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ABSTRACT 

Unf ixed  f rozen-dr ied  and uncoa ted  tissue sect ions of  the mouse  d u o d e n u m  were 
p laced  on ca rbon  p lanchets  and  ana lyzed  in a scanning e lec t ron  microscope  f i t ted 
with energy  dispers ive  X-ray  equ ipmen t .  C o m p u t e r  analysis  of  the X-ray  spec t ra  
a l lowed e l emen ta l  microanalys is  of  the  nucleus,  cy toplasm,  and mitot ic  ch romat in  
regions in the cryptal  and  villus en te rocy tes .  The  peak  to con t inuum rat io  of  S, CI, 
K,  and  Ca were h igher  in mi tot ic  ch romat in  than any of  the o the r  sites measu red .  
The  red is t r ibu t ion  of  Ca at  mitosis  is pos tu la ted  to help  expla in  both  c h r o m o s o m e  
condensa t ion  and  assembly  of  the mi tot ic  spindle appara tus .  

Knowledge of the concentration of elements at a 
subcellular level will increase our understanding of 
the mechanisms which control various cellular 
processes. For example, a shift in the concentra- 
tion of elements may be associated with specific 
cellular functions such as chromatin condensation, 
mitosis, protoplasmic movement, cell secretion, 
etc. 

As enough information becomes available on 
elemental distributions associated with the various 
cellular processes it seems likely that universal 
patterns, principles, and testable predictions will 
soon follow. 

Ideally, measurements on elements should be 
made on cells or tissues which are as close to their 
natural or living state as possible. The current 
report employs unfixed frozen-dried tissue sec- 
tions prepared by the method of Stumpf and Roth 
(10, 11). This procedure permits the localization 
and the measurement of diffusible and of nondif- 
fusible tissue substances without major displace- 
ments. Briefly, the frozen-dried and uncoated sec- 
tions are placed on carbon planchets and analyzed 
in a scanning electron microscope fitted with en- 
ergy dispersive X-ray analytical equipment. The 
image from secondary electrons gives good 

enough morphological detail to identify various 
cellular structures and to localize areas of interest 
for microbeam analysis. Computer analysis of the 
X-ray spectra, using mineral reference standards 
and newly developed software programs, is used 
in the elemental microanalysis. 

The concentrations of P, S, C1, K, and Ca are 
reported as peak to continuum ratios in the nu- 
cleus and cytoplasm of duodenal crypt and villus 
enterocytes and in the cytoplasm and the mitotic 
figures of dividing crypt enterocytes. The peak to 
continuum ratios permits comparisons of relative 
concentrations of elements as related to mass of 
the tissue specimen (5). The ratios of four of the 
five elements measured were significantly higher 
in mitotic chromatin than any of the other sites 
measured. 

MATERIALS AND METHODS 

Pieces of duodenum about 2 mm z were removed from a 
region 1 cm below the pylorus valve of the stomach from 
a 20-week-old adult male C57/B1 mouse. One trans- 
versely cut surface was attached to a small tubular brass 
tissue-bolder (2 cm long by 0.2 cm diameter), using 
finely minced liver as an adhesive. The tissue-holder and 
piece of duodenum were then rapidly frozen by immer- 
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sion in liquid propane cooled in a liquid nitrogen bath. 
The elapsed time from killing of the mouse to freezing in 
the propane was 45 s. The frozen tissue was then stored 
in liquid nitrogen until used. The tissue-holder with duo- 
denum was removed from the liquid nitrogen and placed 
in a cryostat (Harris Mfg. Co., North Billerica, Mass.) at 
-30~ Sections 4/xm thick were made with microtome 
(Damon/IEC Div., Damon Corp., Needhan Heights, 
Mass.) and were frozen-dried by cryosorption at -68~ 
for 24 h. The frozen-dried sections were then allowed 
to warm to room temperature before allowing air, 
passed through a drying agent (soda-time), to enter the 
freeze-drying chamber. The tissue was then stored in a 
vacuum desiccator which contained calcium sulfate. 

The flattest frozen-dried sections were then placed on 
polished, 1 inch diameter, spectrographically pure car- 
bon planchets for SEM and X-ray analysis. No adhesives 
or coatings were used on the sections. 

