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President’s Message

ment of Materials Science and Engineering at the

University of North Texas for hosting our fall meet-
g 2007. We are especially grateful to Brain for ac-
cepting our request to be the Keynote Speaker. 1 would
also like to extend my thanks to the TSM officers for
their support and help with the spring meeting 2007 on
the Texas Christian University campus in Fort Worth. 1
am especially indebted to Pam Neill as Program Chair
for her superb work and preparations for the meeting.
Thanks also go out to our present Program Chair, Phoe-
be Doss. Thanks are also due to our Past President, Judi
Ellzey for her leadership and counsel. Also 1 would like
to recognize the hard work put in by our secretary, Tina
Halupnik, our past treasurer, Bob Droleskey, and Web-
master Becky Holford. And finally, all of us in the So-
ciety must give thanks to Camelia Maier for accepting
the arduous task of Journal Editor. This is a vital organ
that gives publicity and legitimacy to TSM.

Iwould like to thank Brian Gorman and the Depart-

Now we are anticipating an excellent spring meet-
ing 2008 in Austin. We are indeed fortunate to already
have local contacts in place. Paulo Ferreira, with the
help of Miguel Yacaman, will be smoothing the way
for us. Keynote speakers are already being lined up for
this meeting. T cannot stress enough the importance of

“such local contacts. It is of vital importance that the
Program Chair has clear and frequent access to these
contacts during the planning period.

I have heard from several members concerned with
the health of our Society about the need to undertake
long-range planning for future meetings. I completely
concur with this sentiment. This planning would in-
clude not only future locations, but would include the

invitation of distinguished speakers, This summer Ann
Ellis and I attended the breakfast held for the officers
of local affiliates while at the Microscopy Society of
America in Fort Lauderdale, Florida. We were encour-
aged to invite speakers on the MSA speakers list for our
meetings. I invited three speakers from this list, but all
had prior commitments on the date of our fall meeting
and expressed willingness to speak either next spring
or some other time in the future. This clearly demon-
strates the need to plan ahead.

Another issue that has arisen is the number of meel-
ings per year. I have heard from some corporate mem-
bers that coming to two meetings per year stretches
their budget. The issue of one meeting vs. two meet-
ings per year is something to explore and I would like
members to give it a thought.

Finally, I would like to express how pleased T am to
see that the Texas Society for Microscopy is alive and
well. We serve as an excellent platform for students and
young investigators to present their work. But beyond
this, I think it is vital that faculty and staff also pres-
ent papers and serve as role models for younger inves-
tigators. I think it would be excellent if we could re-
cruit new members and encourage larger participation
of students, faculty, and staff in biology departments
and medical schools across the state. We are extremely
pleased to see the strong representation in the material
sciences, but the Texas Society for Microscopy encom-
passes all forms of microscopy. Membership and par-
ticipation are vital to the health of our Society.

Ernest F. Couch
2007-2008 President,
Texas Society for Microscopy

rticles, or short comm
croscopy te
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TSM Member Honored with
Cornelia Marschall Smith
Professor of the Year Award

nn E. Rushing, TSM past president,
professor and associate chair of biol-

ogy, was honored with the Cornelia

Marschall Smith Profes-
sor of the Year Award by Baylor
University at the annual Honors
Convocation in spring 2007. This
annual award, based on teach-
ing, research, and service criteria,
is presented to a Baylor faculty
member who makes a superlative
contribution to the learning envi-
ronment at Baylor.

Dr. James Bennighof, vice pro-
vost for academic affairs and
policy at Baylor University char-
acterized Ann as follows: “Her
contributions to learning at Bay-
lor include not only teaching and
mentoring students at all levels
and pursuing her own indepen-
dent research agenda, but also devising innova-
tive ways of combining teaching and research
that open exciting new opportunities to students”
(Baylor University News).

Ann earned her bachelor’'s degree in botany
magna cum laude from Duke University, an MS
in biology from the University of Cincinnati, and
Ph.D. in botany from Texas A&M University. Be-
fore joining Baylor, Rushing conducted post-
doctoral research at the University of lllinois and
was a research associate at the Muséum Na-

L

tional d’Histoire Naturelle in Paris and at Auburn
University, where she studied electron micros-
copy and taught for a year in the general biology
program.

Ann has been part of the faculty
at Baylor in the Department of Bi-
ology and Institute of Biomedical
Studies since 1989. Currently, she
teaches several undergraduate
courses, including general biolo-
gy for majors and non-majors, an
undergraduate biology seminar,
electron microscopy and plant
anatomy, helped develop and
teach the Natural World sequence
of integrated, interdisciplinary
science courses for the Baylor
Interdisciplinary Core (BIC), and
directs the department of biol-
ogy summer undergraduate re-
search program. She also serves
as director of the departmental electron micro-
scope facility and supervises undergraduate
and graduate research projects that use elec-
tron microscopy. Her research interests include
the ultrastructure and development of plants,
particularly bryophytes; comparative sporogen-
esis, spermatogenesis, and sperm morphology
in bryophytes; and systematics of plants. Her re-
search has been published in numerous schol-
arly publications and journals, and she has pre-
sented her findings at conferences and meetings
around the country.
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EPICARDIAL FORMATION IN SITU AND IN CULTURE

JESSICA GREEN, RANDY CROSSLAND, AND J. KEVIN LANGFORD*

Department of Biology, Stephen F, Austin State University, Box 13061 SFA Station, Nacogdoches, Texas 75962

ABSTRACT

The epicardial layer of the heart was once thought to be derived
from the primitive myocardium. Recent evidence demonstrates
that it derives from the proepicardium (PE). Puring the early
1980s, several scanning electron microscopic studies described
the migration of the mesothelial cells from villous projections
of the PE onto the myocardial surface of the heart, thus creat-
ing the epicardial layer and a matrix-filled subepicardial space.
Mesenchymal cells, present within the core of the PE, populate
this space and give rise to the coronary vasculatare of the devel-
oping heart. To better understand the growth and migration of
these cells during developmental processes, cells derived from
the PE have been observed in tissue culture on and within type
I collagen lattices. While this is a well accepted model for tissue
culture, the current study compares the morphology of epicardial
cells in situ with that observed in culture using scanning electron
microscopy. Cells present at the leading edge of the enlarging
sheet of epicardium in situ displayed numerous filopodia as well
as thin ruffling of the plasmalemma. On the surface of the most
established area of the epicardium, the classic cobblestone mor-
phology of mesothelial cells was evident. Small surface projec-
tions were common at the cellular junctions of these surface cells.
In cuiture, the same cobblestone morphology and short projec-
tions were present throughout the epicardial cells. However, few
filopodia were present at the edge of the mesothelial sheet in cul-
ture. This morphological difference may be due to the different
substrates these cells were being challenged to spread upon, (i.e.,
myocardial cells in situ and type I collagen in culture). Epicardial
cells within the confluent sheet likely are spreading on epicardi-
ally-derived matrix, similar to that present in the subepicardial
space. This study illustrates that, while collagen type I serves as
an adhesive and migratory substratum for studying morphologi-
cal processes, the interpretations must be tempered with the un-
derstanding that cells are continually modifying their substratum
in culture, as they do in situ.

INTRODUCTION

Cardiac morphogenesis proceeds through defined develop-
mental stages to transform mesodermal precursor cells into a
functional organ, comprised of three distinct tissue types: the
inner endocardial layer; the middle myocardium; and the outer
epicardial covering of the heart. While the origins of the endo-
cardium and myocardium have been well established (1), only
since the late 1970’s has the origin and the mechanisms leading
to the formation of the epicardium been investigated in depth.
Once thought to arise from precursor cells within the primitive
myocardial layer (2), the epicardium has been definitively dem-
onstrated to be derived from the extracardiac mesoderm of the
proepicardium (3).

* Corresponding auther
Phone (936) 468-2258

Fax (936) 468-6256

Email: Klangford@sfasu.edu
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Although distinct origins for the epicardium and myocardium
were suggested as early as 1909 (4), PE as the source of epicardial
precursors was investigated first with TEM by Manasek in 1969
(5). Using SEM, Ho and Shimada (6) and Viragh and Challice {7)
further demonstrated that PE was the source of epicardial precur-
sors. These early and thorough investigations demonstrated that
PE first forms as a mesothelial outgrowth adjacent to the develop-
ing liver and to the right of the sinug venosus (3).

