fertilized with 

sperm released into a dry dish by an identical proceedure. 

Fertilization and normal development was verified by light 

microscopic examination. The zygotes were washed two or 

three times with MPFSW to remove debris, and·cultured at 15° 

C in MPFSW under constant aeration. Samples were collected 

when embryos reached the appropriate stages as judged by 

light microscopy, and held at 0° C to avoid further matura

tion during preparation for freezing. ·rhe embryos were 

allowed to settle to the bottom of Falcon plastic centrifuge 

tubes, and the MPFSW was removed by pipette. The remaining 

~1PFS~'l was drawn off with filter paper until no more than 25 

~1 remained. Further dehydration of the embryos ris~ed 

translocation of diffusible elements and deformation damage 

to the embryos. A 25 ~1 mixture of SO% C (spectrographic 

grade graphite from Johnson Matthey Chemical Ltd.), 20% 

hy~roxyethyl starch (HES, dialyzed against distilled water 

and freeze dried) and 30% ~PFSW was rapidly added to the 

embryos, mixed and the solution frozen within 15 seconds. 

Freezing Techniques 

The suspended embryos \vere transferred onto a carbon 
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specimen stub with four cylindrical depressions. Beads of 

embryos in matrix, not exceeding 2 mm in diameter, were 

placed on the stub so that they were anchored in the depres

sions. The inverted stub was then ?ressed into solid nitro

gen to try to obtain the most rapid freeze possible. The 

samples thus frozen were stored in a large Dewar under 

liquid nitrogen (LN 2 ) until examination in the SEM. 

Examination Proceedures 

Final processing of the sample occurred in a low tern-

perature biological preparation unit (AMRay Biochamber) 

attached to an Al'1Ray 1000 SEM. A full description of the 

capabilities of this chamber can be found in the f>aper by 

Pawley and Norton ( 1977) • The samples were exposed to tern-

peratures greater than -176° c only during transfer from the 

LN
2 to the preparation chamber cold tank (no longer than 35 

se~onds). This transfer occurred within a precooled transfer 

device, initially at LN 2 temperature. The beads were frac

tured under high vacuu.'1\ to expose uncontaminated, randomly 

oriented embryo fractions. These fracture faces were nei

ther coated nor etched, to assure a fully hydrated sample 

for examination. The sample was transferred into the SE~ 

specimen chamber by use of the preparation chamber shuttle 

and rod under continuous high vacuum {<lu- 5 torr), 3nd 

secured on a Joule-Thompson cold stage, Nhere the tempera

ture was maintained at -190° C throughout examination. 
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Embryos were selected for examination according to the 

following morphological and physical criteria. The topogra-

phy of the fracture plane was evaluated at 500X by stereo 

pair photography at a 20° parallax. Any beads exhibiting 

variations in height greater than 5 ~m were eliminated from 

further analysis. To maintain constant beam-specimen 

interaction and takeoff angles, only e~bryos located on sur-

faces normal to the beam at a 0° stage tilt angle were 

analysed. Only embryos with clearly identifiable poles were 
.·. 

analysed. Embryos without cellular tisstie exposed above 

intercellular ice were eliminated. Since ice crystal size 

and damage increased with distance from the edge of the 

matrix bead, embryos were selected for small crystal 

environment. 

X-ray analysis was carried out at a magnification of 

2000X, and 20° stage tilt angle, with a reduced raster of 5 

~m on a side. Locations of sampling areas were mapped on 

secon1ary images. The emitted x rays were collected by a 

Si(Li) detector and processed by a Kevex 5100C energy 

dispersive system (EDS). Data was collected for 100 seconds 

live time. Electron beam acceleration voltage was held at 

15 KV to produce an interaction volume no larger than 6 ~m 

in depth. Beam current was held in the lower 1.0 namp 

range, to avoid charging. X-ray ma~s were ?roduced at 10 KV 

accelerating voltage from frozen dried samples. Samples were 

freeze dried overnight under high vacuum on the slowly warm-

ing cold tank of the preparation chamber. 
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Preparation of Calibration Standards 

Standards for the conversion of P/B to concentration 

were prepared according to the method of Whitecross et al. 

(1982) and Echlin et al. (1983). Slurries of Mgso4 , c gra

phite, and water distilled to a resistance greater than 18 

~Ohm produced standards of 0.058%, 0.115%, 0.235%, 0.35%, 

and 0.70% S, and 0.022%, 0.043%, 0.088%, 0.132% and 0.36% 

Mg. The C content was approximately 50% for all of the stan-

dards. It was found that the C provided sufficient nuclea-

tion si.tes that cryoprotectant was not necessary to prevent 

large ice crystalization. The spectrographic grade C gra

phite was purchased from Johnson Matthey Chemical Ltd. 

Analytical reagent grade Mgso4 anhydrous powder was pur

chased from Mallinckrodt Chemical Works. The KH 2Po 4 stan

dards were processed in a similar manner except that HES was 

supplied to prevent ice crystal formation prior to the 

discovery that this step was unnecessary. Final wet weights 

of these standards were 0.51%, 0.25%, and 0.127% K, and 

0.40%, 0.20%, and 0.10% P. The KH 2Po 4 was also purchased 

from Mallinckrodt Chemical Works, and maintained the same 

analytical grade quality. 

To assure homogeneity, the slurries were mechanically 

mixed immediately prior to freezing. Beads were formed on 

carbon stubs identical to the ones containing sea urchin 

samples, and the same freezing and processing proceedures 

were followed. Fractured faces met the same criteria of 
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smoothness and perpendicular orientation to the beam. The 

stage was tilted to 20°, and the accelerating v~ltage was 

held at 15 KV. Data were collected from 20 locations on each 

bead of known concentration and the averages were used to 

calculate the correction factor for conversion of the unk

nown P/B ratios to concentration. The standard deviation 

for each concentration was less than 7% of the mean P/B 

ratio, verifying a homogeneous mixture. 
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Results 

~orphology of Frozen Hydrated and Frozen Dried Tissue 

Appropriately fractured C/HES matrix beads exhibited 

numerous randomly oriented embryos fractured at various 

depths within the blastocoels. Figure 2 shows a ?Qrtion of 

such a bead, fully frozen hydrated (a) and freeze dried (b). 

Arrow #1 points to an embryo which was analysed for elemen

tal content. By comparing the hydrated and dried images, it 

is possible to verify structures in the frozen hydrated 

e:nor yos. size 

?lane. A small 

results from a 

differences reflect depth of the fracture 

diameter in the frozen hydrated embryo 

fracture plane falling either short of or 

past the center of the embryo. In the first case, a small 

ring of cells surround the blastocoel matrix. An exa~ple of 

this fracture plane is seen at the tip of arrow #2. Frac

ture planes falling below the center of the embryo will not 

contain sufficient matrix material to cover the far interior 

of the blastocoel. These embryos exhibit cells for~ing a 

closed bowl. (arrow #3). Immediately to the left of the 

numeral ''2," an embryo appears to be acceptibly oriented, 

but the frozen dried image shows only cells at the vegetal 

pole can be identified by type. The cells at the opposite 

sije may be animal II, or even vegetal I cells. Rings com

posed of cells of almost uniform size, forming a circumfer

ence the diameter of a normal embryo are the result of frac

ture plane3 which intercept the center of the blasto~oel 
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without intercepting either of the poles. None of these 

cells can be reliably identified by type (embryo #4) Two 

artifacts of the frozen hydrated/dried examination system 

are seen in this figure. First, shrinkage occurs during 

drying and results in twisting and relocation of the embryos 

with respect to the stage coordinates, although size differ

ences were resolved by increasing the magnification. The 

magnitude of this effect can be appreciated by observing the 

side of the bead in the upper right corner of the photo

graphs. The top of the bead dries mar~ rapidly than the 

base and therefore suffers greater shrinkage. The transla

tion in Y may be the result of docking inaccuracies of the 

shuttle upon the stage. Second, by the following evidence, 

the pattern of the dried bead matrix is presumed to be 

determined by ice crystals formed during the freezing pro

cess. Read et al. (1983) noted that the percent of water 

present in the sample determined the size of the spaces 

between artifactual remnants. Echlin (1978) pointed out ice 

crystals and resulting artifact in etched cells which 

closely resemble the pattern seen in the C/HES matrix. 

Lewis and Pawley (1979) referred to this artifact by "eutec

tic margins" and suggested that it may be the remains of 

iJiological material. Carr et al., (1983) concluded varying 

degrees of "ice damage" were relfected in the sizes of 

S?aces between the artifactual remnant. Finally, Echlin has 

noted that the ice crystal size in hydrated standards is 

similar to that of biological material (unpublished 
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results). These crystals are considerably larger than those 

produced in thin sections because the bulk of tissue being 

frozen produces a relatively slow rate of freezing. The 

large ice crystals of bulk samples do not interfere with 

analysis, provided they do not penetrate cell membranes and 

sampling volumes are large enough to average over compressed 

salts and the intervening ice. Cryoprotectant such as HES 

may be used to minimize crystal size (Pihakaski and Seveus, 

1980, Echlin et al., 1982) although penetrating cryoprotec

tants must be avoided (Kuijpers and Roomans, ·1983, Carr et 

al., 1985a). The HES chosen for this experiment was shown 

to be osmotically inactive in two ways. First, the MPFSW 

was analysed in a Fisk osmometer and shown to be 900 mOs. A 

mixture of C/HES/sea water chosen to equal the highest con

centration found in the samples, 50% C and 20% HES, was 

measured and shown not to alter the osmolarity. Second, a 

sample of blastulae were allowed to culture for one hour in 

the 50/20% mixture at 15°C. They were then examined by 

light microscopy. The ciliary action and swimming activity 

·,.,ere unaltered. 

A ?attern similar to the C/HES matrix is present within 

the interior of the blastocoels, but this artifact 

represents the native material of the blastocoel matrix. 

rhe matrix material may act as a natural, high molecular 

~eight cryoprotectant, preventing ice crystal damage to the 

cells. The matrix appeared to remain intact in the frozen 

Jried state (figure 3), closely resembling critical ?Oint 
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dried material (for example see Katow and Solursh, 1979). 

It must not be assumed that this was a reflection of the in 

vivo morphology, as critical point and freeze drying are 

likely to produce similar artifacts. The freezing process 

however did not damage the matrix more than other fixation 

techniques. The matrix in figure 3 is continuous with the 

basal lamina (arrow) at a number of separate locations, and 

appears either as thick fibers or thin sheets of material, 

often presenting a number of enclosed beads or knobs. 

Although these sheets seem to be centrally-located, this is 

probably a result of the matrix pulling away from the 

epithelial sheet as it dried. No gross changes in the 

matrix were noted as the embryos progressed from blastula to 

gastrula (with the exception of a thickened matrix at the 

tip of the archenteron, noted later). 

Fi9ure 4 presents a higher magnification of embryo #1 

at an orientation for more advantageous secondary electron 

collection. The animal and vegetal poles are evident in 

this micrograph. Cell preservation resulting from the 

freezing and drying processes is acceptable. As the PM 

cells round up and detach from their neighbors, the sur

rounding vegetal II cells flatten out with their long axes 

normal to the radial direction to fill the spaces. The 

absence of obvious protrusions on the surface of the PM 

cells during ingression agrees with images recorded from 

more traditionally prepared material (Gibbins et al., 1969, 

l<atow and Solursh 1981). Vegetal cells \-lhich have not 

"· 

.. 
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rounded up or flattened out tend toward club shapes. Other 

cell types are trapezoidal with the larger base distal. The 

triangular shape of the cells and the loss of basal fiorous 

:naterial toward the lmo~er left of the micro.-;raph is assumed 

to be a drying artifact. Basal fibrous attachments are not 

apparent in the vegetal region, but intercellular fibers 

appear which are not found between cells in other regions of 

the blastula (see figure 5) • All other cells appear to be 

attached only at radial extremeties, as described previously 

(for example see Gufstafson and ~alpert, 1967, etc.). The 

relatively loose association between cells produces frac-

tures between cells rather than within them (figure 5). 

nigher magnification than figure 5 is not possible without 

coating the specimen, but at this magnification the 

integrity of the cell and hyalin membrane appears to be 

preserved. 

Frozen dried specimens exhibited morphology typical of 

sea urchin embryos which were critical point dried (for 

example Akasa~a et al., 1980, Katow and Solursh, 1979) and 

embryos which were processed by combinations of dehydration, 

embedding, sectioning, rehydrating and critical point drying 

(for example Kawabe et al., 1981, L-1cCarthy and Spiegel, 

l983a). Because the freeze drying process probably results 

in more artifactual changes than the freezing proceedure, it 

is assumed that the hydrated specimens are more representa-

tive of the in vivo morphology than previously published 

micrographs of sea urchin embryos. Blastocoel fluid can be 

....... . 
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seen to fill the spaces between epithelial cells in the 

hydrated form (figure 6). The cells are covered with 1 ~m 

spherical beads (encircled in figure 6) which largely disap

pear in the dried cells (figures 4 and 7). The overall cell 

shapes are not significantly different from those in the 

dehydrated specimens. Cells in the animal and vegetal poles 

are elongated, P~ are round (see figures 7, 13, and 49), and 

cells near the equator of the embryo are thinner radially. 

The cells of the vegetal pole become gradually more closely 

associ a ted as the archenteron invaginates .·- A reflection of 

this can be seen in the hydrated image of the mesenchyme 

blastula of figure 6. In this figure it is difficult to 

distinguish intercellular spaces in the vegetal region. 

The depth of the blastocoel and the tendency of the PM 

cells to migrate relatively closely to the blastoco~l wall 

made it difficult to locate mesenchyme blastulae with visi

ble P~ cells and two poles. It was necessary to accept 

blastulae for analysis which displayed only one identifiable 

pole. In these cases, no assumptions were made concerning 

P~1 location or epithelial cell type for cells not in inti

mate contact with the identified pole. For example in fig

ure 7a, 3 PM cells are visible at the surface of the frac-

ture plane (arrows). The cells in the immediate vicinity 

are elongated, and comprise almost a third of the epithelial 

ring. This indicates that the PM cells are at the vegetal 

pole. The cells at the opposite end of the mesenchyme blas

tula, however, ace not elongated. The small diameter of the 



.. 

- 23 -

embryo indicates that they are likely Veg I cells. Figure 

7b of the same mesenchyme blastula frozen dried confirms the 

presence of 3 PM cells at the surface, and an additional 4 

which could not be seen in the hydrated image. The mesen-

chyme blastula suffered elongation in the drying process, 

but it is clear that the oral plate was not intersected. 

The inset diagram indicates a likely fracture plane. 

Because only the vegetal pole was intersected, no assump-

tions were made as to cell type or embryonic locale to the 
··-

right of the line in figure 7b. The P~ cells were never 

seen in intimate contact with the oral plate in the frozen 

hydrated samples, and in fact were seldom located in the 

animal half of the blastocoel. 