The tissue sections were then examined in a JEOL 
JSM-35 scanning electron microscope. The X-ray analy- 
sis system consisted of a high-angle (40 ~ Nuclear Semi- 
conductor Si(Li) detector (Nuclear Semiconductor Div., 
United Scientific Corp., Mountainview, Calif.), and a 
Tracor Northern (Middleton, Wisc.) NS-880 pulse 
height analysis system. The active area of the detector 
crystal was 30 mm 2, and its resolution was 165 eV. The 
detector was positioned 20 mm from the specimen, 
which was maintained in the horizontal position at a 
working distance of 39 mm. Accelerating voltage was 25 
kV, and a typical value of specimen current was 4 x 
10 -H amperes. 

Morphological information on the specimen was de- 
rived from the SEM image and was recorded photo- 
graphically from the CRT on Polaroid PN-55 film. The 
morphology was good enough for the localization and 
analysis of areas of interest in the duodenal sections. 

The pulse height distribution of X-rays in the range of 
0-10 keV was measured by acquiring counts for 60 s 
(live time). Energy calibration of the pulse height ana- 
lyzer was 20 eV per channel. All spectra were stored on 
cassette tape for later processing. The average count rate 
was monitored during each acquisition. A raster equiva- 
lent to 1 /xm 2 was used to scan an area of the cytoplasm, 
the nucleus, or in the case of mitotic cells, the metaphase 
or anaphase chromatin or the area adjacent to the con- 
densed chromatin and the planchet at a magnification of 
x 90,000. 

For elemental analysis, five areas of each of the fol- 
lowing morphological structures were analyzed: an area 
of the nucleus alternated with an area of the cytoplasm of 

interphase cells in the duodenal crypts; an area of the 
metaphase or anaphase chromatin alternated with an 
area of the cytoplasm in dividing cells; and an area of the 
nucleus alternated with an area of the cytoplasm of 
epithelial cells or enterocytes on the duodenal villi. The 
data were recorded and paired as nuclear or mitotic 
chromatin vs. cytoplasm data on each cell. In addition, 
five areas over the carbon planchet were measured and 
recorded. To test for mass or element loss or decay with 
elapsed time under the electron beam, spectra were 
acquired from an area over the cytoplasm of a villus 
enterocyte at times 0, 5, 10, and 15 min of continuous 
beam scanning at x 90,000. The specimen did not no- 
ticeably move during the test. Elemental reference spec- 
tra were recorded for CaSO4.2H20 (gypsum, specifi- 
cally selenite); Ca3(PO4)z-CaF2 (fluoroapatite); NaC1 
(halite); KC1 (sylvite); and CaCO3 (Icelandic feldspar). 
The mineral standards were used as sources of elemental 
spectral structure for fitting by the Flextran Super ML 
(multiple least-squares) fitted algorithm program. The 
program accomplished quantitation of data as well as 
deconvolution of overlapping peaks (e.g., potassium Kfl 
and calcium Ka). 

Analysis of elemental or continuum decay with time in 
a specimen was performed on peak to continuum ratios 
of each element and on the continuum itself by least- 
squares linear regression followed by comparison to a 
slope of zero using Student's t test. 

In several cases, ratio data for individual elements in a 
nucleus and the cytoplasm of the same cell were analyzed 
as pairs by binomial expectancy statistics. 

RESULTS 

Figs. 1 and 2 show scanning electron micrographs 
of  4-/zm thick frozen-dried sections of mouse duo- 
denum photographed under conditions used for 

X-ray microprobe measurements .  Nuclei, nuclear 
envelopes,  mitotic chromatin,  cytoplasm, and cell 
boundaries are all visible. The granularity or mot- 
tling seen both in the nucleus and in the cytoplasm 
is attributed to ice crystal damage.  The continuity 
of the nuclear envelope indicates that tissue proc- 
essing does not grossly disrupt the compartmental  
boundary between the nucleus and the cytoplasm. 
Clearly, the morphology of the tissue is adequate 

for the localization of discrete areas for X-ray 
analysis. 