Resembling a “cluster of grapes”, PE enlarges and exhibits vil-
lous projections, covered with mesothelial epicardial precursor
cells, which extend toward the atrioventricular sulcus of the early
heart. In recent years, the mechanisms by which these mesothe-
lial cells are transferred onto the myocardial surface of the heart
have been debated. Proepicardium cells in avian species appear
to utilize an extracellular matrix bridge to span the remaining
distance between the villous projections of the PE and the heart
surface (9). While this may also be the mechanism used in fish
and mammais (10), some investigations have suggested that free-

floating vesicles transport mesothelial cells to the myocardial

surface in these species (3). Regardless of the mode of transport,
once the PE mesothelial cells make contact with the AV sulcus
of the heart, the cells migrate onto the surface, and expand in all
directions to completely invest the developing heart with its outer
layer, the epicardium.

Initially, epicardial cells uiilize myocardial cells as a migra-
tory substrate; however, as the epicardial sheet expands, a sub-
epicardial space is created and filled with extracellular matrix

molecules to which the overlying epicardial cells adhere (11). As’

more matrix is generated, the epicardium becomes increasingly
separated from the myocardium. The expanding subepicardial
space is then populated with mesenchymal cells, produced by an
epithelial-mesenchymal transition of the proepicardially-derived
cells (12}, that give rise to many cells critical to cardiac morpho-
genesis and coronary function including coronary endothelium,
smooth muscle cells, interstitial fibroblasts and atrioventricular
cushion mesenchymal cells (11). In fact, the majority of the coro-
nary arterial system is generated from cells of the PE (13).

The pluripotency of the PE-derived cells has garnered much
attention of developmental biclogists in recent years and gener-
ated numerous in-culture and chimeric model systems to try to
decipher the cellular mechanisms required for such divergent cel-
Iular differentiation pathways. Since the subepicardial space is
rich in extracellular adhesive proteins (14), including collagens,
collagen lattices have been a commonly used substrate within
which to assess the development of these precursor cells, as well
as vehicles in which to manipulate growth conditions. Relative
to cardiac morphogenesis, hydrated collagen gels have long been
used to investigate the mechanisms active during the epithelial-
mesenchymal-transition of the atrioventricular cushions (15) and
the subsequent migration of the resultant cardiac mesenchyme
(16, 17). Recently, a 3-dimensional collagen tube has been used
in an attempt to more closely duplicate the physical environment
and physical forces acting upon the migrating and differentiat-
ing PE-derived cells (10). However, little attention has been given




to the affect of these artificial substrates on the epicardial cells
themselves.

In the present study, avian earty PE cells were microsurgically
explanted onto the surface of hydrated collagen gels and the re-
sulting spread of surface epicardial cells observed. The morphol-
ogy of these cells was directly compared to that of their in situ
counterparts using SEM. Surface proepicardially-derived cells
within the confluent portion of the cellular sheet possessed the
Hattened morphology and surface plasma membrane projections
similar to those observed in sire. However, cells along the [ead-
ing edge of the investing cellular sheet showed remarkable differ-
ences in culture. This morphological difference was overcome by
cells forming a confluent cell layer in culture, most probably due
to the adhesion molecules being produced and deposited beneath
the epicardial cells. It seems that the adhesive substrate for the
confluent cells is likely similar in culture to that found in situ
and results in a similar morphology and possible similar level
of cellular activity. Together, these data demonstrate that while
the morphology of early epicardial precursors may be dissimilar
from that occutring in situ, established layers of epicardially-de-
rived cells on collagen lattices may represent a suitable model
system for investigating the role of the subepicardial extracellular
molecules, and the impact alterations of these proteins may play
ot epicardial formation and ultimately coronary morphogenesis.

MATERIALS AND METHODS

FPreparation of hydrated collagen lattices — Collagen gels were
prepared as previously described (15). Rat tail collagen type I
(BD Biosciences, San Jose, CA) was diluted to a final working
concentration of 1mg/ml as follows. Keeping all solutions chilled
on ice, an appropriate volume of stock collagen was added to 50%
volume of sterile water (e.g., a total working volume of 15 mls
would require the volume of water added be 7.5 mls). After gen-
tly mixing by inversion, a 1/10 volume of 10x Media 199 (Gibco,
Grand Island, NY) was added and mixed. To neutralize the acid
present in the stock collagen solution and initiate polymerization,
a 1/10 volume of 0.14 M NaOH was added and mixed by inver-
sion. Additional sterile water was added at this point to adjust
the volume to the desired final working volume. This diluted and
neutralized collagen solution was then transferred using aseptic
techniques to the appropriate tissue culture vessels. In this study,
we used 1.3 mls of diluted collagen solution per 35 mm culture
dishes. 'To finalize the polymerization of the collagen gels, the so-
lutions were transferred to a tissue culture incubator at 37°C, 95%
air and 5% CO, for 1 hour. Upon completion of polymerization,
the gels were carefully equilibrated with “incomplete medium”
{1x Medium 199 with 5000 pg/ml of penicillin, 5000 mg/ml of
streptomycin (BD Biosciences, San Jose, CA) and 250 mg/ml of
Fungizone (Invitrogen, Carlsbad, CA) for 1 hour at 37°C. The so-
lution was replaced with fresh incomplete medium until 24 hours
prior to explanation of embryonic tissue at which time the solu-
tion was decanted and replaced with “complete medium” (incom-
plete medium with 1% chicken serum (Biomeda, Burlingame,
CA), Smg/ml of insulin, Smg/ml of transferrin, and Sng/ml of
selentum; BD Biosciences, San Jose, CA).

Proepicardium microdissection and tissue culture — Fertilized
white leghorn chicken eggs (Gallus gallis) were incubated in a
humidified chamber at 37.5°C until the appropriate stage [Ham-
burger-Hamilton (HH) stage 15-16] for the isolation of PE (18).
Embryos were transferred into a sterile phosphate buffered saline
solution (PBS, pH 7.4) and the PE microsurgically removed and
explanted onto the surface of the collagen gels, which had been
decanted of the complete medium. The PE explants were allowed
to attach to the collagen gels for 24 hrs at 37°C before fresh com-
plete medium was added to the cultures. PE cultures were allowed

to incubate and were processed for SEM at 24 hour intervals. For
those cultures that incubated longer than 48 hours, the culture
medium was decanted and replaced with complete medinm every
48 hours.

Tissue fixarion and SEM — PE explants, along with surround-
ing collagen, which contained epicardial and mesenchymal cells,
were excised from the collagen culture and fixed in a solution
of 2.5% (v/v) glutaraldehyde in PBS (pH 7.4). Likewise, em-
bryonic chick hearts were excised and chemically fixed in the
same manner, The samples were incubated in fixative overnight,
at 4°C. Following three 15-minute washes in PBS, the samples
were further fixed in a solution of 1% (v/v) osmium tetroxide in
PBS (pH 7.4) for 2 hours at 4°C. Samples were then processed
through two 10-minute rinses in distilled water. Dehydration of
the samples was accomplished through 15-minute graded ethanol
washes, until the tissues were equilibrated in 100% ethanol. All
lignid was removed from the samples through critical-point-dry-
ing and the samples were coated with gold-palladium in a Denton
Desk-11 sputter coater. A Hitachi $2300 SEM was used to view
the samples and micrographs documented on Kodak TMAX-100
Pro film. Micrographs presented are representative of cultures or
hearts from a minimum of three independent samples for each in
situ stage or each time point in culture.

RESULTS

Epicardial formation in situ — Although long believed to be
derived from precursor cells which give rise to both the epicar-
dium and myocardium, PE has clearly been established as the
epicardial anlagen (3}. Beginning at HH stage 16, the avian PE
originates as a dorsal outgrowth of the intraembryonic coelom
adjacent to the liver (19). The “grape-like” PE consists of villous
projections comprised of a mesothelial sheet covering a mesen-
chymal cell core (20). Initially, these mesothelial cells displayed
a distinct rounded and somewhat flattened appearance, charac-
teristic of most epithelial (or mesothelial) cells (Fig. 1A, C). As
the PE enlarges. the villous projections extended toward the bare
myocardium of the atrioventricular sulcus. Upon contact with
the surface myocardial cells, mesothelial cells elongated and mi-
grated away from the villous projections of the PE and formed-
colonies of epicardial-precursors on the surface of the early heart
(21) (Fig. 1B, D).