Figure 7 also demonstrates the trend in mesenchyme 

blastulae vegetal cells noted in figure 6. The cells are 

closely bound to one another and it is difficult to identify 

intercellular space. As invagination progresses, increased 

?roximity continues; cell shapes become irregular until it 

becomes difficult to 1iscriminate between one cell and its 

nei·jhbors. Notice the clear delineation between cells 

around the periphery except for the region directly at the 

center of the vegetal pole. Figure 8 is the image of a 

hydrated early gastrula where the fracture has fallen out-

side the archenteron. The blastocoel side of the cells are 

exposed to the electron beam. Two groups of P~ cells are 

designated on either side of the archenteron. Figure 9 shows 

a slightly younger, frozen dried embryo from the interior of 
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the archenteron (the sea water side is exposed to the elec-

tron beam) • The top of the archenteron, the blastocoel 

side, presents a thickened mass of matrix extending toward 

the animal pole. PM are located on either side of the inva

gination. The gastrula has pulled away from the C/ctES 

matrix in drying, and exposed the exterior of the embryo. 

The vegetal side of the specimen is covered with the rippled 

unbroken remnants of the hyalin layer (compare this to the 

interior images of figure 10 where individual cells are 

clearly distinguishable). The cells continue to become 

closer until fractures occur through them. Figure 11 is a 

stereo image of the archenteron of a late gastrula (fusion 

between the oral plate and archenteron has begun). This 

hydrated sample was etched to reveal the intercellular 

detail exposed by the fracture. Ice can be seen within the 

interior of the forming gut. The exterior surface (ES) of 

several cells is exposed along with the interiors of others. 

Structures suggestive of cytoskeletal ele~ents (CS), a mito

chondrion (M), and endoplasmic reticulum (ER) are designated 

in the micrograph. These cells look much like the interiors 

of :namalian gut cells recorded by Carr et al. (1983). 

A few of the late gastrulae fractured fortuitously at 

the tip of the archenteron. Figure 12 demonstrates such a 

fracture (again deeply etched). The archenteron extended 

from above the plane of the photograph toward the oral 

plate, which lay below the plane of the photograph. The 

cells at the tip of the archenteron have barely been removed 
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~y the fracture. What remains is the partially hydrated form 

of the matrix marked "M" in figures 9 and 10. The thickened 

matrix has prevented the formation of ice crystals as large 

as those in the surrounding blastocoel. Large rounded oeads 

and indentions which may have held beads are ?resent. 

Although these beads are approximately 1 ~m in diameter, 

much larger than the 30 run beads observed by Katow and 

Solursh (1979) and the 26 nm beads identified by Kawabe 

(1981) as sulfated GAG, it is possible that these structures 
.·. 

are the same granules. Fixation and dehydration may account 

for the size discrepency. It also may be significant that 

t~ese beads are the same size as those seen on the cells in 

figure 6. The continuous peripheral sheath appeared to be 

open at the distal end (the structure was badly damaged in 

drying). Two secondary mesenchyme cells can be seen embedded 

within the sheath. 

Artifacts of the Frozen Hydrated/Dried System 

Two speci:nens experienced visible bea.:n damage to the PH 

cells during the 100 seconds of data collection. Figure 13 

displays 3 photographs taken before data collection, after 
I 

Jata collection and after drying for the first of these 

cases. The three P~ cells figure l3b have large pits where 

the beam was located during analysis. These cells were 

examined after the associated vegetal cells also visible in 

t!-1e micrograph. There was never apparent dama~e to the 

epithelial cells. The incident beam maintained constant 
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accelerating voltage (and therefore maximum incident energy) 

and the current was verified to be stable during the 

analysis of the entire embryo. The temperature of the shut

tle upon which the sample was examined remained constant at 

less than -190° C. A thermal conductivity change between 

the sample and shuttle would not explain the lack of damage 

to the vegetal cells. The corresponding micrograph of the 

embryo frozen dried shows damage to the tissue. Such cells 

were eliminated from quantitative analysis because of the 

rather obvious possibility of elemental loss. 

Several embryos had a lacy sheet overlying a portion of 

the epithelial ring (figure 14). These structures persisted 

in the dried specimens and did not appear to be debris. The 

sheets did not collect charge as if they were insulated from 

the bulk. The structures were never seen at random within 

the blastocoels or in the C/HES matrix outside of the 

embryos, but always on the epithelial ring, oriented along 

the circumfrence as in figure 14. They showed no regular 

orientation with respect to the direction of fracture pro

gression. Finally, the material seems to be solid: cells 

underlying the dried structure cannot be seen. It is possi

ble that a plane of ice spread into the embryo during'freez

ing, prefracturing the sample, but in such a case one would 

expect the pattern of ice crystals to be continuous with the 

exterior matrix. A similar artifact has been identified by 

Carr 

ples. 

(personal communication) in frozen hydrated gut sam-

,,., 

.. 
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Charging Phenomena and Frozen Hydrated Tissue 

The techniques em~loyed in this study were designed to 

avoid coating frozen hydrated samples. In most cases the 

C/HES matrix was sufficient to conduct charge away from the 

sample during examination. Where it was not sufficient, a 

number of effects were observed. 

The most common charging effect was expressed in a 

brightness intensification of the secondary image (figure 

15). This phenomenon occurred most often 'in·areas where ice 

was prevelent, such as the blastocoel, possibly because of 

large crystal formation and scarcity of conducting material. 

Although brightness could be compensated for by adjusting 

the level of the monitor quantitative data was not coll~cted 

from these areas (see the following discussion) • 

A second charging effect evident in the secondary elec

tron image was reduced intensity. This effect is visible 

over the fractured surface of the bead in figure 16. The 

linear appearance of the lighter areas was typical and fol-

lowed chatter. The embryo (arrow) ap~ears raised out of the 

surface because it is surrounded by a dark area. This vari

ation in secondary electron coefficient (6 = number of 

s~condary electrons/number of primary electrons) often pro

duces a false topogra?hical sense. IIigh magnification of 

these dark areas resemble attempts to image disadvantageous 

topography with respect to the secondary detector and beam. 

Images are out of focus and lack detail. They differ 
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however in that extreme contrast variation is present aue to 

edge effects. 

The third type of charging observed in secondary elec

tron images was a transient burst of secondary electrons. 

This type of charging manifested in photographs as bright 

lines recorded at the time of discharge (see figure 10). 

The duration of discharge can be calculated from the nu~ber 

of bright lines and the scan rate of the CRT. Charging is 

not unique to hydrated specimens, and may occur less often 

in hydrated specimens (Goldstein et al., 1981), it is signi

ficant that all three of these phenomena occur in frozen 

hydrated material. 

In addition to charging effects in the secondary elec

tron images, two charging phenomena appeared during the col

lection of quantitative x-ray data. The first of these pro

duced Al peaks, an element not found in biological samples 

but present in the specimen chamber of the microscope. A 

significant increase in the P/B ratio for Al i~plied that 

the other elemental P/B ratios may also have been affected 

by ~aterial not located within the microvolu~e selected for 

analysis (see discussion). The level of significance was 

determined by averaging 20 P/B ratios for Al which were col

lected from metalurgical standards containing no detectable 

Al and shown to be conducting sufficiently so as not to 

display any of the visual charging effects. The level of 

confidence was arbitrarily set at 95% and the test assumed 
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to be one sided (the P/B ratio was altered only by an 

increase in cases of stray x-ray emission). Applying the 

following criteria for critical rejection value 

and Schork, 1970): 

z = ( x - ~ ) ( 6'/ n 1/ 2 ) 
0 

(Remington 

led to a rejection of data when Al P/B ratios were greater 

than 0.0180; it was assumed that Al P/B ratios exceeding 

0.0180 signified an alteration in the sampling volume. The 

second effect visible in the x-ray spectrum was a change in 

the shape of the bremstraahlung background. 'The slowing of 

electrons in biological samples causes emission of x rays 

with energies up to the initial energy of the incident bea~. 

This background emission has a typical shape, skewed toward 

the low energy end of the spectrum. A representative back-

ground of the type expected under the present experimental 

conditions is shown in figure 17. The curve starts at 0.1 

KeV due to the presence of a Be window on the detector. The 

curve rises rapidly to a maximum at around 2 KeV, and slopes 

off gradually to 15 KeV (the curve is visible only to 10 KeV 

because of the limited display). An increased slope in the 

high end of the x-ray background represents a reduction in 

the number of high energy electrons entering the specimen. 

This effect could be quantitatively monitored by the number 

of counts registered bet~een 6 and 10 ~ev. If the number of 

counts in this range was less than 300, the computer could 

not satisfy criteria for analysis. When the number of 

counts within this 6 to 10 KeV range was less than 5% of the 
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total number of counts (including the characteristic peaks) 

the data point was considered to be electrically charged and 

rejected. This percentage represented a safe margin before 

a change in slope shape could be seen on the monitor. 

It is si~nificant that the charging effects were dis

tinct and separate. Two manifestations seldom occurred at a 

single sampling location, and never more than two. X-ray 

analysis was performed on a number of visually charging 

areas to test for simultaneous effects. No regular correla

tion was found. In fact, in cases where the spectrometer 

showed a truncated background, a high Al P/B ratio was never 

found. Any one of the charging effects was sufficient to 

eliminate a data point from consideration. 

Effects of Long Term Storage in Liquid Nitrogen 

In spite of considerable care to assure that stored 

tissue remained well submerged in liquid ~itrogen, a number 

of effects were apparent in stored material. Although the 

exact period for safe storage has not been determined by 

this experiment, tissue stored longer than three months 

showed marked effects. Because some of these effects 

reflected a possible change in tissue density which would 

affect the interaction volume (see follo~ing discussion) for 

e~ission of x rays, these samples were not used for quanti

tative analysis. Figures 18 through 21 are secondary elec

tron images of material stored more than three months. 
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The first phenomenon encountered in material stored 

longer than three months was a change in fracturing charac-

teristics. Attempts to fracture the C/HES beads were 

largely unsucessful. Although three or more attempts were 

possible for each stub, and each stub held four beads, any 

one of which could produce an acceptable fracture, most sam-

ples had to be discarded without secondary electron imaging. 

Beads seemed more resistant to fracture; some lifted com-

pletely out of their anchoring depressions in the stub and 
··-

were lost in the preparation chamber. Others, like the one 

in figure 18, sustained consid~rable chatter damage (C) as 

the knife cut into the sample. The beads also experienced 

sporadic pits (P) and ridges (R) or plateaus with sharp 

vertical sides. Edges of the beads chipped away at large 

angles from the fracture plane, resembling compression pits 

(CP) • When fresh material was struck with the knife, the 

resistance occurred as a sharp impact with a clean release 

as the fracture pro3ressed and the top of the bead lifted 

off. ~hen long stored matrial was fractured, a repeated 

series of small resistances occurred, and the top was often 

torn from the bead, remaining attached to the knife blade. 

More debris tended to accumulate on the knife blade and on 

the samples. Smearing of the matrix indicated an increased 

~elting due to the heat of fracture (see figure 19a). Frac-

tures which were examined by secondary electron imaging 

exhibited a number of other abnormalities. 
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Long term stored material commonly suffered reduced 

secondary electron emission. This is visiole in figure 19a 

at the arrow (C) and at the tip of the archenteron. Charg

ing was followed by spotty dehydration of the matrix and 

increasing charge buildup. Figure 19b was taken just a few 

minutes after the previous micrograph. It is difficult to 

differentiate between dark areas due to charging and due to 

dehydration. The area circled and labled "1" is dehydrated 

and exhibits a previously hidden PM cell. The area circled 

and labeled "2" is presumed to be a c6arging artifact 

because of the smooth ice surface surrounding the dar~ened 

area. The ice near "1" has a speckled appearance (similar 

to area "3"). The dehydration process of long term stored 

material was notably different from conductive etching (com

pare figure 19b to figure 11). The ice remaining in radi

antly etc!1ed samples is of uniform depth. The ice surround

ing the PM cell in area "1" has completely sublimed while 

other areas are fully hydrated. Smearing which is extremely 

suceptible to dehydration effects is still present. This 

sample ·ttas never e:<posed to a reduced raster, or magnifica

tion greater than 760 times actual size (the magnification 

of figure 19). The frozen dried image (figure 19c) verifies 

that these effects damage the tissue as well as the sur

rounding ice. Separation of the cells from the hyalin mem

brane was common in these samples and the space was filled 

•t~i th fluid in the hydra ted images. Cell loss (ar r0w l) and 

severe shrin~age (arrow 2) occurred. The blastocoel matrix 

.. 

.. 
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material suffered numerous perforations (arrow 3) which were 

not seen in well preserved material (compare to figure 3) . 

Dehydration is not the result of etching by the elec

tron beam or local heating of the specimen. Figure 20 shows 

a low magnification image of another bead on the same carbon 

stub as the previous specimen. This image was taken immedi

ately following figure 19. The second bead was exposed to 

the beam only long enough to focus the image and expose the 

photographic film: its appearance did not change noticably 

from when the beam first contacted the bead. The Joule

Thompson stage was verified to be at less than -190° C dur

ing the examination of all samples. Although it is possible 

that thermal contact between the stub and stage was poor, it 

is unlikely that this occur~ed with each of the long term 

stored samples, and none of the fresh samples. 

The 

material 

final unique phenomenon in 

is illustrated in figure 21. 

long term stored 

Many embryos cracked 

open during overnight drying. This embryo in the hydrated 

state showed only minor effects from long term storage. The 

frozen Jried specimen exhibited cell loss (CL) as well as 

the aforementioned crack. These cracks appeared preferen

tially through embryos which had been examined with the 

electron probe, as if the sample structure had been strained 

in the examination. The arrow points to perforations in the 

blastocoel matrix. 

-~ 
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~-~ Mapping 

When the signal to the CRT is generated by the x-ray 

detector rather than the Everhart-Thornley detector, it 

becomes possible to record images produced by x rays of a 

selected energy (Heinrich, 1963). In the x-ray imaging 

mode, an area containing a particular element will generate 

x rays at the Kq energy for this element producing a bright 

area superimposed upon the local background at the same 

energy. This imaging mode is accordingly ~ qualitative pic

toral reflection of relative amounts of a particular element 

at specific locations, producing a map of elemental loca

tion. Approximately 4000 counts were accumulated in the 

energy band defined for the element of interest (approxi

mately one standard deviation tt either side of the Kq x-ray 

energy of the element of interest). This produced images of 

acceptable clarity for most elements. Elements which did 

not produce clear images at the 4000 pixel density (10 

minutes for the lowest count rates) did not i~prove notica-

bly if the time was tripled. 

Figure 22 shows an example of two maps produced by this 

technique. The center micrograph is the secondary electron 

i~age of the sampled mesenchyme blastula at the same magnif

ication and orientation as the x-ray maps to either side. 

The first image of figure 22 is a map produced by x rays 

emitted at the Kq energy of Cl atoms. The outline of the 

e~bryo is obvious and the blastocoel is easily detected 
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except in the area where six PM cells were located near the 

vegetal pole. The density of exposed pixels within the 

epithelial ring is representative of the noise level plus 

the relatively low cellular (Cl]. The final frame of figure 

22 exhibits K sequestered within the cells of the 

epitheli~~. A bright ring is depicted at the location of 

the embryo, although it is less well defined than the dar~ 

ring of the Cl image. There are two reasons for this lack 

of definition. First, the K contains a larger Brem

straahlung contribution than the Cl. Second~ the blastocoel 

contains considerable K, obscuring the inner limit of the 

epithelial ring and the P~ cells enclosed within. A shadow 

surrounds the embryo as if the sea water immediately 

adjecent to the cells had beeri depleted of K. 