Fig. 3 (top) shows representative X-ray spectra 

FmURES 1 and 2 Scanning electron micrographs of frozen-dried mouse duodenum (uncoated). Figure 1. 
Villus-Enterocyte with nucleus (N) and nuclear envelope (NE) visible. X-ray analysis was done on a 
nucleus and adjacent cytoplasm, x 1920, Figure 2. Crypt-Section showing interphase and mitotic cells, 
nuclei, nuclear evelopes, and lumen (L) are visible. The mitotic chromatin (MC) is cross sectioned through 
the arms of the chromosomes. • 4160. 
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FIGURE 3 X-ray spectra of mouse duodenum. T o p -  
Superimposed spectra of mitotic chromatin (dotted line) 
and adjacent cytoplasm (solid line). Note that higher 
counts for the labeled peaks are found in the mitotic 
chromatin as compared to its cytoplasm. Bottom-Su- 
perimposed spectra of an interphase nucleus (dotted 
line) and cytoplasm (solid line). Also, a spectrum for the 
carbon planchet (dashed line) used for mounting is su- 
perimposed. Note that the cytoplasm has higher peaks 
than the nucleus (chromatin). This is in contrast to the 
mitotic cell which has higher counts in the chromatin in 
comparison to its cytoplasm. 

recorded from the cellular area of mitotic chroma- 
tin (dotted line) and from an area of the cytoplasm 
of the same cell (solid line). Notice that the Ka  
peaks for the elements P, S, CI, and K are higher 
for the condensed mitotic chromatin than for the 
cytoplasm. The unresolved potassium K/3-calcium 
Ka  is also higher in the mitotic chromatin. The 
Bremsstrahlung ("white") or continuum radiation 
of both the mitotic chromatin and the cytoplasmic 
area appears the same in the energy range to the 
right of the element peaks. Fig. 3 (bottom) shows 
spectra from the nucleus of a cryptal cell (dotted 
line), from the cytoplasm (solid line) and from the 
carbon planchet (dashed, lower line) used to sup- 
port the frozen-dried tissue section. There appears 

to be no great difference in the elemental concen- 
tration between the cytoplasm and nuclear area 
measured; however, the P, C1, and K peaks seem 
somewhat greater for cytoplasm. 

Table I summarizes the elemental ratios of K a  
characteristic X-rays (peak minus background) to 
continuum for the different subcellular areas in 
specific states of the duodenal epithelial cell life 
cycle. The spectral region from 4.26 to 5.14 keV 
was selected for continuum measurement.  

A one-way analysis of variance of the data for 
each element in each subcellular area shows that 
S, C1, K, and Ca are significantly higher over the 
metaphase-anaphase chromatin of cryptal cells 
than any other area measured (p < 0.001). The 
variability in the ratios of P, especially for the 

T A B L E  1 

Elemental Ratios (Mean +_ SEM)* o f  Ka  Character- 
istic X-rays (Peak Minus Background) to Contin- 
uum for Analyzed Areas o f  Duodenal Cells in Fro- 
zen-Dried Tissue Sections 

ratio 
A 

A B 

Interphase nu- Interphase cy- 
cleus of crypt toplasmofcrypt  

cell cell 

Phosphorus .369 • .0072 .410 • .0069 ,900 
Chlorine .119 • .0086 .157 • .0102 ,758 
Potassium .339 ~ .0078 .401 • .0050 .845 
Sulfur .131 • .0074 .139 • .0098 ,942 

Calcium .015 -+ .0033 .022 • .0217 .682 
Continuumw 20.22 • .204 20.31 -+- .178 0 .996 

Mitotic chro- Cytoplasm of 
matin of crypt mitotic crypt 

cell cell 

Phosphorus .300 - .0895 .341 • ,0239 .880 
Chlorine .369 • .0442:[: .146 • .0165 2.527 
Potassium .662 • ,0745~: .375 • ,0263 1.765 
Sulfur .429 - .0757:~ .159 -+ .0226 2.698 
Calcium .083 -+ .01255 .022 • .0130 3.773 
Continuum 21.58 • 1.769 21.10 • 1.524 1.023 