From these foci, cells spread over the myocardium to completely
invest the heart with the outermost layer, the epicardium. This
expansion of the epicardium reltes on cellular proliferation as well
as active cellular migration, thus creating two morphologically
distinct regions of the epicardial layer: the leading edge (migratory
border), and the more established cells within the confluent area
of the epicardium. Cells of the latter displayed the distinctive
cobblestone appearance of epithelial cells with numerous apical
processes present on the surface of the cells (Fig. IE). The
majority of these cell surface specializations were concentrated
on the periphery of the cell surface and intercellular spaces. In
contrast, cells along the leading edge, the first to make contact
with myocardial cells, displayed features characteristic of actively
migrating cells (i.e, filopodia and extensive ruffling of the plasma
membrane; Fig. 1F).

Epicardial growth in culture — Culture systems have long been
used to dissect the mechanisms of cellular adhesion and migra-
tion. The following are data illustrating the spreading and mor-
phology of epicardial precursor cells on a hydrated collagen sub-
strate. When isolated PE (from HH stage 16, prior to myocardial
contact) was placed in culture, the primary explant retained a me-
sothelial/epithelial morphology (Fig. 2A-C}, although the cells
were less rounded than those present in situ (Fig. 1A-C).

The PE cells retained the above morphology even after several
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Figure 1. Representative SEMs of the in situ chicken proepicardia and proepicarially-derived cells. (A) HH stage 15 heart displaying
PE beneath the sinus venosus. (B) Villous projections (arrow) of a HH stage 18 PE, which has made contact with the myocardial sur-
face. (C) High magnification view of the mesothelial cells which cover a proepicardial villous projection. Note the small membrane
projections at the lateral borders of each cell. (D) Epicardial cells spread onto the surface of the myocardium of a HH stage 18 heart.
Arrowhead — leading edge of epicardial layer. (E) Epicardial cells exhibiting a characteristic epithelial morphology and continuing to
display membrane processes. (F) Epicardial cells at the leading edge extend elongated filopodia and display ruffling of the free mem-
brane surface, typical of migratory cells. Arrowhead — leading edge of epicardial layer. Scale Bar = 118 mm (A, B); 7 mm (c); 42 mm
(D); 13 mm (E, F).
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Figure 2. Representative SEMs of explanted proepicardia and proepicarially-derived cells in culture. (A) Proepicardium grown in
culture for 24 hours demonstrating the spread of individual proepicardially-derived cells migrating on the collagen gel surface. (B)
After 72 hours in culture, the extent of epicardial spreading, and the number of migrating mesenchymal cells has greatly increased. (C)
High magnification view of the original proepicardial explant which continues to display the mesothelial morphology after 24 hours in
culture. (D) Individual proepicardially-derived cells are visible migrating away from the original explanted tissue. (E) Many of these
migratory cells display a mesenchymal-like morphology. (F) Cells within the epicardial layer display the characteristic “cobblestone”
appearance and membrane projections that were observed in situ. Arrow — proepicardially-derived mesenchymal cells migrating along
the collagen gel surface. Scale bar = 143 mm (A); 286 mm (B); 13 mm (C, F); 67 mm (D); 18 mm (E).
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days in culture (Fig. 2B, D) and resembled established epicardial
cells in situ (Fig. 1E). Unlike the in situ spreading of epicardial
cells as a confluent sheet of cells, in culture, individual precur-
sor cells initially migrated away from the primary explant (Fig.
2A). These pioneering cells lost their epithelial characteristics in
favor of a more mesenchymal appearance (Fig. 2E). With contin-
ued growth in culture, a confluent sheet of epithelial cells became
more distinet, comprised of cells with the same characteristics
of established epicardial cells in situ (Fig. 2F). These data sug-
gest that, while initial epicardial precursor cells display distinctly
different morphologies in culture when compared to their in situ
counterparts, these cells within the confluent sheet of epicardial
cells do have the capacity to establish an in situ appearance after
several days in culture.

The cells at the leading edge of PE cultures grown for several
days displayed a smooth plasma membrane on the free surface
devoid of any cell surface specializations rather than elongated
filopodia and ruffling as observed in situ (Fig. 3A). Other cells
visible in the collagen gel cultures appear to be migrating mesen-
chymal cells. In situ, these cells initially populate the subepicar-
dial space where they contribute cells to the coronary vasculature
as well as form cells that migrate within the myocardial layer.
These areas are not visible from the external surface of the heart,
but appear to be mimicked in the PE cultures on collagen gels.
Mesenchymal cells could clearly be seen migrating within the
collage lattices, especially near the leading edge of the epicardial
sheet (Fig. 3B). Groups or chains of mesenchymal cells are also
evident in these cultures and are possibly the earliest indication of
angioblastic groups of vascular precursors (Fig. 3C). In culture,
the subepicardial space is not visible from the surface, however,
at the leading edge, cells with only a few broad processes appear
to invade the collagen gel from beneath the layer of epicardial
precursors and likely are synonymous with subepicardial mesen-
chymal cells (Fig, 3D).

DISCUSSION

The data presented here demonstrate that epicardial precursors
can produce confluent layers of cells in culture that closely re-
semble epicardial cells in sire. This similarity is in sharp contrast
with the differences observed when leading edge cells were com-
pared. The elongated filopodia and membrane ruffling present on
cells in sitit were absent from the free surface of cells on collagen
gels. Although collagens have been shown to be a component of
the subepicardial space, additicnal adhesive molecules, deposited
by the epicardial cells themselves, likely are responsible for the
maintenance of (in siti) and the eventual establishment of (in cul-
ture) this morphology.

The pioneering PE cells which must attach to and migrate upon
the myocardial surface likely utilize similar adhesive cell surface
molecules, or membrane bound adhesive ligands (14), that the
epicardial cells at the leading edge adhere to in situ. Although
the exact molecules and epicardial receptors used for the migra-
tion and spreading of epicardial cells remains unknown, several
likely candidates have been implicated. The myocardial vascular
cell adhesion molecule (VCAM-1) and the epicardial a4 subunit
bearing integrins (adbl and ad4b7) likely play an essential role in
the formation and maintenance of the epicardium (22). Mice de-
ficient in either VCAM (23) or a4 (24) fail to form an intact and
sustainable epicardium and thus are lethal mutations.

Clearly, a collagen lattice is a distinctly different substrate en-
countered by leading cells in culture when compared to the in
situ adhesive substrate of the myocardium. This distinction likely
accounts for the altered morphology exhibiied by these cells in
culture. Interestingly, precursor cells appear to have the capac-
ity to regain their in sifu morphology within the confluent areas
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of the epicardial sheet while in culture. Because the epicardium
plays a role in the production of subepicardial matrix molecules
(22), the reiteration of the in sitt morphology, after a short time
in culture, is likely due to the modifications in the substrate upon
which the cells adhere.

Extracellular matrix components have long been known to have
a tremendous regulatory impact on cellular morphology and ac-
tivity. Epithelial cells growing on a thin film of collagen will ap-
pear morphologically dissimilar to the same cell type grown on
different adhesive substrates (25). Furthermore, similar cells will
exhibit distinet activities when grown on attached collagen gels
versus free floating collagen ratts (26). Since epicardial cells have
been shown to be a source of subepicardial extracellular matrix
proteins, it is likely that these activities continue in culture and
once an appropriate adhesive substrate has been generated, the in
sitt morphology of these cells can be accomplished in collagen
gel cultures. PE-derived adhesive molecules offer but one pos-
sible explanation for the differences in morphology observed in
this study. Future studies will be required to demonstrate that the
melecules deposited in situ are also produced in culture.

An additional factor that may contribute to the delay in the ex-
pression of an in sifu morphology may simply be a recovery pe-
riod of the tissue resulting from the microsurgical manipulation
of the primary explant. While this stress placed on the tissue is
unavoidable, it will be a variable considered in future functional
investigations using this model system to dissect what molecules
are produced by the epicardial cells and which are required for
the formation of an in situ morphology. Similarly, the mechani-
cal tension placed on the collagen substrate by the cells and the
tissue culture vessel could play a role in the eventual shape of the
cells. To begin to investigate this variable, future studies using
the current adhered collagen gel system will be compared to the
morphologies of cells grown on or within floating collagen rafts,
thus eliminating much of the tension within the cultures. How-
ever, even when considering the possible effectors acting to shape
the epicardial cells in culture, this model system clearly has the
capacity to yield cells with very similar morphologies to those ob-
served and provides an excellent means for future investigations
in the role adhesive molecules play in the formation of cell shapes.