The maps of Cl and K demonstrate elemental location 

within and surrounding the embryos. The maps showed no gra

dients within the blastocoel although there may be a less 

well Jefined gradient across the basal lamina than across 

the hyalin membrane. Figure 23 shows the corresponding maps 

for ·~a and S. Again the epithelial ring is evident, both 

elements are excluded from the epithelial cells. Because 

all of the images from this mesenchyme blastula display a 

slightly higher intensity in the upper left portion of the 

blastocoel, this cannot be construed as a gradient of any 

particular element and is probably due to the shifting of 

the blastocoel matrix during drying. The S x-ray image is 

difficult to see. Considerable S exists on, between and 
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within cells, and is plentiful within the blastocoel; there 

are no areas of particularly high relative S concentration. 

Also a high percent of the counts within the energy ~and 

defined for S are due to Bremstraahlung radiation. Attempts 

to establish an image at higher magnification failed as 

well. Figure 24 shows the secondary image and correspondong 

S map for 4 PM cells. No variation in relative S concentra

tion between the PM cells and the surrounding matrix is 

identifiable. An increased count would not improve the image 

because of the high noise component within the energy band. 

A number of gastrulae were investigated as well as the 

blastulae and mesenchyme blastulae to explore changes within 

the archenteron or blastocoel_matrix due to secondary mesen

chyme cell migration. Figure 25 displays the Na, Cl, and S 

images of an early gastrula. All three elements were 

excluded to similar extents in the archenteron as in the 

earlier epithelial cells. There was no noticable increase 

in S within or surrounding the invagination. 

was no noticable increase in the S content of 

Also, there 

the matrix 

between the archenteron and the (absent) oral plate. The Na 

and Cl images are presented as verification of the maintai

nance of elemental location. 

Elemental Analysis 

The data collected was divided into six cell types and 

four raster locations: 
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l. Anl l. Cellular 

2. An2 2. Sea Nater (H 20) 

3. Vegl 3. Blastocoel (SC) 

4 • Veg2 4 EC7·1 

5. P~1 

6. Archenteron (Arch) 

Because the raster size and interaction volume resulted in 

sampling volumes of cellular dimensions (250 ~~ 3 ), the data 

labeled EC~, BC and H2o are not represent~~ive of the con

centrations within the EC~, basal lamina and blastocoel, anJ 

hyalin membrane respectively, but rather the result of sam

pling volumes overlapping these zones. Often the increases 

or decreases in concentration (compared with the cell 

volume) may be m~sleading due to local changes in concentra-

tion on the plasma side of the me~brane. P/B ratios from 

these areas however may be used to verify the accuracy of 

the interaction volume location since significant differ

ences in concentration should be detected when the sampling 

volume overlaps extracellular spaces. Figures 26, 27, and 28 

present the results of such comparasons. The minimum number 

of embryos sampled for each bar was 3 and the ~inimum number 

of ?Oints per area type per embryo was also 3 (a ~inimum of 

6 degrees of freedom). Error bars represent one standard 

error of the mean (sem). These errors are large because of 

variation between individual embryos. The student's t-test 

~as applied to affirm significant difference between points: 
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(Remington and Schork, 1970). The level of confidence was 

set at 80%. Because of the eli~ination of data points 

according to the previously listed criteria, some of the 

area types and cell types did not provide the acceptible 

minimum number of points. These are represented as blanks 

in the bar graphs. Figure 26 shows the K PIB ratio varia-

tion according to beam location in mesenchyme blastulae. 

Because K is sequestered within the cells of the epithelium 

(see figure 22), the highest PIB ratios should result from 

cellular vol•1mes (C). With the exception of the An2 cells 

(where the H2o and ECM PIB ratios not significantly higher} 

and the Veg2 cells the cell volumes produced the highest PIB 

ratios. Because the K pumps are located in the cell mem-

brane ,. the concentration of K may be higher close to the 

membrane. The overlapping extracellular volumes will yield 

falsely large K levels which appear close to the cellular 

levels. The sea water/C/HES matrix may exhibit large varia-

tion within or between cell types due to the presence of 

large ice crystals which have removed elements from one or 

more microvolumes. This can be verified by showing that all 

elements sampled from that area follow the same pattern. 

The blastocoel (BC) side of the Vegl cells is significantly 

lower in K concentration, but the blastocoel side of the 

• 
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Veg2 cells is not. This is likely because the Veg2 BC 

volume overlaps both the Veg2 and P~ cells, but the Vegl ac 

volume overlaps only one cell membrane. Figure 27 presents 

a similar comparison of S values. Variations in s are more 

dramatic than those inK because of the ceilular variation 

~oth in sequestration and pericellular secretion. While the 

cellular concentration of S is equal to the highest values 

in three cell types, it is significantly lower in the Veg2 

cells. The S content of the Veg2 BC volumes equals the 

other 3 intracellular volumes. The sea water side of the 

epithelial ring registers low S concentration although vari

ation is large again. There is no significant difference 

(less than 70% confidence) between cellular and ECM volumes 

':lhereas the differences between the vegetal .BC and cellular 

volumes are significant at the 99% level. Figure 28 shows 

the same arrangement of data taken from the early gastrulae 

(EG). The Anl and An2 cell volume S P/9 ratios are signifi-

cantly different (97.5% confidence) and the Vegl cells are 

significantly higher than the An2 cells (99.5%). The 

differences amoung the Vegl cell volumes are not significant 

( 75% confidence); the variation between ac and cellular 

volumes in the Veg2 cells is significant at the 80% confi

dence level, while the difference between the EC~ and C has 

90% confidence level . 

The next series of bar graphs shows elemental variation 

corresponding to Jifferent developmental stages organizing 

the data according to cell type (content vs. stage). 
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Significant changes in K P/B ratios during development \vere 

discovered in the Veg2 cells (figure 29). The increase from 

blastula to mesenchyme blastula stage was significant at the 

80% confidence level and the increase from mesenchyme blas

tula to early gastrula was significant at the 95% confidence 

level. Other increases were not significant (below the 80% 

level), but the decrease in the Anl early gastrula volume 

was significantly different from both the ~esenchyme blas

tula and ~n2 early gastrula volumes (at the 90% confidence 

level). The blastula P/B ratios were low with the exception 

of the presumptive PM cells. The K P/B ratios throughout 

the 3 stages and 5 cell types re~ained consistantly close to 

a value of 0.22. 

The cellular S data (figure 30) present very difierent 

relationships. The S content of Anl cells in blastulae is 

low and is significantly different from the Anl cells at 

later stages as well as the other cell types of the blastula 

stage (at least a 95% level of confidence). The An2 and Vegl 

cells, which do not undergo extreme morphological differen

tiation, sho~ no significant differences with stage. The 

Veg2 cells display two shifts in S content. The content 

drops as the cells pass through the mesenchyme blastula 

stage and rises again to a level higher than the first ratio 

~t the gastrula stage. The decrease inS from blastula to 

~esenchyme blastula in the Veg2 cells is statistically sig

nificant ( 95% confidence level) as is the sujsequent 

increase (at the 97.5% confidence level). The increase in 

.. 

.. 
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the gastrulae over the blastulae is also significant (80% 

confidence). The presumptive PM cells of the blastulae 

presented a high S concentration with impressively little 

variation. There was only one sucessful sampling of a P~·1 

cell volume from the mesenchyme blastula. This point does 

not meet the requirements of a minimum 6 degrees of freedom, 

but because the P/B ratio recorded was low (0.03), the PM S 

content may be less than that of the presum?tive P~. The S 

content of the PM surrounding the archenteron is the second 

lowest intracellular S level detected (second to the Anl 

cells). Although the data for intracellular P appears to 

follow the sa~e trends, the differences in most cell types 

are not statistically significant (figure 31). The An2 and 

Vegl cells show significant increases (90% confidence) and 

the ~ content of the blastula Anl cells, like the S content, 

is low. 

An exa~ination of the changes in Ca with development 

(figure 32) displays 4 significant variations from a P/3 

ratio value of 0.017. The large content of the Anl cytosol 

(the increase above 0.017 is significant at the 93% confi

dence level) is verified by the adjacent BC (~ean ~/3 = 
0.0~3) and EC~ (mean P/B = 0.030) ratios. The Vegl cells of 

the mesenchyme blastula and the archenteron of the early 

gastrula contain significantly less Ca than other cells 

(97.5% confidence). The PM cells of the early gastrula will 

soon begin to lay down the calcium carbonate skeleton of the 

?luteus, and ~auld be expected to reflect a high 
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concentration of Ca in preparation for that event. This 

1 arge concentration of Ca ·.vi thin the P:'·1 filopodia has been 

recorded at a later stage, after the skeleton had begun to 

form. The content of the early gastrula PM cells is however 

significantly lower than the presum9tive PM cells' content 

and the avera3e P/B ratio for this element (both at 90% con

fidence) • 

If the S content of the sampling volumes which included 

blastocoel, basal lamina and basal portion of the cell (BC) 

are correlated with embryonic age, relationships different 

from those of the cytosol contents are discovered. These 

are therefore presumed to vary because of the basal lamina 

and blastocoel matrix. Changes in P/B ratio from one stage 

to another cannot be considered valid unless the correspond

ing cell volume P/B ratios were constant or opposite in 

Jirection during this transition. If the extracellular 

change is significantly different from the adjacent cellular 

pattern, the change is assumed to have occured in the small 

fraction of the sa~pling volume occupied by the blastocoel 

material. Figure 33 contains error bars which are consijer

ably larger than those of previous graphs because of the 

variation in local extracellular S. If the sampling volume 

contained a large amount of blastocoel matrix, the S content 

was higher than those volumes which contained little or no 

;natrix. Also, due to the charging phenomena (see following 

Jiscussion), no data were available for 7 of the points on 

the bar graph (locations are consequently blank). The most 
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significant change in S concentration wit~in the blastocoel 

during development is the increase the PM cells exhibited 

during migration and formation of the mesenchyme ring (85% 

confidence level). This increase is opposite the trend of 

intracellular volumes (figure 30). The blastocoel volume of 

the Anl cells is considerably higher than the cellular con

tent (figure 30). There are also significant differences 

amoung the An2, Vegl and Veg2 basal volumes of the early 

gastrulae (80-85%) and no significant differences bet~een 

the Anl blastula and An2 gastrula volumes. The PM cells of 

the mesenchyme blastula stage exhibit a higher extracellular 

S content than the blastocoel side of the archenteron, so 

that unless the PM matrix is shed prior to the gastrula 

stage, this relationship remains between the stable mesen

chyme ring and the base of the archenteron. Because of the 

polarity of the epithelial cells, it is possible that the 

ECM content differs from the basal exudate. 

The final bar graph of this series (fi3ure 34) explores 

the S content of aJjacent cells and intervening EC~ as the 

e:nbryo ~atures. The large s~~pling volume chosen to elim

inate fluctuations due to ice crystals overlaps the cell 

volume in all cases. The difference occuring in the Anl 

cells' ECM during oral plate formation is not significant. 

IIowever, a significant increase was found in the cellular 

transition from blastula to mesenchyme blastula (figure 30), 

and the cellular P/B ratio is nearly half of that found in 

the blastula ~C~ sampling volume (see figure 30). This 
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implies an relatively high S ECM concentration during the 

blastula oral plate formation. There is no significant 

difference between the ECM and cellular sampling volumes for 

the mesenchyme blastula stage. The increase in ECM s con

tent of the oral plate zone in the early gastrula is signi-

ficant (99% confidence level}, and occurs while no increase 

was found in the cellular P/B ratio. Although there is a 

small but significant increase found during the transition 

from blastula to mesenchyme blastula in the Vegl cells EC~, 

this trend follows that of the cell volume and may be attri

buted to the cytosol. The increase in Veg2 cell ECM is 

larger but also follows the cellular increase and can not be 

separated from that phenomenon. The PM cells do not have an 

ECM which is distinct from the area overlapping the blasto

coel. The ECM for the presumptive PM cells displays extreme 

variability. 

Figure 35 presents the cellular P/B ratios for both Mg 

and Mn. Comparasons cannot be made between the right and 

left halves of the graph, as two different conversion fac

tors (f) need to be derived to arrive at the concentrations 

for these t~o elements. Although the P/B ratios are simi

lar, the concentrations may be different. The Mg content 

exhibited by the Vegl cells is significantly lower than both 

the Anl (at the 97.5% confidence level} and Veg2 (at the 90% 

confidence level} cells. The decrease in Mg as An2 cells 

pass from the mesenchyme blastula stage to early gastrula 

(80% confidence} and the increase in the Vegl cells (90% 

• 
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confidence) during the same time are both significant, and 

the cellular content is thereby equalized in the gastrulae. 

Only the PM cells of the gastrulae exhibit a small but sig-

nificant increase in ~n (80% confidence level). There are 

similar si9nificant changes in .1\n2 cells during development 

from mesenchyme blastula to early gastrula. The mesenchyme 

blastula PM readings are below the detection level of the 

aparatus, althou3h the required minimum 6 data points were 

received and other P/B ratios collected. 

The final series of bar graphs compares P/B ratios for 

cell volumes and extracellular spaces as the sampling cir

cumscribes the embryonic epithelial shell (content vs. loca

tion). Figure 36 shows a dramatic increase in the S content 

along the blastocoel wall as the interior of the mesenchyme 

blastula is examined, with the highest content occuring at 

the vegetal pole. No data was available for the Anl cells 

and only 1 datum point was available for the An2 cells (P/B 

ratio= 0.04). The steady increase inS is not repeated in 

either the EC~ samplings, or the cellular volumes. In fact, 

the EC~ ~etween Veg2 cells appears to contain less S than 

that found elsewhere ·,o~ithin the mesenchyme blastula (85% 

confidence level). The cytosol P/B ratios do not vary siJ

:1ificantly from each other or from their respective EC:·1 

:neasurements (the level of confidence for the Ve·32 decrease 

is only 70%). 

The following figure (37) exhibits the same correla-
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tions for jata received from early gastrulae. All of the 

P/B ratios increase from the mesenchyme blastulae P/3 ratios 

(figure 36), which agrees with earlier studies (Kinoshita 

and Saiga, 1979, Kinoshita annd Yoshi, 1979, Sugiyama, 

1972). The S gradient seen in the mesnechyme blastula blas

tocoel is no longer present. The low P/8 ratio recorded from 

the Vegl cells is significant at the 80% confidence level, 

and the other apparent variations are insignificant fluctua

tions. A comparison of figures 36 and 37 suggests an 

increase in animal pole blastocoel S, while the vegetal ?Ole 

remains nearly constant. The increase in the Vegl and Veg2 

blastocoel P/B ratios is about the same, whereas the 

increase in the An2 P/B ratio is large. The volume contain

ing the ECM presentej fairly consistant P/3 ratios regard

less of embryonic location. The measurement from the 

archenteron is not significantly lower than other ~C~ P/8 

ratios. The measurement from Anl ECM is larger than other 

EC~ (at 95% confidence), and larger than Anl cellular P/8 

ratios (at the 97.5% confidence level). This increase 

preceeds archenteron fusion. The cellular samplings show 

small ~ut significant increases in the Vegl and Veg2 cytosol 

S. The Veg2 increase occurs during a perioJ of extracellu

lar stability. This may imply a small decrease in the 

extracellular S. The P~ cytosol is comparatively low, yielJ

ing S P/B ratios reminiscent of mesenchy:ne ~lastulae cellu

lar ratios (see figure 36). The cellular volumes now mimic 

the blastocoel trends seen in the mesenchyme ~lastulae, as 

.. 
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if the cells are accumulating the S previously shed into the 

blastocoel. The final graph compares P content as the sam

pling circumscribes the the embryo (figure 38). The 

a9parent increase in the P content of the blastocoel volume 

of the PM cells is significant (80% confidence level), but 

may be due to the intracellular variation. Data from the 

mesenchyme blastulae did not provide sufficient points for 

an intracellular analysis of the PM cells. The increase in 

ECM of the An2 cells is significant (95% confidence) and 

occurs in the absence of a similar intracellular increase. 