Nucleus of vii- Cytoplasm of 
lus cell villus cell 

Phosphorus .359 • .0087 .387 -+ .0314 .927 
Chlorine .131 +- .0040 .156 -+ .0041 .840 
Potassium .336 -+ .0177 .397 • .0153 .846 
Sulfur .136 -+ .0072 .151 +- .0066 .900 
Calcium .019 • .0125 .017 -- .0070 1.117 
Continuum 21.73 +_ .060 21.54 • .044 1.009 

* Mean is from 5 areas over 5 different cells 
:~ One-way analysis of variance of all data for each element plus calcula- 
tions of standard errors of differences between means using Student's t 
values show these elements to be higher in concentration (p < 0 .001)  than 
any others. No other means are significantly different. 
w Continuum is determined from total X-ray counts (times 10 a) generated 
from the Bremsstrahlung continuum (4 .26-5 .14keV) .  
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metaphase-anaphase chromatin area, was larger 
than any other set of elemental values over any 
other area. The reason for such variability is not 
clear. No other significant differences were found 
in the mean value comparisons as subjected to 
Student's t test analysis. 

Although no other set of mean values is signifi- 
cantly different, an analysis of paired data of the 
elements between the nucleus and the cytoplasm 
of the five cryptal and the five villus cells shows the 
P, S, CI, and K to be higher in the cytoplasm in all 
cases, except P in the villus cells and S in the 
cryptal cells. With these two specific exceptions, 
the elemental concentration in the cytoplasm is 
significantly higher according to binomial expect- 
ancy analysis (p < 0.05). 

Elemental concentration of peaks over a spe- 
cific area of the cytoplasm of one cell was mea- 
sured at 0, 5, 10 and 15 min under the X-ray 
conditions used above. This time study was 
deemed necessary in light of reports of beam- 
induced loss in organic specimens (6). The values 
of peak to continuum ratios were subjected to 
least squares linear regression analysis and gave 
the following values: P, slope 0.003, correlation 
coefficient (r) 0.595; S, slope 0.001, r 0.774; CI, 
slope 0.002, r 0.745; K, slope 0.003, r 0.996; Ca, 
slope -0.00007,  r 0.999; and continuum counts, 
slope -0 .14 ,  r 0.085. No slope gave a value 
significantly different than a slope of zero value, 
nor were any of the slopes substantially negative. 
From this, it appears that there was no significant 
loss of elements or continuum counts with contin- 
uous beam exposure under the conditions used in 
this study, at least from the time the readings were 
begun. 

DISCUSSION 

The frozen sections used in this study are not 
meant to reveal optimal morphological detail but 
are meant to provide new information on the 
elemental concentration of cell organelles in tissue 
prepared for X-ray analysis by procedures which 
spatially retain the elements in as close to the 
natural living state as possible. Stumpf and Roth 
(10, 11) and Brown et al. (4) have developed and 
rigorously tested the same frozen-dried section 
preparative procedure we have used and find that 
movement of soluble diffusible substances is pre- 
vented. Assurance can therefore be given that we 
are examining cells and tissues which have under- 
gone no major transiocation of elements. As an 
example of the resolution and usefulness of this 

procedure, Brown et al. (4) have shown that three 
water-soluble radioactively labeled extracellular 
space indicators were maintained in the extracellu- 
lar space, using dry mounting radioautographic 
techniques. Nevertheless, before proceeding with 
discussion of the distribution of elements as seen 
in our study, it seems worthwhile to mention pos- 
sible technical problems which may influence ele- 
ment distribution. Bacaner et al. (3) have indi- 
cated that some redistribution of elements can 
occur if the tissues are not frozen at a fast enough 
rate. The faster the freezing rate, the smaller the 
ice crystals. During ice crystal formation, the ele- 
ments are preferentially distributed to the ice crys- 
tal boundary. This presents more of a problem 
when dealing with element distribution interpreta- 
tion at the uitrastructure level than it does with the 
lower magnification level used in the present 
study. 