Additionally, with the absence of myocardial cells, this model
system is well suited to further define the components required
for epicardial adhesion and spreading and to determine which
molecules of the subepicardial matrix are produced by PE derived
cells. The lack of a myocardial layer is also advantageous for
observing the migration and differentiation of PE derived mes-
enchymal cells. While these cells initially populate the subepi-
cardial space, they migrate and contribute cells of a fibroblastic,
angioblastic, hemangioblastic and smooth muscle lineage to the
subepicardial space, myocardial layer and even into the endocar-
dial cushion tissue (11). Our understanding of the cellular fate of
these PE derived mesenchymal cells largely comes from studies
of retrovirally-labeled PE cells reintroduced into avian embryos
(27) or chimeric studies using quail and chick tissues (28}. These
studies have demonstrated that PE-derived cells do contribute
a wide diversity of cell types to the developing heart, including
much of the coronary vasculature. However, working with avian
shell-less cultures, and performing embryonic surgery are often
problematic. Additionally, experimental manipulation within the
embryo is challenging at best and may lead to the death of the
embryo prior to the end point of the experiment.

The collagen gel culture used in this study shows the clear ad-
vantage of this model over shell-less culture when the experimen-
tal questions are focused on the PE-derived cells. Mesenchymal
cells migrating away from the leading edge of the epicardial sheet
are clearly visible in the collagen gel cultures, many of which




Figure 3. Representative SEMs of proepicardially-derived cells after 72 hours in culture. (A) Leading edge of epicardial sheet spreading
on the collagen gel surface. (B) Numerous mesenchymal-like cells, spreading away from the leading edge of the epicardial sheet, on
_ the surface of and within the collagen gel. (C) Higher magnification of the mesenchymal-like cells forming “chains” of cells within the
collagen gel. (D) Higher magnification of a mesenchyme-like cell extending away from the leading edge of the epicardial sheet. Arrow
— mesenchyme-like cell; arrowhead — leading edge of epicardial sheet. Scale bar = 14 mm (A); 48 mm (B); 16 mm (C); 5 mm (D).

have descended to varying depths within the collagen lattice. In-
terestingly, in situ evidence suggests that these cells will form an-
gioblasic foci and thus initiate the formation of coronary vessels
(29, 30). At later stages, these vascular precursors will anasto-
mose with nearby precursors and, in doing so, establish a network
of primitive vessels that will be remodeled and give rise to a large
portion of the coronary arterial system (30). From the collagen
gel surface, clusters of mesenchymal cells are easily observed ex-
tending away from the primary explant and appear to be forming
“cords” or chains of mesenchymal cells throughout the collagen
matrix. As with the utility of this model system for observing and
manipulating the growth and development of epicardial cells, this
system is well suited to examine the differentiation and the pluri-
potency of PE-derived mesenchymal cells.

Much effort is being placed into understanding the mechanisms
active within the PE-derived cells in the hopes of activating stem
cells within human adult cardiac tissue to potentially reiterate
these developmental processes and in doing so, naturally and
non-invasively repair a damaged area. In vitro model systems will
be invaluable tools with which to reveal many of the molecular
partners essential for these processes, both during cardiac mor-
phogenesis and coronary wound repair.
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Transmission electron micrograph of a thin section through Bacillus thuringiensis (Bt) parasporal body (A) and a negatively stained

body (B). The body contains a protein toxin, the alignment of which can be seen along a 115° by 65° axis in A, which is solubilized in
the intestines of certain insects producing an activated protein that results in the death of the insect. ROBERT DROLESKEY, USDA/
ARS/SPARC, College Station, Texas, 77845.
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AVIAN PROEPICARDIAL CELLS RETAIN
VASCULOGENIC POTENTIAL IN CULTURE

RANDY CROSSLAND, JESSICA GREEN, & J. KEVIN LANGFORD*

Department of Biology,
Stephen F. Austin State University
Box 13661 SFA Station
Nacogdoches, TX 75962

_ ABSTRACT

Cardiac morphogenesis culminates in the formation of a fully
functioning heart comprised of three primary tissues, endocardi-
um, muscular myocardium, and outer epicardium. For continued
development and effective function, the heart eventually requires
a coropary vascular system to supply its own tissues with essen-
tial raw material. While the origin of the epicardium and coro-
nary vasculature remained undetermined until the early 1990%s,
evidence demonstrates that both have a common tissue of origin
within the extracardiac tissue of the proepicardium (PE}. Precur-
sor cells within this structure have been shown to produce a num-
ber of cell types critical to the development of the heart. Using PE
primary explants from avian hearts grown on collagen lattices,
we confirm reports that PE-derived cells may differentiate into
endothelial cells, smooth muscle cells, myocardial cells (in vitro)
and blood cells {via hematopoiesis). More importantly, our data
demonstrate that PE-derived cells in culture retain the capacity to
form complex, multicellular vascular structures. Within the col-
lagen matrix, lumenized structures were lined with cells express-
ing the endothelial marker QH-1. Additionally, these cells formed
junctional complexes between adjacent cells, characteristic of en-
dothelial cells. Cells peripheral to the endothelial cells represent
pericytes or smooth muscle precursors. Cells resembling poly-
morphonuclear leukocytes were observed within the patent lumen
of some of these structures in culture. Taken together, these data
demonstrate that the PE-collagen gel model system is well suited
for studying the mechanisms involved in coronary vasculogenesis.

INTRODUCTION

Cardiac morphogenesis is the sum of all the cellular and bio-
chemical processes that must occur in a precise spatial and tem-
poral pattern, leading to the formation of a fully functioning
heart. The heart is unique in that it must perform its adult func-
tion while being constructed. The heart fanctions to supply the
tissues of the growing embryo with the wealth of raw materials
required for continued growth, beyond which simple diffusion is
no longer an adequately supply. This leads to a paradox for the
developing heart; it must enlarge to meet increasing demands of
the body thus requiring a vascular supply of its own for the thick-
ening cardiac muscle, which forms in response to the increasing
waorkload of the heart.

The coronary vasculature, particularly the arterial supply, was
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long believed to form via angiogenesis (formation of vascular
branches from existing vessels) from the area of the aortic si-
nuses (1). As developmental biologists searched for evidence to
support this hypothesis, none was found. In fact, data began to ac-
cumulate to the opposite: no angiogenic branches could be found
originating from the aorta {2). Since coronary arterial flow does
in fact stem from the aorta, an alternative explanation was that
the vessels first formed within the cardiac tissue and were later
connected to the aorta. As more observations were made, it was
discovered that the formation of the coronary vascular supply al-
ways followed shortly after the formation of the epicardium. This
correlation was further supported by data demonstrating that in
VCAM-1/ 4-integrin null mice the epicardium and the coronary
vasculature failed to form (3-5) . Based on these studies, research
gfforts began to focus on the precursor tissue of the epicardium,
the PE as a likely source of coronary vascular precursors.
Around stage HH15 of heart development, PE begins to devel-
op as an outgrowth from the septum transversum on the dorsal
wall of the intrasmbryonic coelom adjacent to the liver (6-9). The
proepicardium has been described as a vitlous outgrowth or as a
vesicular structure resembling a cluster of grapes, with each vil-
lous/vesicle containing an outer mesothelial layer swrrounding an
inner compartment containing extracellular matrix and mesenchy-
mal cells (10, 11). In avian hearts, the villi will extend toward the
heart, eventually making contact with the myocardium at the atrio-
ventricular sulcus (AV). From this point, mesothefial cells migrate
from the villi and spread over the myocardial surface forming the
contiguous layer of the epicardivm (9, 12-14). During the progres-
sive spread of the epicardium along the myocardial surface, an ex-
tracellular matrix-fitled space, the subepicardial space, is produced
between the epicardium and the myocardium. The source of the
subepicardial matrix is unclear; however, both the epicardium and
myocardium appear to contribute to its formation (6). Mesenchy-
mal cells soon populate this newly created space and appear to be
produced by an epithelial-mesenchymal transition (EMT) of either
or both the PE mesothelial cells or/and epicardial cells (9, 15-16).
The number of mesenchymal cells in the subepicardial space
increases as the epicardium completes the investment of the heart.
In certain regions of the heart, such as the AV, mesenchymal cells
coalesce to form angioblasts, which are vascular precursors. His-
tological examination of these areas has demonstrated the for-
mation of capillary-like structures that often contain blood-filled
islands (6), suggesting that initial primitive capillaries form by
vasculogenesis (de nove formation of blood vessels from an ag-
gregate of endothelial precursors) (17, 18). The cells forming the
lumen of the angioblasts are believed to differentiate into endo-
thelial cells of the coronary vessels and once formed, they elon-
gate by angiogenesis (19). As described by Bernanke and Velkey
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(2002), continuation of both vasculogenesis and angiogenesis re-
sults in the formation of a complex array of capillary-sized ves-
sels in the subepicardial space and within the myocardial layer
(6). Initially starting near the AV sulcus, the capillary plexus will
spread to the ventral interventricular sulcus, around the bulbus
cordis region and eventually reach the truncus arteriosus form-
ing a peritruncal ring of capillaries. Upon joining on the ven-
tral aspect of the heart, angiogenic branches extend toward and
form multiple attachments with the left and right aortic sinuses.
Apoptosis then allows the developing vessel to penetrate through
the aortic wall and establish a coronary arterial blood flow.