The increase in the intracellular volume of the Anl cells is 

also statistically valid (90% confidence). Other P/B ratios 

are stable and clulster around a P/B ratio of 0.05. 
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Discussion 

~orphology of Frozen Hydrated and Frozen Dried Tissue 

A number of techniques have been em?loyed in the 

?reparation and examination of frozen hydrated biological 

samples, the particular technique selected depending U?On 

the type of analysis performed. This experiment was 

designed to examine the elemental composition of fully 

hydrated Strongelocentrotus purpuratus embryos, and to com

pare that composition to the morphogenetic behavior during 

develop~ent. For this reason, Marshall's (1979) techniques 

for freezing bulk samples on solid nitrogen, fracturing the 

samples and examining them without etching were employed. 

When the beads are properly fractured, the surface is flat 

Nith small deviations in height where the fracture plane has 

been diverted to run along easily fractured material such as 

intercellular spaces. Figure 39 presents two stereo pairs, 

taken at a 20° paralax. If the knife scrapes across the 

surface of the bead the only variations in height are caused 

by irregularities in the edge of the blade. This is illus

trated in fi3ure 39b. A small area of fractured surface can 

je seen sloping off the normal surface. On this face, 

e~bryos are obvious. No embryos can je seen on the normal 

?lane, although the usual number could je i1entified in t~e 

dissecting microscope of the preparation chamber. Because 

t~is is a difficult technique to master, many investigators 

have chosen to rely upon si~pler techniques for more ra9id 
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results. ~hen elemental concentration is not of concern, 

the tissue may be radiantly etched to expose structures 

lying on or below the shaved surface by removing the surface 

fluids. This technique has been applied ~y Echlin (for 

example see Echlin et al., 1979) and Carr (for example see 

Carr et al., 1983) among others (Le·.vis and Pawley, 1979, 

Hooketal., 1980,Bastackyetal., 1983), and is illus

trated in figures 11, 12 and 42 of this thesis. An alterna

tive etching method heats the sample by conduction (Gardner 

et al., 1979, Bullock et al., 1980, Read et al., 1983). 

Because this method heats water throughout the sample, the 

recrystalization and density changes are more severe. 

Although cells retain a hyJrated·rnorphology both of these 

techniques alter the size and shape of the interaction 

volume (~arshall, 1981). The resultant change in size and 

shape would not result in a significant change in P/B values 

from lightly etched standards (Echlin and Taylor, 1985) 

because of the homogeneity of carbon and suspended salt 

~eads. The large raster size utilized during examination of 

biological sa~ples to avera3e over ice crystals and 

com?ressed salts is approxi~ately equal to cellular dimen

tions. An enlar3ement of the interaction volume could 

result in expansion beyond the cell membrane. Reliable 

location of the interaction volume is essential for reprodu

cible x-ray data. Furthermore, the depth of the etch cannot 

be regulated with acce?table accuracy. The extent of water 

removal is estimated by th~ height of the remaining artifact 
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after the etch ~as been completed. Regulating the duration 

of heating only approximately matches the depth of etch from 

sample to sample. To avoid the potential for unsystematic 

error in the sampling volume, this experiment used only •t~ell 

fractured samples which did not require ice removal. 

Sru~ples were not coated with electron conducting 

11aterial (recommended by ~ei, 1974, Koch, 1975 and Echlin 

and Burgess, 1977). Although most coating metals cannot be 

used on biological samples from ,,.,.hich compositional informa

tion is sought, alternative materials have been used sucess-

fully to conduct excess charge. 2chlin et al., (1979) 

employed the evaporative coating module of the preparation 

chamber \.,.hich ·,o~as used in this experiment to apply -::arbon 

film on the surface of frozen hydrated Lemna minor roots. 

They found this proceedure sufficient to prevent charging 

under most examination proceedures. Unfortunately, the eva

poration temperature of C is 3000° c. Heating the c to this 

temperature results in radiant heating of the sample which 

is reflected in the P/B ratios, although the surface may not 

appear etched (Schlin, unpublished results). Echlin has 

since abandoned C in favor of Cr (Echlin and Taylor, 1985) 

to avoid etchin3. Marshall and Carde (1983) coat their sam

ples with Be. This element evaporated at low temperature but 

i3 highly toxic and must be used with extreme caution. The 

present experiment avoided radiant heat from coating 

?rocesses by ?lacing the specimen in conducting material 

prior to freezin~. Jy surrounding the embryos with a C 
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matrix, charge could be dissipated through the bead even at 

the relatively high currents required for quantitative 

analysis. Two nota~le exceptions occurred. First, the 

interiors of the embryos tended to collect charge and 

second, ~aterial stored longer than three months experienced 

charge buildup. 3ecause of problems incurred within the 

blastocoels of the sea urchin embryos, this technique of 

emDedding a sample within a conducting material is not 

recommended for large samples of ~ulticellular construction. 

The temperature of the specimen shuttle was continu-

ously monitored except during transfer from the LN 2 to the 

!?reparation cham~er. The stub 'tlas housed ·t~ithin a precooled 

transfer device initially at L~ 2 temperature, and the sur

face to ae examined was not exposed until after the bead had 

been fractured. It is unli~ely that dehydration of the 

embryos examined occurred prior to interaction with the 

electron probe. During electron ~ediated examination, the 

stage temperature was monitored and verified to remain below 

-185° c. Dehydration effects were not visible under the 

electron beam ('tJith the exception of the damaged tissue 

noted earlier). There was no loss of structures such as t~e 

1 ~m beads in figure 6, demonstrated to be suceptible to 

loss during dehydration, or ex~osure of previously hidJen 

structures (such as the PA cell in figure 19) in sam,?les 

=lassified as acceptable for quantitative analysis. 

Dehydration also occurs by energy transfer from the 

·>'r ,, 
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electron beam. The tissue ~ay appear hydrated while suffer

ing a loss in density which results in poor definition of 

the sampling volume. As tissue dehydrates, the absorption 

factor decreases and the interaction volume increases. 

Although this loss might be detected through careful 

stereology, a more straight forward quantitative ~ethod N3S 

chosen for this experiment. The increase in x-ray yield was 

calculated by collecting data from 5 blastulae for extended 

times. ·rhe normal examination time for each datum point, 

100 seconds, was extended to 200 seconds. The number of x 

rays detected per second (count rate) was recorded at 25 

second intervals. The mean values of recorded counts are 

plotted in figure 40, and the least squares slope indicated. 

There is a linear relationship between count rate and col

lection time up to the 200 second limit (Pearson's R = 

0.81106), indicating a 20% increase in count rate during 

that period. If calculated using only the data up to 100 

seconds, the slope is not altered, indicating a 10% increase 

in count rate during experimental data collection. Twenty 

five points were recorded from fully frozen hydrated embryos 

and from their frozen dried form. The yield from the dried 

sa-nples was 91% greater than the hydrated sa.nples. These 

results i~ply an insignificant dehydration under the beam's 

influence during normal data ~ollection. The P/3 ratio is 

also sensitive to dehydration of the sample. ~ater 

molecules are responsible for much 

radiation in hydrated samples. 

of the Jremstraahlung 

As water is removed, the 

... 

.. 
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0ackground of the x-ray spectrum is greatly reduced (Gul

lasch and ~auffmann, 1974, Saubermann and Echlin, 1975, 

Fuchs and Lindermann, 1975, Dorge et al., 1975, Saubermann 

et al., 1977). At the same time, the characteristic peak is 

increased because of reduced characteristic x-ray absorp

tion. The result is a rapidly increasing P/B ratio (Gupta 

et al., 1976, Echlin, 1978, Gupta and Hall, 1981). Figure 

41 illustrates the changes in P/B ratio for the elements Cl 

and K due to an initial and a repeated 100 seconds of data 

collection. Cl and K were chosen as representative elements 

because their energies are located on the smaller slo?e of· 

the Bre~straahlung curve and they are also close enough to 

the maximum of the curve that the effects of background 

reduction are large. The inserted diagram of figure 41 

illustrates their locations on the background. Although it 

appears from the diagra~ that Cl should experience greater 

variation as the background is reduced, the histogram does 

not reflect this. Cl is volatile under the electron beam 

(Echlin, et al, 1983) and may be driven off as the specimen 

dehydrates. The P/3 ratios from homogeneous standards imply 

a 250% increase for Cl, and a 218% increase for K in dried 

material (Echlin, unpublished results), and larger increases 

have been reported by Lai and Hayes (1980). The P/B 

increase during the second collection, although si]nifi~ant, 

does not imply consi1erable dehydration when compared to 

Jried material. 
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Beads of approximately l ~m diameter can be seen on the 

surfaces of the cells (see figure 6) and within the matrix 

of the blastocoel (see figures 12 and 42) of hydrated 

material. It is possible that these beads are lipid vacuoles 

within the cells; they closely resemble those recorded by 

Carr et al. (1983) i-lithin goblet cells. The embryo depen1s 

upon lipids for nutrition and such granules are plentiful 

within the sea urchin egg. The 30 nm beads are present in 

dehydrated matrix when the e~bryos have been fixed prior to 

dehydration (Kawabe et al., 1981, Katow and Solursh, 1979). 

Lipids are particularly suceptible to dehydration (Barnard, 

1980) and would exhibit behavior similar to the disappear-

ance noted in the dried samples. Lipid beads, however, 

~ould not be expected within the blastocoel matrix. Cellu-

lar blebs examined in the frozen hydrated and freeze dried 

states do not appear suceptible to dehydration (Finch, 

1985). IE the beads location results from the extension of 

matrix over the cell surface, their ap9earance Doth on the 

cell and within the matrix is understandable. Furthermore, 

if the beads are the same beads described by Katow and 

Solursh (1979) and Kawabe (1981) they are formed of sulfated 

GAGs. This hypothesis could be tested by depriving the 

embryos of so4 (sulfate free seawater, for example) and exa

mining the frozen hydrated specimens. The size jiscrepancy 

between the 30 nm beads identified by Katow and Solursh and 

the l ~m beads presented in figure 12 may be caused by the 

difference 0etween hyjrated and 1ehydrated forms of the ECM. 
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Hascall and Hascall (1981) predict an increase in size of 

hydrated GAG's due to charge repulsion which would produce 

aggregates as large as a small organelle. This estimate 

agrees with the size of hydrated 1 ~m beads identified in 

these sa~ples. Beads were present throughout all cell 

types, although they tended to cluster on the PM cells • 

Since the beads within the matrix were not visible unless 

the surface of the sample was deeply etched, and since this 

experiment was designed to examine fully hydrated material, 

an exhaustive study of these structures, their locations and 

relative densities was not perfor~ed. 

The morphological and physical changes observed in the 

early gastrulae suggest intercellular developmental change. 

Only the cells of the forming gut exhibit evidence of 

increased adhesion during the early gastrula stage; the 

other epithelial cells continue to fracture between cells 

and continue to present easily identifiable cell boundaries 

(figure 9). Blastocoel fluid is not excluded from between 

the cells except in the archenteron wall. If the invagina

tion process were assumed to be the result of changes accur

ring within cells surrounding the orifice of the archen

teron, the cells of the archenteron woul~ be expected to be 

pressed together, but to continue fracturing between cells. 

Since the fracture progresses through and between the 

archenteron cells, the frozen aJhesion between cells approx

i~ates the forces which maintain frozen cellular integrity. 

This sup9orts theories of gastrulation which rely upon 
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autonomous processes within the Veg2 cells of the archen

teron. Gufstafson and ~alpert (1967) proposed that shape 

changes in cells surrounding the archenteron pore could oe 

responsible for the invagination, provided they were accom

panied by decreased and increased ajhesion between cells at 

various times. The changes in morphology of the archenteron 

experienced in the present experiment are not accompanied by 

changes in the rim cells. The osmotic theory of gastrula

tion proposed oy Dan (1960) is not supported by the frozen 

hydrated images because it requires that all epithelial 

cells behave similarly. Recently, Ettensohn (1984) per

formed a variation of the experiment reported by ~oore and 

3urt (1939). He removed the Veg2 cells as early as 16 hours 

after fertilization, and prevented reformation of the blas

tocoel by holding the edges apart with tungsten needles. 

Gastrulation proceeJed as usual within the normal time 

framework, implying an autonomous process within the Veg2 

cells. In agreement with Ettensohn's observations, no gross 

changes in cell shape were observed in frozen hydrated sam

ples of this experiment; only the edges of the cells chanJed 

form whereas the overall shape remained rectanJular. The 

apparent increased adhesion observed in fracturing the 

archenteron may be related to the electron jense bands 

presented by Ettensohn (1984). These bands are located only 

in the vegetal cells of the archenteron and are reminiscent 

of zonulae adherens. Although the present experiment was 

not designed to investigate the invagination process the 
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present evidence suppports the autonomous theories of inva-

gination. 

Analysis of Frozen Hydrated and Dried Tissue Artifacts 

The experimental proceedure described under Materials 

and ~ethods is illustrated in fi;ure 43. The top micro-

graph, 43a, shows the size and locations of 8 data points 

(experimental numbers 303;18-25) taken from this embryo. 

The lower micrograph, 43b, illustrates the transfer of data 

locations to the frozen dried image. This transfer is 

accomplished by overlaying the negatives of the two photo-

graphs and printing a double exposure image as a working 

~rint. Benchmarks from the frozen image are located in the 

Jouble exposure, and the raster is drawn on the workin; 

print. Benchmarks resulting from the dried image are then 

located, and the raster outline is redrawn a third time onto 

the dried image. The magnifications are matched before the 

dried image is photographed by fitting the realtime secon-

dary image to a transparency outline of the frozen hydrated 

sample. The template for raster size matches the actual 

raster plus l ~m for maximum lateral extension of the 

interaction volume. This extension, for ~a (which has the 

lo~est K~ energy and therefore the largest interaction 

volume), was calculated from the formula provided ~y Echlin 

et al. ( 198 2) 

E 1.5- E 1.5 
= 0.0231 [-0--------c---J 

p 
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initial beam 

electron energy, E~ = characteristic x-ray energy for the .... 

element of interest, and p = the density of the sample. 'rhe 

~a? presented in figure ~3b determines that points 18 and 19 

are ·.vell within the cytosol, but point 22 includes the EC:·1 

between the cells containing points 21 and 24. The raster 

labeled 23 contains the hyalin membrane and sea water. The 

reliability of this approach was tested by_comparing the P/B 

ratios obtained from points labeled "cytosol" with those 

containing extracellular locations. Figures 26 through 28 

verify statistically significant differences between these 

locations. Although developmental inferences are difficult 

because the sampling volumes overlap up to three different 

cell volumes, the differences due to extracellular chemistry 

verify the location technique. 