The ice crystal damage visible in Fig. 1 is cer- 
tainly responsible for some redistribution of ele- 
ments, at least to the extent of the dimensions of 
the ice crystals. Hodson and Williams (7) have 
shown that frozen-dried sections can quickly rehy- 
drate, which can reseal ice crystal damage so that 
the damage is no longer apparent. Such rehydra- 
tion could also lead to element diffusion. Our 
sections were dehydrated and brought to room 
temperature under vacuum to minimize rehydra- 
tion and the resealing of ice crystal damage. Thus, 
we feel safe in saying that no major translocation 
of elements has occurred at the level of structures 
at which we are working. We would have to be 
more cautious if we were working at an ultra- 
structural level. 

Frozen sections in the hydrated state are even 
closer to the natural or living state than frozen- 
dried sections; however, the methods and equip- 
ment used are only just beginning to be developed 
and tested (9). 

There are little data available in the literature 
with which to compare our elemental distribution 
and concentration data. Both our data and those 
of Appleton (1, 2) show that element peak to 
continuum ratios for potassium are higher in 
ground cytoplasm than in the nucleus. 

Although no data on elemental distribution in 
mitotic chromatin could be found in the literature, 
Weaver (12) has reported an increased peak to 
continuum ratio of calcium in condensed nuclear 
chromatin areas as compared to uncondensed nu- 
clear chromatin areas in the nucleus of pancreatic 
acinar cells. This finding agrees with our finding of 
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an increase in calcium in condensed mitotic chro- 
matin vs. chromatin in the interphase nucleus. 

In conflict with our report,  Saubermann and 
Echlin (9) reported that K, S, and C1 give higher 
element peak to continuum ratios in nuclear areas 
as compared to cytoplasmic areas of hepatocytes; 
however,  only CI was reported to be significantly 
higher in the nuclear area. Their  reported results 
were similar when sections were analyzed in the 
frozen-hydrated or the frozen-dried state. Just 
why our results should show the opposite concen- 
tration of these elements between the nucleus and 
the cytoplasm is not entirely clear. Perhaps our 
sample size was larger or there was some differ- 
ence in sample area measured,  or perhaps our 
more refined computational systems and software 
programs permit a more definitive analysis. 

The elemental concentrations of P, C1, K, S, 
and Ca are generally lower in the nucleus than the 
cytoplasm in interphase (cryptal) and postmitotic 
(villus) enterocytes. This is reflected in a nucleus 
to cytoplasmic concentration ratio of less than one 
(column to the far right in Table I). This differ- 
ence between the nucleus and cytoplasm must be 
related to the nuclear-cytoplasmic compartmental-  
ization and may have as its basis the intact nuclear 
envelope.  At mitosis when the nuclear envelope is 
known to disintegrate, there is a significant con- 
centration of C1, K, S, and Ca in the mitotic 
chromatin. A concentration of elements in chro- 
mosomes could most simply be explained by a 
closer packing of elements into a smaller space; 
however,  such a simple explanation might be ex- 
pected to bring about a uniform concentration of 
the various elements and lead to a rather constant 
packing or concentration ratio for each element.  
In fact, the concentration ratios of elements in 
mitotic chromatin vs. the cytoplasm have a rather 
wide range of values. This difference in element 
concentration in mitotic chromatin suggests that 
some elements are preferentially redistributed 
during chromosome condensation. Ca appears to 
be concentrated in condensed chromatin to a 
greater extent than the other elements.  It seems 
worthwhile to speculate on the meaning of this 
observation in relation to chromosome condensa- 
tion and to formation of the mitotic spindle appa- 
ratus. Some observations of Mazia (8) help us 
explain how Ca redistribution might function in 
mitosis. He points out that assembly of microtu- 
bules into spindle fibers may be caused by a lower- 
ing of the free Ca concentration. The sequestering 
of the free Ca by condensing chromosomes is 

suggested by our findings. We speculate that the 
sequestering of free Ca by chromosomes might 
result in a lower free Ca concentration which may 
be associated with assembly of mitotubules into a 
mitotic spindle apparatus. Experience and the lit- 
erature also suggest that chromatin condensation 
may be caused by calcium and other divalent cat- 
ions (8). Thus, the concentration of calcium by 
condensing chromatin may help explain both chro- 
mosome condensation and the assembly of the 
mitotic spindle apparatus during mitosis. 
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