With evidence mounting in favor of the coronary vasculature
originating from PE-derived cells, investigators developed cre-
ative approaches to test this hypothesis. Retroviral markers were
first used to demonstrate that coronary endothelial cells (20) and
smooth muscle (21) are in fact PE-derived. Manner (1999) utilized
a quail-chick chimera model, in which a chicken PE was physical-
Iy separated from the myocardium and explants of quail PE added.
Their results showed that endothelial and smooth muscle cells of
the coronary vessels were quail derived (22). Ratajska er al. (1993)
examined the growth of coronary endothelial cells in collagen gel
cultures and observed the formation of endothelial cord-like struc-
tures within the collagen matrix (23). Quail PE were cultured on
a Matrigel substrate and yielded cells that expressed endothelial
markers (24), including the quail endothelial specific marker, QHI
(18). More recently, a novel 3-dimenstonal collagen “tube” model
system was used to examine the fate of rat PE-dertved cells (25},

In the current study, the hydrated collagen gel model was used to
examine not only the cellular fate of PE-derived cells, but also the
organization and ultrastructure of the resulting vascular-like struc-
tures produced in culture, Rather than using endotheliat cells from
embryonic hearts, as previously examined (23), isolated avian PE
were explanted onto the surface of hydrated collagen lattices and
the resulting cellular structures examined by immunohistochemi-
cal and electron microscopic methods. Results demonstrate that
PE-derived cells possess the capacity to produce not only endothe-
lial chords, but also vascular structures with patent lumens. Taken
together, this classical hydrated collagen gel model combined with
isolated PE explants represents an excellent means by which to
© produce coronary vascular structures, with a greater organizational
complexity than simple endothelial chords and an effective system
to examine the influence of many different types of growth factors
and substances on both coronary vasculogenesis and angiogenesis.

MATERIALS AND METHODS

Preparation of hydrated collagen lattices — Collagen gels were
prepared as previously described (26, 27).

Proepicardium microdissection and tissue culture — Fertilized
white leghorn chicken eggs (Gallus gallus) or Pharaoh quail eggs
(B&T Quail Farm, Houston, TX) were used for the isolation of
PE at HH stage 15-16 as previously described (28). The tissue
cultures were performed as previously described. The explants
for the tissue cultures were isclated from hearts before the PE had
made myocardial contact. Once the villous projections of the PE
attached to the heart, the ability to microsurgically remove the
structure became increasingly challenging and resulted in por-
tions of the PE remaining on the myocardial surface.

Tissue fixation and scanning electron microscopy — Avian PE
explants, along with surrounding collagen were prepared for SEM
as previously described (27).

Immunohistochemistry — Quail PE explants were chemically
fixed for SEM as described in for the avian PE explants. Following
fixation, the samples were routinely processed through a series of
graded ethanol solutions (25% - 100%), infiltrated with the tran-
sition solvent Safeclear (Fisher Scientific, Pittsburg, PA), entbed-
ded in paraffin and sectioned at a thickness of 5 mm. After rou-

tine removal of the paraffin and rehydration of the tissue sections,
the tissue was incubated in a blocking solution of 3% Carnation
Instant Mikk in PBS (pH 7.2} at room temperature for one hour.
For some sections, prior to blocking, the sections were stained
with hematoxylin and eosin (Fisher Scientific, Pittsburg, PA) fol-
lowing routine histological procedures. Primary and secondary
antibodies were each diluted in PBS containing 3% Carnation In-
stant Milk (pH 7.2). The primary antibody QH-1 (Developmental
Studies Hybridoma Bank) was used at a dilution of 1:1000. Sec-
tions were then incubated with a fluorscene isothiocyanate (FITC)
conjugated donkey anti-mouse IgG (Jackson Immunologicals,
West Grove, PA) at a dilution of 1:100. Sections were examined
using an Olympus BX50F compound light microscope equipped
with ultraviolet epi-illumination. Photographs were taken with a
Nikon Coolpix 5000 digital camera. The micrographs presented
are representative of tissue, cells and immunchistochemical pat-
terns observed in a minimum of three independent cultures.
Transmission Electvon Microscopy — Cultures of chicken PE were
chemically fixed in 2.5% gluteraldehyde in PBS, pH 7.4. Although
chicken PE was used in this study, no observable differences were
identified between quail and chicken PE-derived cells. Following
fixation in osmium tetroxide, the samples were rinsed three times
with PBS, pH 7.4, for 5 minutes. Explants were further processed en
blocwith 4% uranyl acetate (v/v)in 10% ethanol for one hour atroom
ternperature. Dehydration of the samples was accomplished through
15-minute graded ethanol washes until the tissues were equilibrated
in 100% ethanol, followed by infiltration and embedding of the sam-
ples in Spurr’s resin (29). Ultrathin sections were stained with Reyn-
old’s lead citrate (30) and viewed using a Hitachi H15-9 TEM. The
micrographs presented are representative of tissue, cells and vascu-
lar structures observed in a minimurm of three independent cultures.

RESULTS

Individual PE-derived mesenchymal cells invade the collagen
gels - In avian embryos between HHI15-17, the PE can be seen as
a “cluster of grapes™ extending toward the myocardial surface of
the heart (Fig. [A}. This structure, often erroneously referred to as
the proepicardial organ (31), is transient and will expand rapidly,
making contact with the surface of the heart (HH stage 17+/18)
and distributing the mesothelial cells across the myocardial sur-
face as the epicardium (Fig. 1B). In culture, explanted PE rapidly
attached to the surface of the collagen gels and cells were observed
migrating away from the primary tissue as early as 24 hours (ear-
liest period observed; Fig. 1C, D). While these early observations
demonstrate the migration of cells, likely PE-derived mesenchy- -
mal cells, on the surface of the gel, observations from cultures
grown for 72 hours demonsirate that these migratory cells are ca-
pable of moving into the three-dimensional collagen lattice (Fig.
1E, F). Interestingly, this population of cells appears to be orga-
nizing into chords or tube-like structures within the gel. The dark-
er collagen matrix is clearly distinguished from the light-colored
{umen of the many hollow/cellular-bordered structures (Fig. 1F).

PE-derived mesenchymal cells express the endothelial marker
QH-1 - To determine if the cells within the collagen gel and those
lining the hollow structures were endothelial cells, quail PE were
grown in culture and the resulting cells/structures were examined
by immunohistochemical methods for the quail endothelial celt
marker QH-1. This monoclonal antibody has been widely used as
an excellent means of identifying avian endothelial cells i sifu
and in chimeric studies (22, 32). The QH-1 epitope is easily de-
tectable as demonstrated by the in sifi labeling of the endothelial
Llining of a quail heart (Fig. 2E). In the endocardial cushions, the
mesenchynal cells that have formed through an epithelial-mesen-
chymal transiiion (EMT) were also slightly positive for the QH-1
epitope. In cultures of PE, intensely positive areas of the primary
explant were visible (Fig. 2ZA-C). This may represent pre-existing
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vascular structures or, as it has been suggested, vascular precur-
sors from the liver primordium (33). Regardless of the source,
PE in colture does possess cells expressing endothelial markers.
More importantly, many of the migratory mesenchymal cells
within the collagen lattice also expressed the QH-1 markers (Fig.
2A-D). As the population of mesenchyme within the gels was
carefully examined, many instances were observed in which the
cells had organized themselves into vascular-like structures, with
clear, patent lumen. In most cases, the cells lining these structures
expressed the QH-1 epitope, suggesting that they are in fact endo-
thelial cells (Fig 2 A-D).