The techniques employed in this experiment produce 

artifacts resulting from hydrated sample preparation and 

examination as well as frozen dried sample preparation and 

examination. Some of these artifacts have been discussed 3t 

le:1gth earlier (for example see Gardner et al., 197'), Lewis 

and Pawley, 1979, Hayes, 1930, Pa·.vley et al., 1980, 3ullock 

et al., 1980, Hook et al., 1980, Bastacky et al., 1983, 

Beckett et al., 1')82, and Read et al., 1983), and ·.vill not 

be repeated here.· Other artifacts particularly ger~ane to 

the analysis of samples ~ithin aqueous environments were 
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addressed in the Results section of this thesis. One addi

tional artifact, believed to be the result of incomplete 

dehydration, is presented in fi3ure 44. Although the C/HES 

matrix appears dried in both samples, the cells appear 

hydrated. These two mesenchyme blastulae are typical of 

e'1lbryos contained in t·v'lo separate samples which ·.vere frozen 

and examined at different times. The cell boundaries are 

vague throughout the epithelium. There is either cell loss 

(at the arrow) or the EC:'1 covering certain cells is exces

sively thick. A horizontal sheath of blastocoel matrix was 

present within all of the blastocoels which contained at 

least half of their original volumes. The dark charging is 

also typical. Because cells divide asynchronously, it is 

unlikely that the poor definition of cell limits is due to 

mitosis. Samples which display these characteristics may be 

returned to the drier for further dehydration or heated 

through conductive or radiative techniques until the images 

appear :nor e typical of dried samples. 

A second artifact signifying severe damage to the PM 

cells Juring ~icroprobe examination deserves further discus

sion (see figures 13 and 45) . This damage '.vas not observed 

in other cell types. Beam intensity and accelerating voltage 

were verified to remain constant during the damaging 

e9isodes. It is possible that the cells were unable to 1is

sipate heat as effeciently as the cells in contact with the 

C/HES ~atrix surrounding the epithelial shell. Dubochet 

(1981) reported a dependence of 'Jisible beam da:-nage upon 
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thermal and electrical conductivity. The PM cells exist in 

an environment quite different from that of the other cells. 

The blastocoel fluid does not appear to contain high ionic 

concentration, but rather to contain a highly ionic matrix. 

The high resistance ice which contains ~ low resistance web 

does not conduct heat (or charge) as readily as the 

C/HES/sea water surrounding the epithelial shell. The 

resistance of ice is approximately 5 nOhm/m whereas the 

resistance of saltwater is reduced to the ~Ohm/m range 

(Hobbs, 1974). Although this study originaliy intended to 

concentrate upon the PM cells and their mi3ratory behavior, 

data fro:n only one P~·1 cytosol in one mesenchyme blastula 

remained valid after the criteria for acceptibility were 

ap?lied. A future solution may be to reduce the beam 

current and accelerating voltage. This reduces the x-ray 

yield and requires a more efficient detector system. A 

model for such a detector exists in the experimental work 

being conducted on annular Hgi detectors which produce low 

resolution spectra, but operate at ambient temperatures 

(Iwanczyk, 1984). A low voltage, low current microscope 

equi?ped with an annular detector and co:nputer enhancement 

program should prod 1JCe acceptable x-ray analyses of 

uncoated, frozen hydrateJ specimens. ~ithout such a system, 

this experiment demonstrates an inherent difficulty in 

attempting to investigate structures which cannot ~e coateJ 

or surrounded with conducting material. This includes cells 

enclosed within structures, such as the P~ cells of sea 
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urchin embryos, and multi layered structures. 

The artifacts unique to samples stored longer than 

three months might be explained ~y a slight shrinkage of the 

C/nES bead away from the carbon stub. The bead would then 

·sit upon the stub, securej by a protrusion into the depres

sion, but no longer anchored to the sides of the depression. 

In this case, fracturing would no longer produce a smootn 

plane, but rather catch and chatter as the bead wobbleJ 

~ithin the confines of the depression~ Xnife chatter, 

compression pits, secondary contact points (ridges) and 

S?Oradic pitting commonly occur ,,.,.hen sa11ples lack f)roper 

stability. Frequent dislocation of the bead from the stub 

~auld also be expected. A number of other artifacts coulJ 

be caused by reduced contact between bead and stub. The 

sample ·,yould accumulate charge, produ-::ing aberrant electri

cal fielJ effects. The heat sink would no longer include 

the stub, shuttle anJ stage. Further~ore, the Joule

Tho~f)son refrigerator would no longer cool the samples 

effectively, resultin3 in sublimation of ice within the 

vacuum of the microscope specimen chamber. Separation of 

t:1e bead fro:n the stub would not explain t><~O remaining 

artifacts indicative of the material stored longer than 

three months: separation of the epithelium from the hyalin 

me11brane and damage to the blastocoel matrix. Similar 

artifacts have jeen noted in stored ~aterial which ~as not 

embed e .J ·,y i t hi n a mat r i x . C a r r e t a l. , (l985b) froze and 

storeJ mouse gut in LN 2 , and later clamped the frozen stored 
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material within a specimen vice for fracturing, coating and 

e~amination. They also also noted changes in P/9 data which 

caused them to conclude that fresh material is advisa~le for 

morphological and x-ray analysis. The introduction of ice 

between epithelium and hyalin membrane and perforation of 

the matrix material could result from ice crystal growth 

within the stored material~ Steinbrecht (1985) has recently 

reported experiments performed with biological samples in 

amorphous ice which explored the effects of heating on cry-
.. 

stal formation and growth. He discovered'a time and tern-

perature dependence which implies that even at very low tern-

peratures (lOOK) ice crystal growth can be considerable over 

long p~riods of time. This crystal growth depends upon 

environment for size and shape. The blastocoel matrix 

suffers numerous small perforations, suggesting the growth 

of many ice crystals originating from small, frequent 

nucleation points. The ice between the hyalin membrane and 

epithelium is smooth and sheet-li~e, apparently following 

the hyalin membrane. Although the cause of the morphologi-

cal deformation remains speculative, any specimens stored in 

LN 2 require careful comparason 

material. 

Charging Phenomena 

with recently frozen 

The occurence of charging noted previously have been 

Jocumented anj the physical basis is understood (Wells, 

1960, 8verhart, 1963, VanVeld and Shaffner, 1971, Pawley, 
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1972, Everhart and Hayes, 1972, ~arshall, 1975, Shaffner and 

Hearle, 1976,). That these effects seldom transpire simul-

taneously in frozen hydrated samples undergoing x-ray 

microanalysis has not been discussed. Figure 46 illustrates 

the electric field set up within and immeiately above the 

sa~ple during the 5 types of charging identified earlier. 

The sampling volume beneath the raster is represented' as two 

metal plates, one on the surface and one at some depth 

within the speci~en. The electron beam supplying electrons 

to the system is analogous to a conducting lead. Because 

the interaction volume extends some distance into the speci

men, the primary electrons tend to accumulate below the sur-

~ace. This is represented by the negative metal plate. In 

a conducting material, these electrons are drained to ground 

(i
9
). The electrons passing through the sample eject secon

dary electrons, which escape from the sample when they are 

~enerated close to the surface. This results in an electron 

depletion region, which is represented as the positive metal 

?late. The escaping secondaries are represented in the fig-

ure as a conducting wire exiting the system Two 

electrical fields are represented: the external field (E ) 
X 

and the specimen field (E ) . In a conductor, figure 4Ga, s 

the Zx equals 0 (ignoring the field set up by the Everhart-

Thornley detector). In order that no charge accumulate 

within the sample, the current entering the sample (i
3

) must 

equal the two currents leaving the sample If 

they do not, the sample oecomes a semiconductor, and charg-
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ing occurs. These cases are of current interest. Figure 

46b, demonstrates the fields set up which contribute to the 

most common type of charging, an increased emission causing 

bright areas in the image {Everhart and Hayes, 1972). Here 

the lead to ground is impaired because of incomplete path-

ways {i is reduced to some small value, e). The actual g 

charge accumulation is small. A small external field, E I 
X 

is generated between the escaping electrons and the surface. 

The trajectory of the secondary electrons can be affected if 

the Ex is accompanied by changes in topography or texture 

(?awley, 1972). A strong, local Ex can occur such that 

secondary electrons are directed bac~ into the sample, 

instead of the detector. This case is de~icted in figure 

~6c, where the deflection current {id) nearly equals the i 3 , 

and both i and i are small. g s Figure 16 illustrates the 

resulting secondary image where the fields are set up by the 

changes between the C/HES matrix and embryo. The transient 

discharge of secondary electrons is caused not by a stronger 

external field but a narrower one (McKay, 1948, Pawley, 

1972), allowing for electron tunneling. Field emission pro-

Juces the resultant sporadic discharge of secondary elec-

trons. The last two schematics of figure 46 address the 

charging conditions detected during x-ray data collection. 

In figure 46e, the Ex may not be significantly altered, but 

the charge separation within the sample results in a large 

E which acts upon the primary beam electrons as they enter s 

the sample (Jrombach, 1975, Fuchs et al., 1978). 8ecelera-
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tion is rapid; the interaction volume becomes pancake shaped 

(Echlin, et al., 1982). A reduction in xray production and 

an increase in backscattered primary electrons occur. The 

number of backscattered primary electrons is proportional to 

the stopping power of the sample (for review see ~iedrig, 

1978). These backscattered electrons cause stray x-ray 

emission from parts of the specimen chamber containing Al as 

>vell as parts of the sample not observed in the secondary 

image. ig is small enough and the work function of 

surface (determines is) is high enough the sample resembles 

an insulator and the resultant Ex may become strong enough 

to affect the beam of primary electrons (:~eitzenka-np, 1969, 

Van Veld and Shaffner, 1971). In this case (figure 46f), 

the Ex will reduce the energy of electrons entering the sam

ple, or deflect the beam along equipotentials so that x rays 

arise from areas of the sample not chosen for examination. 

Because the secondary current is not negatively affected by 

the reduction in V
0

, the secondary image may appear com

pletely normal unless the beam is deflected. Because back-

scatter decreases with decreasing V
0

, a high Al P/B ratio 

would not be expected to coincide ~ith spectra exhibiting a 

truncated bremsstrahlung. Figure 46 demonstrates that eacn 

of these phenomena is explained by Jifferent physical 

states. Although it is not peculiar to observe more than 

one, or for a particular image to exhibit different effects 

at different times, simultaneous chargi~g effects are not 

antici ~Jated. Further .nor e, the recurence of iJentical 
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phenomena at identical locations (beam damage) could be 

explained by the permanent ·alteration of the conducting 

qualities of the biological material. ~onitoring the P/B 

ratio for Al is not sufficient for detecting s~~pling volume 

irregularities. Finally, the importance for developing an 

ade~uate grounding mechanism for s~~ples which are to be 

microprobe analysed cannot be overemphasized. 

Elemental Analysis 

The x-ray mapping proceedure proved to be unsatisfac-

. tory for two reasons. First, the data were collected from 

frozen dried samples. ~aps could not be created from 

hydrated material; the P/3 ratio of any element within a 10 

~m section was too low to provide discernable images. This 

resulted in interaction volumes within the blastocoel at 

least as deep as the blastocoel. The distance an electron 

will travel within a material depends upon the probability 

of interactions which depends upon charge and density. 

Although it is difficult to estimate the density of the 

dried blastocoel, assuming the blastcoel is 90% water, the 

interaction volume for ~a is 131.7 ~m deep at 15 KeV initial 

energy, according to the formula of Echlin et al. (1982). 

To compensate, the accelerating voltage was reduced to 10 

KV. X-ray maps are actually three dimensional projections 

of the blastocoel onto its surface. Gradients may be masked 

because the poles contain l~ss volume and subsequently a 

smaller content. An image within a noisy backg:ound must 
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contain 5 times as many exposed pixels before the eye can 

detect it (Goldstein et el., 1981) • A low concentration 

precludes this criterion unless the ele~ent occurs in small 

pockets of high concentration. rhe signal for ~a, Cl, and K 

is sufficiently high that there is no problem in discrim-

inating the location of the element but gradients may be 

obscured. S and P have high background and are therefore 

more difficult to discern. 

The P/B ratios presented in figures 2~ through 38 exhi

bit large standard errors of the mean. This variation may be 

due to differences betNeen individuals, sanpling locations 

or experimental runs. Since up to 3 embryos constituted a 

continuous experimental run (lasting approximately 20 

hours), and the variations amoung these individuals were as 

large as those from separate runs, it is unlikely that the 

errors arose from variations bet'..veen sai1tpling runs. Further-

.nore, these 3 embryos were often located in a single 

"'/H~'"'/ '"" • c.;;, sea water bead, fixing the physical parameters for a 

?articular run. It is unlikely that differences in topogra-

9hy influenced the errors for t~o reasons. First, the cri

teria for a flat surface normal to the bea~ at 0° stage tilt 

~ere rigidly applied. Second, Statham and Pa~ley (1978) 

showed the P/3 ratio to be relatively independent of local 

topography. The ?/B ratios for a particular ele~ent within 

e.1ch embryo are more consistent. Data of this pheno~enon 

are presented in ta~le 2. T~o elements, P and S, have been 

selected as re~Jresentative. T·..vo celluLu volumes, i\nl a:d 
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An2, and one extracellular point, the ECM, ~ere selected as 

random examples. Under the experimental numbering system, 

200 signifies blastulae, 300 signifies mesechyme blastulae, 

and 400 signifies gastrulae. Individuals ·.vere numbere.j 201, 

202, etc. Averages in table 1 contain all points (minimum 

of 3) from all of the embryos at each developmental stage 

(one embryo for each entry in the lower half of the table). 

Although the standard deviations (SO) throughout the table 

appear si~ilar, it is clear that the variation within an 

em~ryo is smaller when expressed as a percent of the mean. 

The considerable variation within individuals is not 

unusual. Errors as large as 121 resulting from fractured 

surfaces have been predicted by Boekstein (1980, 1985). 

Other authors have predicted slightly smaller errors (Hess 

1980, ~1arshall, 1981, Statham and Pawley, 1978). Large 

variation between individuals has been noted by Echlin et 

al. (1982), and Taylor and E~hlin (1985) in botanical 

material, Carr et al. (1985b) and Fuchs and Fuchs (1930) in 

mamalian tissue. The universality of this phenomeno~ is 

i~pressive and speaks directly against the practice of chem

ical analyses which require averaging over millions of indi

viduals to arrive at ~ellular characteristics. 