Vascular structures in collagen gels exhibit ultrastructural
characteristics of blood vessels — To gain further evidence that
vascular structures were being created from the PE-derived mes-
enchymal cells, the PE-cultures were examined by TEM. Vas-
cular-like structures were observed in light microscopy sections
(Fig. 3A, C) then examined by TEM (Fig. 3B, D). In each sample,
the structures possessed a defined cell boundary that formed a
contiguous lining and often exhibited tight-junctional complexes
between adjacent lining cells or cellular processes, characteristic
of endothelial cells (Fig. 3E, F). As has been reported from in
situ data, perivascular cells are also generated from PE-derived
cells (31). Many instances of cells peripheral to the vascular-like
structures were observed in culture and may represent pericytes
or smooth muscle precursors, suggesting that these structures are
more complex than capillaries and may be an early stage in the
formation of arterioles or venules (Fig 3B, D, 4B). Although in
sitn evidence indicated that cardiac muscle is not a PE-derived
tissue (22), in vitre data demonstrates that under certain condi-
tions cardiac muscle may contain PE-derived cells (34). In our
cultures, approximately 50% of the primary PE explants exhibit
spontaneous pulsating activity after 48 hours in culture and con-
tinues contractile activity through the duration of the culture peri-
od. In ultrastructural observation, we identified myofibrils present
within the cultures, thus, likely representing cardiac muscle for-
mation from PE-derived cells (Fig. 4B, C). While this appears to
be an in vitro artifact, this consistent artifact may represent a use-
ful model within which to study cardiac myogenesis. Yet another
morphogenetic process can he observed in these collagen gel/PE
cultures. Hematopoiesis has also been a described process that
PE cells may undergo to yield blood cells (31). Within the patent
lumen of a few of the vascular structures cells resembling poly-
merphonuclear leukocytes were observed, demonstrating that the
capacity to undergo hematopoiesis is retained in PE cultures.

DISCUSSION

Until the past few decades, the origin of the epicardium and
the coronary vasculature remained unsolved. However, through
creative experimental designs and diligent research efforts, data
clearly denoted the PE and PE-derived cells as the source of cor-
onary endothelinm and vascular peripheral cells. In the current
study, we show that PE-derived cells do in fact have the capacity
to ditferentiate into many different cell types. Moreover, these
data demonstrate that the PE-derived cells are fully capable of
organizing into complex, multicellular vascular structures in cul-
ture, exhibiting patent lumen lined with cells expressing the QH-1
marker (thus demonstrating that they are of endothelial lineage).
Furthermore, endothelial cells create junctional complexes that
define the lining of these hollow structures and resemble those
observed in vascular endothelial cells in situ. Interestingly, PE-
derived cells also may form perivascular structures in culture.
Many exarmnples of vascular structures grown in culture possessed
cells peripheral to the endothelial cells and likely represent peri-
cytes or early stages in the formation of vascular smooth muscle.
However, data suggests that the driving force behind much of the

110 Tex. J. Micros. 38:2, 2007

cellular determination and differentiation occurs via soluble fac-
tors in the cellular environment.

A myriad of growth factors reside within the developing car-
diac tissue and many become sequestered within the subepicar-
dial space, an ideal location upon which to direct the EMT and
influence the cellular fate of PE-derived mesenchyme. Vascular
endothelial growth factor (VEGF) (24}, bone morphogenetic
protein {BMP) (34, 35), transforming growth factor beta (TGFb)
(36), platelet derived growth factor (PDGF) (37), and fibroblast
growth factor (FGF) (38) are active constituents in cardiac tis-
sue and play major roles throughout cardiac morphogenesis (34).
As reviewed by Wessels and Perez-Pomares (2004), these distinet
factors have, at times during cardiac morphogenesis, overlapping
or antagonistic impacts on cellular differentiation of PE-derived
cells (31). Thus, FGF, TGFb, and BMP2, -4 appear 1o promote
the EMT of epicardial cells into subepicardial mesenchyme to
begin the process of forming the anlagen of the coronary vas-
culature and connective tissue elements of the heart. However,
VEGF also is involved in the differentiation pathway leading to
endothelial cells and blood elements. PDGF and TGEb appear to
be essential in determining PE-derived mesenchyme to follow a
smooth muscle or fibroblastic cell fate. Interestingly, while these
many factors cooperate in vive to complete cardiac morphogen-
esis, many of these same processes that govern coronary vascular
development proceed in cultures of PE explants. These studies
suggest that while the myocardial layer may play an important
role in directing the formation of structures iz vivo, many of these
cellutar pathways are determined prior to excision and in vitro
examination.

Many in vitro studies have shown the capacity of PE-derived
mesenchyme to form endothelial cells when removed from the
context of the developing cardiac tissue (31, 34, 38). However, the
production of endothelial cells alone remains far removed from
the processes required to form more complex vascular structures,
such as arterioles. In vive, the processes leading to coronary vas-
cular development begin in regions of the heart where the subepi-
cardial space is most heavily populated with mesenchymal cells.
In these areas, mesenchymal cells begin to aggregate together into
structures known as hemangioblasts that give rise to endothelial.
cells and blood elements through the process of vasculogenesis,
the de nove formation of blood vessels (6). In the present study, we
have observed evidence for this process. The presences of small,
endothelially-lined compartments, as well as the observation of
blood elements within the lamen of some of these structures sug-
gest that vasculogenesis and hematopoiesis have produced these
cells and structures in culture,

In vivo, the newly developed endothelial cells recruit adjacent
mesenchymal cells and induce their differentiation into smooth
muscle or other cell types by the release of factors such PDGF,
FGEF-2, or epidermal growth factor (EGF). Evidence thus far sug-
gests that PDGF is involved in the proliferation and migration of
mesenchymal cells towards developing vessels (37). Again, data
from the current study demonstrates that PE-derived cells possess
the capacity to form endothelial cells and that these cells recruit
other mesenchyme to a perivascular zone in culture, mimicking
the mechanisms observed in sifu. The continued expansion of the
capillary nexus within the subepicardial space and throughout
the myocardium appears to be produced through the process of
angiogenesis, the elongation of, and vascular branching from ex-
isting vessels. Initially starting near the AV sulcus, the capillary
network will spread to the ventral interventricular sulcus and then
around the bulbus cordis region eventually reaching the truncus
arteriosus forming a peritruncal ring of capillaries (6). These ves-
sels will then join on the ventral aspect, producing sprouts ex-
tending towards the aorta where they will invade the aorta and




Figure 1. Representative micrographs of PE and PE-derived cells in situ and in collagen gel cultures. (A) Chicken HH stage 15 heart
displaying the PE (arrowhrad) beneath the sinus venosus. (B) Villous projections of a chicken HH stage 18 PE which has made contact
with the myocardial surface (arrowhead). (C) Chicken PE grown in culture for 72 hours demonstrating the spread of proepicardially-
derived cells on the collagen gel surface. (D) Individual migratory cells in advance of the leading edge of the epicardial sheet. (E)
Individual quail PE-derived cells, not visible from the surface since they invaded the collagen gel, are visible within the collagen gel
in cross-sections (arrow). (F) Quail mesenchymal cells organized into either spherical units or hollow chords within the collagen gel,
resembling structures undergoing either vasculogenesis or angiogenesis respectively (arrow). PE — primary explant of the PE in culture.
Scale Bar = 130 mm (A); 85 mm (B); 160 mm (C); 50 mm (D); 180 mm (E); 90 mm (F).
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establish coronary blood flow. Given longer times in culture, the
initial vascular structures formed via vasculogenesis, likely will
expand by angiogenesis and thus this model system would be ben-
eficial for studying either or both of these processes.

While the picture of the PE as a source for vascular precursors
as well as smooth muscle and fibroblasts progenitors is becom-
ing more clearly focused, the role of PE-derived cells in cardiac
myogenesis is becoming more complex. Studies have effectively
demonstrated that no PE-derived myocytes can be detected with-
in the myocardial layer of the heart in situ (22). However, in vitro
studies have shown that at least a population of PE-derived cells
has the capacity to undergo cardiac myogenesis (34). In the pres-
ent study, approximately 50% of the PE primary explants begin to
spontaneously and rhythmically contract after 3 days in culture.
Kruithof et al. (2006) demonstrated that the addition of BMP2
or BMP4 lead to myogenesis, yet FGFs inhibited the formation

of myocytes in vitro (34). Taken together, their data suggest that
a negative regulation of the myogenic pathway is active in situ;
while, in culture, the subpopulation of myogenically-capable cells
is freed to differentiate into cardiac muscle (34).