The result of correlation matrices comparing chemical 

similarities between cells are presented in table 2. Only 

?oints within the cytosol were compared (extracellular 

points ~ere influenced by variations in the amount of bio

logical material contained in the sampling volumes). A 
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perfect correlation is equivalent to 1.000; any correlation 

over 0.300 is noted (large fluctuations in the data result 

in low correlations). The most striking correlations occur 

between the gastrula P~ cells and the Anl cells, appear in 

three ele~ents (P, S and K) and nearly equal 1.000 in all 

three cases. This correlation suggests that the ~igration 

into the animal hemisphere may alter the PM cells into Anl-

like cells. Gastrulae An2 and Vegl cells (the equatorial 

region of the embryo) correlate in the same three elements 

to a lesser degree (all approximately equal to 0.5). The 

calci~~ content of the Pr1 cells is comparable only to the 

An2 cells. Because the Ca flux within the ~esenchyme ring 

is unique, the specific content of those cells at any given 

time does not reflect i~tracellular function, but rather 

transient concentration during Ca transport to the skeleton. 

At the mesenchyme blastulae stage, the cells in the vegetal 

half of the embryo show correlations although not as high as 

in the gastrulae. The Anl cells are similar to both the 

Veg2 cells (correlations approximately 0.60) and t~e Vegl 

cells. In fact, only the An2 cells of the mesenchy~e blas-

tulae exhibit little similarity to the other cells of the 

epithelium. The blastulae exhibit the greatest deJree of 

variation. The Anl and Vegl cells have similar Ca and P . 
content, possibly a prelude to shape changes as the oral 

?late forms and ingression begins. The only noteworthy 

correlation occurs between the Anl and presumptive P~ cells' 

K content. ~n exhibited no close correlations. ~~ content 
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is similar in the Veg2 and PM cells of both the blastulae 

and mesenchyme blastulae. Table 2 demonstrates that the 

animal and vegetal poles are not necessarily chemically dis-

tinct, nor are any consistent similarities detected 

throughout the three stages investigated. 

For complete analysis, it is necessary to compare the 

correlations in table 2 to figures 26 through 38 (some 

information is not reported in these figures because of cri-

ter ia for a minimum of 3 points per embryo. and 3 embryos per 

type). In the early gastrulae, P, s and K are all lo~er in 

the Anl and PM cells than in the other cells of this stage. 

This is not a sign of systematic error; the S content of the 

Veg2 cells is significantly higher. The An2 and Vegl cells 

of the early gastrulae .,.,'\re not so consistent. The P content 

is higher than in the remaining cells, but the S and K con-

tents are in the midrange. In the mesenchyme blastulae, the 

An2 cells, yielded apparently lower P/B ratios for P, S and 

K. The differences however are not significant (less than 

70% confidence for each). In the blastulae, Ca is higher in 

the Anl and Vegl cells, but P is lo~er. The Anl and 

presu:nptive P'1 cells are high inK. The An2 and Veg2 cells 

are high in P. 

Divalent cations, ca+ 2 , ~g+ 2 and ~n+ 2 , have been impli-

cated in a number of proliferative and differentiation 

events. Balk et al. (1879) reported that Ca or ~g ions 

must rise above a critical level to initiate fibroblast 
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replication, and it is apparently this activity which lacks 

control in neoplastic cells. Levenson and Housman (1980) 

reported that ca+ 2 is necessary for erythroid differentia-

tion as a triggering mechanism; Hennings et al. (1980) 

reported the effect of ca+ 2 on the terminal differentiation 

0f mouse epidermal cells, and 3riJges et al. (1981) 

reported similar effects in erythroleukemia cells. Others 

have also reported that ca+ 2 is involved in cell prolifera-

tion (Sawyer and Cohen, 1981, l'linkler et al., 1980). 

Y1etcalf et al. (1980) reported a large ca+ 2 influx associ-

ated with Con A introduction. Embryonic induction effects 

were reported by Takata et al. (1981). With the exception 

of Balk et al. (1979), the above work found ~n and Mg not 

to be suitable substitutes for Ca in the processes under 

investigation. In fact, ca+ 2 and Mg+ 2 often appear ant a-

gonistic. They are nonetheless all involved in the con-

struction and maintainance of the cytoskeleton which has 

implications in differentiation and proliferation (for exam-

pl e see Roberts and Hyams, 1979, weeds, 1981, Inoue, 1981) • 

Grinnell (1978) reported that high concentrations of ~n 

enhanced adhesion (even in serum free cultures). High con-

centrations of these ions may signify a particular cell has 

a potential for differentiation, division and intracellular 

rearangements, although this experiment does not differen-

tiate between free and bound states. Processes which jepend 

upon transmembrane influx of ions appear only during the 

transient increase, and cannot be separated from cells with 
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long term high content (although the deviations will most 

likely be large). 

Another ionic mechanism associated with cell differen-

tiation and proliferation is the Na/K flux across the plasma 

membrane. Rozengurt et al. (1981) reported that increased 

Na+ entry into quiescent mouse (Swiss 3T3) cells stimulated 

DNA synthesis, and :1endoza et al. (1980b) showed that vas-

sopressin, a powerful mitogen, stimulated the Na+;K+ pump. 

This evidence suggests that aNa+ influx triggers the Na+/K+ 

pump and results in proliferative activity. Furthermore, 

one might expect a subsequent increase in K as the influx is 

removed. Mendoza et al. (l980a) indeed found an increased 

86 Rb uptake stimulated by serum and verified increased 

intracellular K+. The verification of increased intracellu-

lar K is important to the experiment reported herein 

because, although many authors have reported a Na+ influx 

associated with proliferative effects (Koch and Leffert, 

1979, Moolenaar et al., 1981, Rozengurt et al., 1981) the 

detection of Na is difficult in hydrated material. Because 

hi;h K is also implicated in cellular adhesion (Rappaport 

1971) interpretation of the P/B changes must be made cau-

tiously. 

The P content of the cell may be associated with the 

energy potential, which is separate from the cytoskeletal 

activities requiring the previous elements. The majority of 

P is contained in cyclic nucleotides, nucleotide phosphates, 

.. 
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high energy glycolysis products (PEP, etc.), creatine phos

phate, and so on. Thus a cell presenting a low P P/B ratio 

might be less active metabolically than a cell with a higher 

content. This simplistic view is complicated by the fact 

that cyclic nucleotides have been implicated in differentia

tion and proliferation (Brooker et al., 1979) and protein 

phosphorylation (Pawson et al., 1980, Kurth et al., 1981). 

The investigation of S within the cell and ECM has 

enjoyed recent popularity among developmental biologists. 

Extracellular S, in the form of so4 moieties attached to 

glycans within the blastocoel matrix and ECM, has been 

implicated in translocation of the Pr1 cells (Gibbins et al., 

1969, Karp and Solursh, 1974, Katow and Solursh, 1981), cel

lular adhesion (Sugiyama, 1972, Laterra et al., 1983) and 

ingression (Akasaka et al., 1980, Mizoguchi et al., 1983). 

Heparin sulfate, chondroitin sulfate and dermitan sulfate 

appear in the basal lamina and basement membranes of various 

organisms (Hay, 1981) including the sea urchin embryo (Katow 

and Solursh, 1981, Solursh and Katow, 1982). Intracellular 

S may either be in the process of exocytosis (Roff et al., 

1983, A:-<asaka and Terayama, 1980), or may be destined for 

intracellular functioning (Kinoshita and Saiga, 1979, 

Kinoshita and Yoshii, 1979, Furukawa and Bhavanandan, 1983). 

The intracellular P/8 ratios will be accordingly compared to 

the extracellular P/B ratios at both the concurrent stage 

and the subsequent stage (for blastulae and mesenchyme blas

tulae) for a qualitative evaluation of the final destination 
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for intracellular s. 

A review of the previously reported clustering with 

respect to the physiological events reveal interesting 

trends. At the blastula stage, the similarity of the Anl and 

Vegl cells which exhibited high Ca P/B ratios was noted. 

The Anl cells, which are elongating to form the oral plate, 

would require elevated Ca for the increased contact and 

cytoskeletal activity involved in the elongation process. 

It is surprising that the Vegl cells contain increased Ca at 

this time. The conclusion that the An2 and Vegl cells are 

actively thinning is unlikely because there is little corre

lation between those two cell types. It is possible that 

the Vegl cells were actively dividing at the time of freez

ing. Tt~ reported large deviations would be expected in a 

population of dividing cells because of influxes and varia-

tions between dividing and quiescent cells. Cell division 

becomes asynchronous at the fourth division, possibly due to 

the difference in cell size (Gufstafson and Wolpert, 1967). 

Low metabolic activity would be expected for nutritional 

conservation and, in fact, the P content does not vary 

widely throughout the three stages examined. It is not 

surprising that the Veg2 and presumptive PM cells contain 

similar ~g, as they are under3oing similar morphological 

rearrangement prior to ingression. The S content of the 

Veg 1 and pres urn 9ti ve P:1 cells is s i gni f ican tly higher than 

the other cells of the blastula, a result which agrees with 

earlier reports of the presumptive PM cells and associated 
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highly sulfated ECM (~·1otomura, 1960, Sugiyama, 1972,). The 

high content of the Vegl cells was not expected. Because 

the local basal lamina and EC~ of the mesenchyme blastulae 

exhibited unchanged levels of S it appears that this S is 

not extruded from the cell between the blastula and mesen-

chyme bl3stula stages. The final destination of the S 

within the Vegl cells must be intracellular. The S content 

of the Vegl cells drops insignificantly in the mesenchyme 

blastula data (it remains the highest intracellular level of 

that stage as well) and returns to the blastula level in the 

early gstrula, also implying that the S remains within the 

cells. 

The An2 cells of the mesenchyme blastula stage are the 

only cells within the epithelium which appear to have dif-

ferent elemental content, but their variations are not sta-

tistically significant. The data imply a moderate activity 

for the mesenchyme blastula ectoderm. The low S content of 

the Veg2 cells is also not significant (75%), but may sug-

gest a lower sulfated GAG secretion during the mesenchyme 

and early gastrula stages, a conclusion which is supported 

by the basal lamina and ECM data for these two stages. The 

basal lamina over the area destined to become the archen-

teron may be disintegrating during the mesenchyme blastula 

stage, and is absent over the archenteron (Ettensohn, 1984). 

The slight increases in these sampling volumes during the 

early gastrula stage is due to the overlapping of the volume 

into the cytosol, which experiences an increase in S. The 

-~ -: :._, 
.• ·~.1~ 
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vegetal pole of the mesenchyme blastula blastocoel has been 

reported to be heavily sulfated (Akasaka et al., 1980). In 

view of these results, the majority of the sulfated proteo

glycan within the blastocoel matrix is the product of the P~ 

cells. This is further supported by the (single) low S con

tent of a recently extruded P~ cell (P/B = 0.021). 

Apparently, the S within the presumptive PM cell is secreted 

into the pericellular material during 

transferred to the blastocoel matrix. 

ingression and then 

The S content of the 

early gastrulae is again at or below average. 

At the gastrula stage, the P, S and K content is again 

consistent, particularly in the equatorial zone. The A~l 

and PM cells exhibit lower quantities, signifying less exo

cytotic activity (of S) and less metabolic ac~ivity. Ca is 

apropriately low in these cells, if the abov~ hypothesis is 

correct. This is an unexpected result for the PM cells, 

which are known to be elaborating filopodia prior to 

intertwining and laying down the calcium carbonate skeleton 

of the pluteus (Inoue and Okazaki, 1977, Harkey and Whitely, 

1980). A preliminary hypothesis for this low Ca reading may 

oe that the Ca is sequestered within the filopodia, which 

were not examined in this experiment because of the resolu

tion limits of the sampling volume. The Veg2 cells and the 

PM cells showed higher K as well. This result might seem 

incongruous in the PM cells, which are not dividing at this 

time, but the P/B ratio is no greater than that of the 

presumptive PM. It is likely that the K content is 
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associated with filopodial activity: the invasion of the 

basal lamina at the late blastula stage and the formation of 

the syncitial cable at the gastrula stage. This conclusion 

is supported by McCarthy and Spiegel (1983a), who reported a 

requirement for horse serum at this precise stage of 

development in the PM cells. If the serum is not provided, 

the syncyti~~ will not occur. Serum has been implicated in 

the activation of the N a+ /K+ pump n1endo za et al., 1980, 

~1ool enaar et al., 198 1) • The high K content of the Veg 2 

cells however more likely reflects proliferative activity, 

supporting the claims of Agrell (1953) and Ettensohn (1984). 

The present data do not support Agrell's conclusion that all 

of the cells of the epithelium are undergoing division, but 

demonstrate relatively high K only in the vegetal cells 

(particularly surrounding the archenteron pore). This would 

imply a proliferative variation of invagination where addi

tional cells are passed into the archenteron. Ettensohn 

reported that the cell number of the archenteron nearly dou

bles (from 66 to 120 in Lytechinus pictus) during invagina

tion. 

The correlations displayed in table 2 suggest the 

hypothesis that cells exhibit chemical contents within a 

physiological range, and cells at the upper and lower limits 

of the range will have high correlations. Similarity in 

content does not necessarily imply similarity in function. 

Cells which may have similar functions in the blastulae are 

the An2 and Veg2 cells. The ectoderm of the mesenchyme 

• .~ '1 
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blastulae appears to be functioning as a unit~ The equa

torial cells of the early gastrulae continue to function 

similarly. Other similarities appear to be coincidental, 

caused by high or low activities producing different end 

products. 

Other cell functions and morphogenetic trends do not 

appear in clustering patterns. A significant increase in 

the amount of K (figure 29) within the Anl cells occurs 

between the blastula anJ mesenchyme blastula stages. 

Because this occurs during elongation of the oral plate the 

higher K content suggests increased adhesion (Rappaport, 

1971) during elongation. Although the Ca content decreased 

during this same period, the data for the blastula stage 

exhibited large variability, which may be related to 

transmembrane flux and the hatching process, rather than 

cytoskeletal activities. Like the mesenchyme blastula Anl 

cells, the mesenchyme blastula and early gastrula Vegl 

cells, the early gastrula Veg2 cells, and the early gastrula 

PM and Arch all produced relatively high K P/B ratios (above 

0.2). ~ith the exception of the v~getal cells, all of these 

cells are undergoing obvious shape changes, which implies 

that K influx is associated with differentiation initiation. 

However, it is possible that the increase inK within the 

vegetal cells of the early gastrula is associated with prol

iferation. 

The Ani cells contain significantly less S prior to 
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elongation of the oral plate. Because S of the ECM and 

basal lamina is concurrently high, it may be that S is pass~ 

ing through the Anl cells rapidly enough that cellular con

tent remains low. The presumptive PM cells contain high s 

content; the blastocoel and ECM volumes read low at this 

stage. The extracellular S surrounding the PM at the mesen

chyme blastula stage {labeled "BC" rather than "EC:1" because 

the sampling volume overlaps the blastocoel and not a neigh

boring cell) increases significantly after ingression and 

intracellular S decreases simultaneously. This strongly 

suggests a shedding of the S into the blastocoel. Extrusion 

of S from the Veg2 cells into the ECM takes place during 

ingression as the Veg2 cells migrate into the space previ

ously occupied by the mesenchyme. Intracellular S falls 

between the blastula and mesenchyme blastula stages and 

rises again by the early gastrula stage. This semi

quantitative analysis agrees with the qualitative descrip

tion provided by Sugiyama {1972). 

In the blastula, the P content of the animal cells sug

gest a higher metabolic rate than cells of the vegetal pole. 