Our data fully support their hypothesis as cardiac myocytes are
also present in our model system. Regardless of its physiological
relevance to development, this model may yield valuable informa-
tion about precursor cell determination in PE-derived cells that
could possibly be extrapolated to adult cardiac stem cells. This
type of research is being fervently pursued in an attempt to find
a natural and non-invasive means of repairing damaged cardiac
muscle. Future experimentation using this model system will like-
ly shed invaluable information on the processes of PE-derived he-
matopoiesis and myogenesis that may someday result in non-inva-
sive means of stimulating repair of damaged cardiac tissue in vivo.

P
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Figure 2. Immunohistochemical analysis of quail PE-derived cells in culture for the endothelial specific marker QH (A-D) PE-
derived cells expressed the endothelial specific marker QH-1 (7 days in culture). Most of the mesenchyme cells within the col-
lagen gel exhibit a moderate level of QH-1, while areas of the original explant are intensely positive for QH-1 and may represent
angioblasts present in the PE prior to explantation in culture. An intensely stained vascular-like structure was observed within
the collagen matrix at a distance from the original explant (arrows in A and B). High magnification of the cells within the col-
lagen lattice reveal that many have organized themselves into structures with defined lumen bounded by a cellular layer (ar-
rows in C and D). (E) QH-1 clearly identifies the endocardium of the heart as well as endocardially-derived mesenchymal cells
migrating into the endocardial cushion tissue. (F) Negative controls lack the QH-1 primary antibody. Asterisk — endocar-
dially-derived mesenchyme within the cushion tissue; PE — primary explant of the PE. Scale Bar = 180 mm (A); 90 mm (B-F).
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Figure 3. Representative transmission electron micrographs of chicken PE-derived cells in culture. (A, C) Thick sections PE cul-
tures examined under light microcopy to identify possible vascular-like structures. (B, D) Corresponding TEM demonstrate
that the putative vascular structures are cellularly lined and possess a patent lumen. In many instances, peripheral cells were
found adjacent to the endothelial lining and likely represent pericyte-like cells or smooth muscle precursors. (E, F) Closer exam-
ination of the lining cells reveals that junctional complexes are present between adjoining cells, a characteristic of the endotheli-
al cells. Arrow — junctional complexes between adjacent endothelial cells; arrowhead — vascular-like structures; asterisk — lumen
of vessel; En — endothelial cell; P — pericyte or smooth muscle precursor. Scale bar = 60 mm (A,C); 5 mm (B,D); .05 mm (E,F).
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Figure 4. Representative transmission electron micrographs of chicken PE-derived cells in culture. In addition to endothelial cells and

perivascular cells, PE-derived cells also demonstrated the ability to undergo myogenesis and produce cardiac myocytes in culture (A, B,

and C). After 3 days in culture, many of the primary explants began to spontaneously and rhythmically contract, indicating the presence -
of cardiac muscle. Identification of myocytes was made by identifying myofibrils present in the cells at the ultrastructural level in either

cross-section (B) or longitudinal section (C). Also present were cells that resembled polymorphonuclear leukocytes within the lumen

of some vascular structures in culture (D). Arrow — longitudinally arranged myofibrils displaying a sarcomeric structure; arrowhead

— vascular-like structure; asterisk — lumen of vessel; En — endothelial cell; P — pericyte or smooth muscle precursor. Scale Bar = 60 mm

(A); 15 mm (B); 10 mm (C); 5 mm (D).
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ABSTRACT

Epidemiological evidence suggests that chronic ingestion of
arsenic through drinking water may have links with the onset of
diabetes mellitus-Type 2. This investigation used an in vivo ex-
perimental setting to test the hypothesis that chronic ingestion
of arsenic through the drinking water may induce diabetogenic
effects in a mouse model fed with a low fat or a high fat diet.
Four groups of C57BL/6J male mice (n=15/group) were fed with
4.5% (low) or 11% (high) fat diet, and exposed to drinking water
containing 0 ppm or 22.5 ppm of sodium arsenite [As (III)] for
40 weeks. Dusing the last 10 weeks, the fat content of the 11%
fat diet groups was increased to 24% to accelerate increase in
weight gain and to ensure reaching the obesity threshold (=50 g}
within the experimental timeline. Light and transmission electron
microscopy studies revealed an arsenic-induced hepatic steatosis
and inflammation in the As (IID-exposed low fat group compared
to the control low-fat group. A similar diet-induced hepatic ste-
atosis and inflammation were also observed in both of the high
fat diet groups with no significantly different pathology observed
between the arsenic-exposed and control groups. A significant
diet-induced increase in the average accumulated weights start-
ing at week 6 {diet by week interaction p<0.001) and blood glu-
cose of the groups fed with the high fat diet (p<0.001) compared
to the low fat diet groups were observed. Terminal blood insulin
showed a significant diet-induced increase for the high fat fed
groups compared to the low fat fed groups (p=0.02). The organ
to body weight ratio showed a significant diet effect for the liver
(p<0.001), a significant diet effect (p=0.003) and a significant
group effect (p=0.03) for the kidney, and a significant diet effect
(p=0.01) for pancreas. There were significant group*diet*week
interactions in both the amount of average water consumption
and average cumulative food consumption. No significant differ-
ences were found for BUN. In conclusion, 40 weeks of exposure
of C57BL/6T mice to 22.5 ppm of As (IIT) through drinking water
did not provide evidence of diabetogenic effects but did provide
evidence of steatosis in lean mice due to arsenic toxicity.
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INTRODUCTION

Exposure to arsenic can occur from the environment through
food and water consumption 1 wd rferences witinl The two forms of
arsenic, reduced [As (IIN7 and oxidized [As(V)], can be absorbed,
and accumulated in diverse tissues and body fluids ™%, In the liver,
the metabolism of arsenic involves enzymatic and non-enzymatic
methylation, in which the most frequently (290%) excreted metab-
olite in the urine of mammals is dimethylarsinic acid [DMA(V)].
The remaining (<10%}) non-excreted arsenic accumulates in cells,
which over time may lead to skin, bladder, kidney, liver, lung, and
prostate cancers Y. Other forms of arsenic toxicity in humans
have been observed in blood, bone marrow, cardiac, central ner-
vous system, gastrointestinal, gonadal, kidney, liver, pancreatic,
and skin tissues . The human liver may exhibit hepatic non-cir-
rhotic portal hypertension, fibrosis, and cirrhosis after exposure to
therapeutic drugs containing As M.

Epidemiological studies have suggested a correlation between
chronic consumption of drinking water contaminated with arse-
nic and the incidence of Type 2-diabetes ¥9. However, the litera-
ture provides insufficient scientific evidence to show cause and
effect between arsenic and the onset of diabetes mellitus Type
2 ¥ Studies have demonstrated that the oxidative stress gen- -
erated by arsenic may disrupt the signal transduction pathways
of the nuclear transcriptional factors PPAR’s, AP-1, and NFxB
1&42 a5 well as the pro-inflammatory cytokines 1L-8 and TNF-o
[23410)2.1842] The jnterference of oxidative stress with signal trans-
duction pathways may affect physiological processes associated
with cell growth, metabolic syndrome X, glucose homeostasis,
lipid metabolism, obesity, insulin resistance, inflammation, and
diabetes-2 %627 Recent scientific evidence has elucidated the
physiological roles of the PPAR’s in the o-hydroxylation of fatty
acids and the inhibition of pro-inflammatory transcription factors
(NFxB and AP-1), pro-inflammatory cytokines (1L-1, -6, -8, -12,
and TNF-o), cell-adhesion molecules (ICAM-1 and VCAM-1),
inducible nitric oxide synthase, pro-inflammatory nitric oxide
(N(), and anti-apoptotic factors &5 22274,