The P content of the Anl cells of the mesenchyme blastula 

sta3e increased over the blastula content, but in the early 

gastrula the Anl, An2 and Vegl cells may all experience 

increased metabolic activity. Bedard and Brandhorst (1982) 

reported that 20% of the S. purpuratus protein synthetic 

rates change during development, most of the changes result

ing in 10 to 100 fold increases in synthesis. They reported 
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that most of the new material first appears between hatching 

and ingression, with another occurance prior to invagina

tion. Figure 31 illustrates a progressive increase in P 

incorporation into the embryos, perhaps reflecting the syn

thesis of new proteins. It is interesting that the animal 

half of the e~bryo seems to bP more metabolically active. 

The Ca P/B ratios illustrated in figure 32 are closely 

clustered, with the exception of high Anl content of the 

blastula stage, and the low ratios of the early gastrulae PM 

(due to either rapid efflux or filopodial sequestration) and 

the archenteron cells. The low Ca of the archenteron 

strongly implies passive invagination. Considering the data 

from the Veg2 cells, which implies proliferation, growth and 

differentiation, it is likely tha', the archenteron is pushed 

up into the blastocoel by the Veg2 cells. 

Figure 36 shows the P/B ratios obtained in mesenchyme 

blastulae (analysis of the blastulae was not possible due to 

the paucity of information from the An2, Vegl and Veg2 

areas) from the blastocoel and basal lamina volume, the cell 

volume, and the ECM volume. Although the Anl volume data 

for the blastocoel was not presented, the S tended to be 

moderate in the 2 embryos from which data was sucessfully 

obtained. A gradient of increasing S toward the vegetal 

pole is obvious. On the other hand, the ECM S remains con-

stant. The lower reading from the Veg2 ECM is due to the 

low intracellular content since the sampling volume overlaps 
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that area. The cellular S content of the mesenchyme blastu

lae also does not vary, with the exception of the sli3htly 

lower reading from the Veg2 cells (not statistically signi

ficant). Possibly because the P~ cells actively secrete S 

into the vegetal pole blastocoel, it may be unnecessary for 

the Veg2 cells to duplicate this process. Horstadius (1939) 

found that in embryos deprived of micromeres, the macromeres 

(ancestors of the vegetal cells} performed functions nor-

mally performed by the PM. Horstadius postulated that the 

embryo attempted to maintain a physiological gradient, a 

vegetal/animal gradient. According to this theory, if the 

P~ cells were removed from the blastocoel, the Veg2 cells 

may begin to take up and secrete S to compensate for their 

loss. Figure 37 shows the change incurred in these profiles 

by the early gastrula stage. The gradient within the blas

tocoel has vi;tually reversed. The information from the Anl 

area was again sparce and the variation in the data for the 

An2 area is large (possibly due to variations in the amount 

of material within the sampling volume) but the trend is 

apparent. The decrease in blastocoel content within the 

Vegl zone may relate to the mechanism by which the migration 

of the PM cells is controlled. It is possible that the 

animal pole S needs to be fairly high for the migration of 

the secondary mesenchyme and secondary gastrulation. The S 

void would not affect the secondary mesenchyme; those cells 

are elevated past that zone by the first stage of invagina

tion. The only ECM volume which experienced extraordinary S 
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content was the Anl cells, possibly due to the impending 

fusion of the gastrointestinal tract. The cellular S 

experiences a gradient similar to the mesenchyme blastula 

basal lamina volume. If the uptake of S lagge~ behind the 

change in exocytotic activity, such an effect might occur. 

The PM cells exhibit loss in S content once they are no 

longer exposed to the S within the sea water and have 

released s into the blastocoel. These findings neither con

firm nor deny the direct involvement of the so~-2) moiety in 

in blastocoel location. 

Conversion of the P/~ Ratios to Cellular Concentrations 

According to the theory proposed by Statham and Pawley 

(1978), P/B ratios may be converted to concentration by the 

formula 

C =f{P/B) a a 

where Ca equals a known concentration, (P/B)a equals a known 

ratio and f is a proportionality constant which may be cal-

culated from the calibration data. This factor is constant 

for an element of varying concentration within a matrix of 

the same average atomic number. Ideally, the calibration 

standard should be identical to the sa~ple from which the 

P/3 ratios was collected. The internal normalization by the 

background requires that the standard and sample produce 

similar bremstraahlung. Wet standards, however, contain 
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large ice crystals which result in concentration variations. 

~hitecross et al. (1982) sugessted that colloidal carbon 

graphite dispersant may solve this problem as well as pro-

vide a medium for heat and electrical conduction. Echlin et 

al. (1983) tested standards using graphite and cryoprotec-

tant and have investigated the effects of etching and carbon 

coating the standards (unpublished). The present experiment 

also used carbon graphite slurries, but it was found that 

the cryoprotectant was unnecessary to prevent large ice cry-

stals. The standard deviations for the mean P/B ratios for 

each of 10 concentrations was less than 7%, indicating homo-

geneous mixtures in the frozen state. In order to reproduce 

the conditions present during examination of the biological 

samples, the calibration standards were processed in a 

manner identical to the samples. The C and salt solutions 

were mechanically mixed immediately prior to freezing, 

placed on C specimen stubs identical to those holding the 

biological samples, frozen on solid nitrogen, transferred to 

the preparation chamber, fractured, transferred to the 

microscope, maintained at the same temperature, and examined 

at the same angle. Criteria for smoothness of fracture and 

normal orientation to the beam were met. ~1icroscope par arne-

ters were the same as during biological sample examination. 

Twenty random points on each calibration standard bead were 

exposed to the reduced raster (2S1Jm 2) and the resulting x-

ray emission was processed in a manner identical to that 

used for the biological sample. These 20 points were aver-
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aged and plotted on a graph of P/B ratio vs. percent wet 

weight. The resulting graphs for s, Mg, K, and P are 

presented in figures 47 through SO. Concentrations for the 

unknowns may either be calculated mathematically or read 

directly from the graphs. The Y intercept for each of the 

least squares slopes is very nearly 0.00, as predicted by 

the conversion equation. 

Boekstein (1980) has estimated a limit of error in P/B 

ratio due to uneven topography as plus or ~inus 12%. Table 

3 lists percents wet weight: 12% to allow for this error. 

This mean, however, does not represent the concentration of 

a particular element : 12%, but rather the average : 12% of 

the expected concentrations. Additional errors due to cell, 

individual and sample variations are not represented, nor 

are the systematic errors from collection and calculation. 

These errors were presented earlier (see figures 26 38) 

and jiscussed in table 1. The concentrations in table 3 

represent total cellular content of all diffusible ions and 

bound molecules containing the elements listed. The low P 

concentration is possibly explained by isolation of P near 

the plasma membrane. This experiment avoided overlap of the 

probe with the plasma membrane except in the EC~ sampling 

volumes. The P/3 ratios of the EC~ sa~pling volumes are not 

converted to concentration since their physiolo9ical content 

cannot be defined. It is also possible that stored lipid 

metabolism produces a lower cellular P content. It would be 

useful to confirm these results using either nuclear 
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activation or flame spectrophotometry of whole embryos, 

although the blastocoel contribution could not be removed 

from those results. 

Conclusion 

The present experiment has shown that microprobe 

analysis is proven an informative and practical technique 

for the exploration of some issues in developmental biology. 

X-ray microanalysis eliminates the necessity for micro

dissection or bulk analysis, and provides an analysis of 

selected cells without disturbing their in situ location. 

Several trends noted previously have been confirmed by this 

experiment and in turn the proceedure is validated by the 

repetition of reGults. Furthermore, several new trends have 

been disclosed. These trends have suggested a n~~ber of 

experiments which might be performed to investigate the 

influences of events upon the differentiation processes. 

The results presented here also prompt similar investiga

tions of other species to explore the universality of these 

events. Although certain cautions must be exercised in 

order to preserve the tissue and avoid damage during 

analysis, the proceedure is fairly rapid and the manual 

techniques may be mastered within a reasonable amount of 

time. Coating the material with electrical and heat con

ducting material is recommended for any ~ulticellular 

material with more than one cellular layer. The technique 

of embedding biological material in conducting material is 
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recommended for unicellular and monolayered specimens. 

Because of uncertainties in the P/B ratios (12%) and their 

conversions to concentration, this technique may be more 

valuable for comparison of relative concentrations than 

absolute quantitative information, although it provides rea-

sonably accurate information obtained from individual cells 

in situ. 
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Figure 1. Diagramatic representation of the development of the 
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sea urchin embryo, Strongelocentrotus purpuratus. This study is 

primarily concerned with the stages blastula through early gas-

trula. 
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Figure 2. Frozen hydrated (a) and frozen dried (b) sea urchinembryos 

embedded in a C/HES and sea water matrix bead. Four embryos are des-

ignated in both states. 

stage coordinates. 

The two photographs wEre taken at the same 
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Figure 3. Preservation of biomaterial demonstrating the SEM freeze 

drying capabilities in chamber technique. The blastocoel material 

resembles that resulting from traditional fixation anddry ing pr oces 

ses. The arrow desi gnates a point of contact betwe en the basal l am

ina and the blastocoel matrix. 
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Figure 4. Higher magnification of embryo #1 in figure lb. The animal 

(A) and vegetal (V) poles and an invading primary mesenchyme cell are 

labled. The elongated cells at the animal pole form the oral plate. 
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Figure 5. Higher magnification of figure 4 illustrating the tendency 

of fracture planes to run between cells, leaving the membrane intact. 

An intercellular fiber (IF) and a primary mesenchyme cell (PM) are de

noted in addition to artifacts resembling the hyalin membrane (hm) and 

blastocoel matrix (bm). 
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Figure 6. Frozen hydrated mesenchyme blastula. Individual cells can 

be identified. Intercellular fluid (If) and a primary mesench yme (PM) 

cell (a nearl y perfect, faint circle situated on the rid ge above the 

bright area) are desi gnated. The encircled area e xhibits the 1 p m 

beads seen only in hydrated embryos . 
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Figure 7. Frozen hydrated (a) and frozen dried (b) ~mages of ames

enchyme blastula . The frozen dried image verifies the animal pole i s 

not on the fracture plane. The inset diagram shows a possible frac

ture plane. Three PM cells are designated in the hydrated image (ar

rows), the vegetal pole (V) and unknown arc (?) are labeled ~n the 

dried image. No data from the unidentified area (to the ri ght of the 

line) was included in the quantitative analysis. 
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Figure 8. Early · gastrula where the fracture has fallen to the outside 

of the archenteron . The animal pole ~s not visible. The blastocoel 

(BC), archenteron (A) and two groups of PM cells (PM) are designateo. 

Confirmation of the fracture plane location and PM presence was made 

with the aid of the frozen dried image. 

• 
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Figure 9. Frozen dried image of an early gastrula where the fracture 

plane has fallen through the archenteron . Two g roups of PM cells (PM), 

the archenteron (A) and thickened matrix (M) at the tip of the archen

teron are denoted in the micrograph. The embryo has pulled away fro m 

the exterior C/HES matrix in drying and has exposed the hyalin la ye r (HL). 



103 

.. 

XBB 859-7620 



- 104 -

Fi gure 10. Low magnification photograph of two frozen dried , earl y 

gastrulae. The oral plate (OP) is visible in the gastrula to the 

left. The thickened matri x at the tips of the archenterons ~s des

i gnated (M). The archenteron to the left was fractured through the 

invagination. The archenteron to the right was fractured on the blas

tocoel side of the invagination. The shrinkage of blastocoel matri x 

was not common. 

" 
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Figure 11. Stereo pa1r micrographs of a fracture runn1ng through the 

archenteron of a late gastru la . The interior of the archenteron (A) 

and the blastocoel (BC) are labeled. The sample has been radiantl y 

etched to reveal intracellular details. Possible exterior surface (ES), 

endoplasmic reticulum (ER), cytoskeletal elements (CS) and a mit ochon

drion (M) are labeled. 
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Figure 12 . Stereo pair micrographs of the extracellular matrix at the 

tip of the archenteron. The exteriors of the two secondary mesenchyme 

(SM) cells are designated. The archenteron was removed from the beam 

side of the surface. Further dehydration caused profound damage to th e 

delicate matrix, but confirmed the location of the archenteron. The 

matrix is surrounded by a continuous sheath. The 1 urn beads of the ECM 

are evident. The white area is condensed ice contamination . 
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Figure 13. Example of beam damage experienced by PM cells. The first 

image (a) was taken prior to data collection. The specimen was full y 

frozen hydrated at that time. An epithelial cell (EP) and 3 P~ cells 

(PM) are designated . The second micrograph (b) was taken after data 

collection from the epithelium as well as the PM. Only the PM have ex

perienced damage. The final micrograph (c) was taken after freeze dry

Ing . The damage is apparent in the PM cells but the e pithelium shows 

no s1gn of damage . 
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Fi gure 14. Lac y material overlaying the epithelia l r1ng of a mesen

chyme blastula . The crystal pattern does not match that of the blas

tocoel matrix or C/HES matrix. 



,.. 

L.() 

N 
1.0 
r-
1 

0'1 
L.() 

OJ 

113 



- 114 -

F i gure 15 . Demonstration of charging effects resulting in an increa s -

e d emission of secondary electrons. The bright areas indicated b y the 

arrow marked "C" are charging. The are as designated "E" are exhibiting 

edge effects. 
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Figure 16. Example of dark charging resulting from aberrant fields 

which prevent secondary electrons from reaching the detector. The 

arrow points to an embryo which appears to be standing out from the 

surface because of the charging pattern. 
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Figure 17. Typical background exhibited on the display monitor of the 

x-ray spectrometer (after the characteristic peaks had been stripped 

off for analysis). An increase ~n the rate of change of the slope a

bove 2 KeV signifies a dec r e ase ~n the number of h igher energy el e c

trons entering the sample. 
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Figure 18. Stereo pa1r micrographs of the fracture surface of a sam

ple stored longer than three months . Knife chatter (C) is present; 2 

pits (P) and 2 compression pits (CP) are designated at the edge of the 

rid ges (R). The lower left has not been fractured and is covered with 

"snow" accumulated during processing. 
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Figure 19. An example of the atypical behavior of long stored samples. 

The first micrograph (a) displays a fully frozen hydrated embryo ~m

aged immediately after positioning ~n the specimen chamber of the m~

croscope. The archenteron (A), hyalin layer (HL) , a dark chargingarea 

(C) and surface ice smearin g (Sm) are labeled. The second micrograph 

(b) was imaged a short time later. The smearing (Sm) is still present. 

Three areas are denoted for special interest: l has been deh ydrated, 

expos~ng a previously hidden PM cell; 2 is hydrated but charging; 3 

displays rough ice. The third micrograph (c) shows the fully dri e d 

embryo. The space surrounding the PM cell of area 1 persists. The 

hyalin layer (HL) is separated from the epithelial ring (Ep). Also de 

monstrated are cell loss (arrow #1), severe shrinkage (arrow #2) and 

perforated blastocoel matrix. 



123 

.. 

XBB 8 59-76 .29 



- 124 -

Figure 20. Image of a second bead on the same C stub as the prevlous 

figure. Hydrated (H) and dried (D) areas are denoted. 
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Figure 21. Frozen hydrated (a) and frozen dried (b) images of an em

bryo stored longer than three months. The archenteron (A) is marke d 

as well as an orientation point (*) and two groups of PM cells (PM). 

The dried embryo has cracked open in drying. Cell loss (CL) and per

forated matrix (at the arrow) are denoted in (b) . 
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Figure 22. Example of SEM x-ray mapp1ng t echniques. The center image 

is the secondary electron emission ima ge of the mesenchyme blastula. 

The first 1mage shows that Cl is excluded from the epithelia l cells. 

The third 1mage demonstrates the accumulation of K within the cell s . 
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Figure 23. X-ray maps of Na and S surrounding the same mes e nchyme 

blastula as the last figure. Both Na and S are excluded from the 

cells but the relative cellular S concentration is higher within the 

cells. The secondary image is provided again for orientation. 
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Figure 24. High magnification image and corresponding S x-ray map of 

4 PH cells within the blastocoel of a mesenchyme blastula. No pattern 

of S deposition can be detected above the noise. 
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Figure 25. Cl, Na and S x-ray maps from an early gastrula. No dif

fere nce in concentration can be detected within the archenteron or in 

the blastocoel matrix at the tip of the archenteron. The 1ncrease 1n 

S concentration within the blastocoel 1s recognizable. 
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Figure 26. Mesenchyme blastula P/B ratios recorsed at 3.3 KeV (the Ka 

e nergy for K). The graph compares cellular volumes ( C) and volumes 

which overlap the ECM (ECM), blastocoel (BC) and sea wa ter exterior (H
2

0 ). 

V.:uiations si gnify the influence of extracellular chemistry. Error bar s 

= :!:' 1 sem. 
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Figure 27. Mesenchyme blastula P/B ratios recorded at 2.3 KeV (the Ka 

energy for S). The graph compares cellular volumes (C), and volumes 

which overlap the ECM (ECM), blastocoel (BC) and sea water exterior (H
2
0). 

Error bars = ± 1 sem. 
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Figure 28. Early gastrula P/B ratios recorded at 2.3 KeV (the Ka 

energy for S). This graph compares cellular volumes (C) and vol

umes which overlap the ECM (ECM), blastocoel (BC) and sea water ex

terior (H2o). Error bars = ! 1 sem. 
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Figure 29. Cellular P/B ratios as the embryo matures, recorded at 3.3 

KeV (K). Three stages, blastula (B), mesenchyme blastula (MB) and early 

gastrula (EG) are presented a~cording to cell types defined in the in

troduction. Error bars = ! 1 sem. 
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Figure 30. Cellular P/B ratios as the embryo matures, recorded at 2.3 

KeV (S). Three stages, blastula (B), mesenchyme blastula (MB) and early 

gastrula (EG) are presented according to cell types defined in the in

troduction. Error bars = ! 1 sem. 
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Figure 31. Cellular P/B ratios as the embryo matures recorded at 2.0 

KeV (P). Three stages, blastula (B), mesenchyme blastula (MB) and early 

gastrula (EG) are presented according to cell types defined in the in

troduction. Error bars = ! 1 sem. 
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Figure 32. Cellular P/B ratios as the embryo matures, recorded at 3. 7 

KeV (Ca). Three stages, blastula (B), mesenchyme blastula (MB) and early 

gastrula (EC) are presented according to cell type defined in the in

troduction. Error bars = ! 1 sem. 
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Figure 33. BC PiB ratios as the embryo matures, recorded at 2.3 KeV 

(S). Three stages, blastula (B), mesenchyme blastula (MB) and early 

gastrula (EG) are presented according to ceJl types defined in the in

troduction. Error bars = ~ 1 sem. 
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Figure 34. ECM P/B ratios as the embryo mature~ recorded at 2.3 KeV 

(S). Three stages, blastula (B), mesenchyme blastula (MB) and early 

gastrula (EG) are displayed according to cell types defined in the in

troduction. Error bars = ~ 1 sem. 
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Figure 35. Cellular P/B ratios as sampling circumscribes the embryo, 

at 1.25 KeV (Mg) and 5.9 KeV (Mn). Mesenchyme blastula (MB) and early 

gastrula (EG) stages are compared. Error bars = ! 1 sem. 



- 155 -

.c 
~ 
:I 
II. 
N 

l - (!) l 
~ 

..... .. 
-~ 
:I 
II. 
N • G 
> - ca • G 
> 

~ c 
~ 

~ -~ 
.c 
~ 
:I 
II. 
N • G 
> - (!) l 
~ 

w 

-~ 
:I 
II. 
N 

r 
> - ca r 
> 

~ m ~ 

~ -~ 
1(.) 0 1(.) 0 1(.) 0 
N N - - 0 0 
0 0 0 0 0 0 

OIJ.VB 8/ d 



- 156 -

Figure 36. Mesenchyme blastula P/B ratios at 2.3 KeV (S) as sampling 

circumscribes the embryo. Sampling volumes overlap the basal portion 

of the cell, basal lamina and blastocoel (BC), the cytosol of two ad

jacent cells and intermediate ECM (ECM) and the cytosol of a single 

cell (C). Error bars = + 1 sem. 
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Figure 37. Early gastrula P/B ratios at 2.3 KeV (S) as sampling ctr

cumscribes the embryo. Sampling volumes overlap the basal portion of 

the cell, basal lamina and blastocoel (BC), the cytosol of two adja

cent cells and the intermediate ECM (ECM), and the cytosol of a single 

cell (C). Error bars = ~ 1 sem. 
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Figure 38. Mesenchyme blastula P/B ratios at 2.0 KeV (P) as sampling 

circumscribes the embryo. Sampling volumes overlap the basal portion 

of the cell, basal lamina and blastocoel (BC), the cytosol of two ad

jacent cells and the intermediate ECM (ECM), and the cytosol of a single 

cell (C). Error bars = + 1 sem. 
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Figure 39. Stereo pa1r images of a properly fractured bead (a) and an 

improperly fractured bead (b). The only embryos visible in the impro

perly fractured bead are located on a fractured surface sloping off to 

the left. 
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Figure 40. Comparison of counts per second detected as the tissue de

hydrated under the electron beam. The least squares slope indicates a 

linear correlation between collection duration and count rate (Pearson's 

R = 0.81106). Error bars = ~ 1 sem. 
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Figure 41. Histogram i llustrating the increase ~n P/B ratio for a 200 

second analysis over a 100 second analysis. Cl and K energ~es are lo

cated on the smaller, ne gat ive slope and experience large backg round 

losses as dehydration occurs. Inset diagram shows location . 
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Figure 42. High magnification of 1 ~m beads in partially hydrated 

blastocoel matrix. It is possible that these are the hydrated form 

of the 30 nm particles reported previously. 
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Fi gure 43. Raster location map of mesenchyme blastula 303, showing 

data points 18-25. The raster locations are marked on the frozen 

hydrated image a t the time of collection. The locations are trans

ferred to the dried image via a double exposu r e print. 
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Figure 44. Incompletely dried embryos. The pres~nce of dark charging 

was typical. The sheath of blastocoel matrix (M) occurred 1n all em

bryos containing at least half of their or i g inal volume. 
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Figure 45 . Example of beam damag e to the PM cells. The first mlcro

graph (a) shows three P~1 cells which have been damaged durin g examln

ation (arrows). The second micrograph (b) shows th e subsequent dat a 

point (arrow). The interior of the cell has been exposed durin g an

alysis. 
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Fi gure 46. Schemati c illustration of e lectrical fields invo l ve d in 

the charging phenomena experienced 1n frozen hydrated material. Il

lustrated are a noncharging specimen (a), a specimen e xhibiting ln

creased secondary emission (b), dark charging (c) , transient dis cha r ge 

(d) , production of high Al P/B ratio (e), and redu ced Bremstraahlung . 
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Figure 47. Least squares slope calculation for S from biolo~ical stan-

dards. Slope = the constant "f." Points represent the means of 20 ~'/B 

ratios collected from colloidal suspen~ions of C and MgS04 . 
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Figure 48. Least squares slope calculation for Mg from biological stan-

dards. Slope = the constant "f." Points represent the means of 20 P/B 

ratios collected from colloidal suspensions of C and MgSO,. 
~ 
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Figure 49. Least squares slope calculation for P from biological stan

dards. Slope = the constant "f." Points represent the means of 20 P/B 

ratios collected from colloidal suspensions of C, HES, and Mg 3(P04 ) 2 . 
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Figure 50. Least squares slope calculation for K from biological stan

dards. Slope = the constant "f." Points represent the means of 20 P/B 

ratios collected fr.1m colloidal sus pens ions of C, HES, and KCl. 
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Table 1. Comparison of Standard Deviations From Mesenchyme Blastulae. 

Data Point(s) - The averaging of all mesenchyme blastulae are denoted 

"300." The averaging of points within one mesenchyme blastula are de

noted by 300 + the number of the embryo. 

# of Embxyos - A minimum of 3 points were collected for each embryo. 

# of Points - Number of samples within the single embryo denoted. 

% of X - Standard deviation expressed as a percent of the mean P/B. 



•. ., 

ELEMENT DATA POINT(S) # EMBRYOS S.D. %of X 

p AnlC300 6 0.03479 47 

s AnlC300 6 0.03070 43 

p An2C300 7 0.02303 48 

s An2C300 7 0.·02966 44 

p AnlECM300 7 0.02276 42 

s AnlECM300 7 0.03391 53 

# POINTS 

p AnlC308 3 0.01431 17 

s An1C308 3 0.01928 17 

p An2C304 4 0.00691 10 

s An2C304 4 0.00790 8 

p AnlECM307 3 0.02355 37 

s AnlECM307 3 0.01690 18 
...... 
00 
-.....! 

:.:.~ 
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Table 2. Correlations Between Various Cell Types Within Stages. 

Cell Types - Cell classifications compared. 

Correlation - Perfect correlation= 1.000. All correlations greater 

than 0.300 are listed. 



., 

BLASTULAE 

ELEMENT CELL TYPES CORRELATION 

p Anl/Vegl 0.616 

An2/Veg2 0.393 

s Vegl/PM 0.411 

K An1/PM 0.872 

Ca An1/Vegl 0.584 

Mg Veg2/PM 0.827 

MESENCHYME BLASTULAE 

CELL TYPES CORRELATION 

Anl/Vegl 0.72'0 

Vegl/Veg2 0.658 

Anl/Veg2 0.562 

Vegl/Veg2 0.705 

Anl/Veg2 0.574 

Anl/Veg1 0.548 

Veg1/Veg2 0.859 

An1/Veg2 0.591 

An1/Veg1 0.554 

An1/Vec2 
J 

0.459 

Veg2/PM 0.794 

"· 

GASTRULAE 

CELL TYPES CORRELATION 

Anl/PM 0.930 

An2/Vegl 0. 511 

Anl/PM 0.930 

An2/Veg1 0. 511 

Anl/PM 0.897 

An2/Veg1 0.577 

Veg2/PM 0.316 

An2/PM 0.408 

f-" 
00 
1.0 
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Table 3. Conversion of the P/B Ratios to Concentration. 

f Factor - Conversion factor derived from standards of known concen

tration. 

P/B Ratio - errors = 12% of the ratio to represent max1mum possible 

error due to topography. 

Concentration - Errors = 12% of the concentration to represent max1-

mum possible error due to topography. 
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ELEMENT f FACTOR CELL TYPE P/B RATIO % WET WEIGHT 

iii Mg 1. 75 B An1 0.035 ± 0.004 0.061 ± 0.007 

B Veg2 0.008 ± 0.001 0.014 ± 0.002 

B PM 0.030 ± 0.004 0.053 ± 0.006 

MB An1 0.020 ± 0.002 0.035 ± 0.004 

MB An2 0.012 ± 0.001 0.021 ± 0.003 

MB Veg1 0.004 ± 0.001 0.007 ± 0.001 

MB Veg2 0.011 ± 0.001 0.019 ± 0.002 

MB PM 0.001 ± 0.000 0.002 ± 0.000 

EG An1 0.014 ± 0.002 0.025 ± 0.003 

EG An2 0.007 ± 0.001 0.012 ± 0.001 

EG Veg1 0.013 ± 0.002 0.023 ± 0.003 

EG Veg2 0.010 ± 0.001 0.018 ± 0.002 

EG PM 0.019 ± 0.002 0.033 ± 0.004 

p 1.04 B An1 0.022 ± 0.003 0.023 ± 0.003 

B Veg2 0.045 ± 0.005 0.047 ± 0.006 

B PM 0.053 ± 0.006 0.055 ± 0.007 

MB An1 0.073 ± 0.009 0.076 ± 0.009 

MB An2 0.048 ± 0.006 0.050 ± 0.006 

MB Veg1 0.056 ± 0.007 0.058 ± 0.007 

MB Veg2 0.052 ± 0.006 0.054 ± 0.006 

MB PM 0.032 ± 0.004 0.033 ± 0.004 

EG An1 0.065 ± 0.008 0.068 ± 0.008 

EG An2 0.071 ± 0.008 0.074 ± 0.009 .. 
EG Veg1 0.075 ± 0.009 0.078 ± 0.009 

EG Veg2 0.060 ± 0.007 0.067 ± 0.007 

• EG PM 0.058 ± 0.007 0.060 ± 0.007 
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ELEMENT f FACTOR CELL TYPE P/B RATIO % WET WEIGHT ,. 

s 1.68 B An1 0.029 ± 0.003 0.049 ± 0.006 

B Veg2 0.086 ± 0.010 0.114 ± 0.017 

B PM 0.095 ± 0.011 0.160 ± 0.019 

MB An1 0.071 ± 0.008 0.119 ± 0.014 

MB An2 0.067 ± 0.008 0.113 ± 0.014 

MB Veg1 0.074 ± 0.009 0.124 ± 0.015 

MB Veg2 0.060 ± 0.007 0.101 ± 0.012 

MB PM 0.021 ± 0.003 0.035 ± 0.004 

EG An1 0.063 ± 0.008 0.106 ± 0.013 

EG An2 0.070 ± 0.008 0.117 ± 0.014 

EG Veg1 0.082 ± 0.010 0.138 ± 0.016 

EG Veg2 0.108 ± 0.013 0.184 ± 0.022 

EG PM 0.052 ± 0.006 0.087 ± 0.010 

K 1. 29 B An1 0.088 ± 0.011 0.113 ± 0.014 

B Veg2 0.144 ± 0.017 0.186 ± 0.022 

B PM 0.077 ± 0.009 0.099 ± 0.012 

MB An1 0.206 ± 0.025 0.266 ± 0.032 

MB An2 0.180 ± 0.022 0.232 ± 0.028 

MB Veg1 0.219 ± 0.026 0.283 ± 0.034 

MB Veg2 0.188 ± 0.023 0.246 ± 0.295 

MB PM 0.139 ± 0.017 0.179 ± 0.021 

EG An1 0.165 ± 0.020 0.213 ± 0.026 

EG An2 0.198 ± 0.024 0.255 ± 0.031 

EG Veg1 0.241 ± 0.029 0.311 ± 0.037 

EG Veg2 0.252 ± 0.030 0.325 ± 0.039 

EG PM 0.227 ± 0.027 0.293 ± 0.035 
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