We designed an in vive experimental setting to test the hypoth-
esis that chronic ingestion of arsenite through drinking water may
induce diabetogenic effects in a mouse model fed with a low fat or
a high fat diet. In order to achieve this goal, the wild-type mouse
strain C57BL/6J was selected. This strain has been widely used
in studies of obesity and diabetes due to its susceptibility to diet-
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induced obesity, insulin resistance, and type-2 diabetes. Hyper-
glycemia and hyperinsulinemia may occur in this strain when a
high fat diet (= 15% fat) is used to induce obesity (body weight 2
50g; Jackson Laboratory Mice Data Shect). Therefore, two feed-
ing methods were used in this study to determine the effects of
arsenic toxicity based on the percent of fat content: low fat 4.5%,
and high fat 11% or 24%. The arsenic form and dose were chosen
from studies of metallothionein I and TT null and wild type SV129
mice exposed to 22.5 ppm. of As* for a time period of up to 48
weeks. Upon arsenic exposure, these models showed liver pathol-
ogy including fatty infiltration (steatosis), inflammation, and focal
necrosts M1,

MATERIALS AND METHODS

Experimental Design — All mice used were males of the C37BL/
6J strain, obtained at 6 weeks of age from The Jackson Laboratory
(Bar Harbor, ME, USA}. This study complied with the U.S. Public
Health Policy on the care and use of animals. Protocols for experi-
ments were approved by the Institutional Animal Care and Use
Committee (IACUC) at William Beaumont Army Medical Center
{WBAMC) and the University of Texas at Bl Paso {UTEP). Mice
were allowed to acclimatize for 10 days upon arrival in cages of
five mice per cage with free access to food and water under a 12-
hour photoperiod at an average temperature of 22-26°C and 70%
average relative humidity. The cages were 1/2 inch filled with 1/8
inch Harlan Teklad All Natural 100% Corncob Bedding material,
which was replaced on a weekly basis. Upon completion of the
acclimation period, mice were randomly divided into four groups,
Two groups were fed with rodent chow containing 4.5% fat (Lab
Diet 5001) and the other two groups were fed with 11% fat (Lab
Diet 5015; maximum fat content cornmercially available at the
initiation of the stady). The four mice groups were entitled: con-
trol low fat diet (CL), arsenic-exposed low fat diet (AL), control
high fat diet (CH), and arsenic-exposed high fat diet (AH). Mice
belonging to AL and AH groups were exposed to 22.5 ppm of
arsenic (as determined by inductively coupled plasma (ICP) spec-
troscopy analysis) as sodium arsenite through drinking water over
aperiod of 40 weeks. At week 30, the fat content of the high fat
diet group chow was changed to 24% fat (Lab Diet S8NX) (Purina
Mills, Richmond, TN) to accelerate the increase in weight gain
and to ensure reaching the obesity threshold (=50 g) within the ex-
perimental timeline. Water consumption per group was measured
with a volumetric cylinder and by adding initially 100 mL of con-
trol or experimental drinking water to the cages water bottles and
measuring the amount left after 1 week. Food consumption per
cage was measured with a calibrated scale and by adding initially
100 g of chow and measuring the amount left after 1 week.

Blood Glucose and Blood Urea Nitrogen (BUN) Analyses —
Glucose measurements were taken after a 4-hours fasting on a bi-
weekly basis. Upon selection of mice cages, the 5 mice in a cage
were placed in a custom-designed 5-compartment anesthesia-in-
duction chamber. The anesthetic vaporizer machinery, supplying
anesthesia to the chamber, was set to 3L of oxygen/min and 2.5
vols/min of isoflurane to anesthetize one mouse at a time. Numb
mice were placed upside down on a vented warming table and
continuously kept under anesthesia through an anesthetic mask.
Mice tails were introduced into a warm water cup for about 15
seconds to promote dilation of the central vein. Upon localization
of the dilated central vein of the tail, the vein was poked with a 25-
gauge needle at an angle of 45° to allow blood to flow out of the
vein. Blood levels of glucose were measured with a Freestyle®
blood glucose meter (TheraSense Inc. Alameda, CA). Blood urea
nitrogen levels (BUN) were taken with Asostix® strips obtained
from the Bayer Corporation, Elkhart, IN. After measuring glucose
and BUN, the tails were cleaned and disinfected with sterile 70%
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isopropyl alcohol gauze, and the mice were atlowed to recover in
a designated recovery cage. At the termination of the experiment,
a submandibular blood samplte (2.0 + 0.5 mL) was collected from
each mouse with a Goldenrod™ Animal Lancet (MEDIpeint, Inc,
Mineola, NY) to measure the levels of blood insulin. Upon termi-
nal blood collection, the kidney, liver, and pancreas organs of each
mouse were excised and preserved for pathological studies. Aver-
age values for each group were taken from an initial total of 15
mice per group divided into 5-mice per cage. The measured vari-
ables included weekly cumulative body weights, weekly water
consumption, bi-weekly blood glucose, bi-weekly BUN, terminal
blood insulin, and terminal liver-, and kidney-to-body-weight ra-
t1os as shown in Table 1.

Light Microscopy — Kidney, liver and pancreas tissue from each
mouse were fixed in 10% formaldehyde, embedded in paraffin,
and staimed with hematoxylin and eosin (H&E), Masson’s Tri-
chrome, or Periodic Acid Schiff (PAS). The H&E stain was used
to observe the overall histology of the tissues and to document
pathology. The PAS stain with diastase was used to look for dia-
betic changes in the kidney, primarily for amyloid deposition. The
Masson’s Trichrome stain was used to observe fibrosis. Pathology
was graded using a semiquantitative 1-3 grading system (mild,
moderate, marked).

Transmission Electron Microscopy (TEM) — Small pieces of tis-
sue (Imm*) were fixed in 2.0% (wi/vol) paraformaldehyde and
2.5% (volfvol) glutaraldehyde in 0.12 M Millong’s phosphate buf-
fer, pH 7.4 for 2.5 hours at room temperature on a rotary agitator.
Specimens were washed 3 times of 15-minutes with cold 0.06 M
phosphate buffer and then post-fixed with 1% (wt/vol) osmium
tetroxide, 0.05 M potassium ferricyanide in 0.12 M phosphate
buffer for 1 hour on ice. Specimens were then washed in 0.06 M
phosphate buffer followed by 3 times of 15-minute washes with
distilled water and then en block staining overight with 0.5%
(wt/vol) aqueous uranyl acetate at 4°C. Specimens were then
dehydrated with ethanol (75%, 95%, 100%) followed by 100%
acetone. Specimens were infiltrated with and embedded in Poly
Bed 812 (Polysciences, Inc., Warrington, PA). Thick sections (1
pin) were stained with Toluidine Blue and Fuschin to determine

suitable areas to be thin sectioned (60-90 nm). Thin sections were

post statned with the uranyl acetate followed by Reynolds Lead
Citrate (Reynolds, 1963). Grids were examined and photographed
in a Zeiss EM-10 transmission electron microscope at an acceler-
ating voltage of 60 or 80 kV.

Statistical Analyses — Statistical analyses included the General
Linear Mixed Models (GLMM} for repeated measures with fac-
tors group (Arsenic versus Control), diet (Low Fat versus High
Fat) and week, and Tukey’s post-hoc pairwise comparison tests,
using the Statistical Analysis System (SAS version 9.1.3). If a
significant effect in time or treatment group was found with
the GLMM, the data were subjected to the post-hoc procedure,
Tukey’s test.

RESULTS

Metabolically Diet-induced Effects of Arsenic Exposure — As
shown in Table 1, the combined results obtained with the high fat
groups starting at week 6 showed a significant increase in cumula-
tive body weights compared to results obtained with the low fat
groups, indicating a significant diet*time interaction (p<0.001).
At week 40, both control and arsenic-exposed groups fed with
high fat diet reached the level of obesity (= 50 g). The average
water consumption showed a significant group*diet*week inter-
action (p<0.001). The Tukey’s post-hoc procedure showed sig-
nificant group effect in time for the low fat diet groups, but not
for the high fat diet ones. The average cumulative food consump-
tion showed a significant group*diet™week interaction {p<0.001),
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and Tukey’s post-hoc procedure showed significant group effect
across the weeks 9 to 24 for the high fat diet, but not for the low
fat diet. The combined overall average bi-weekly blood glucose of
the high fat groups showed a significant increase (p<0.001) when
compared to the low fat groups. The elevation of blood glucose in
the high fat-fed groups (193 + 17 mg/dL for the control vs. 203 +
41 mg/dL for the As (lI)-exposed) to prediabetic blood glucose
levels for a mouse (123 to 225 mg/dL)*# was an expected diet-
induced effect. The terminal blood insulin showed a significant
diet-induced increase for the high fat fed groups {(control 4.5 +
3.3 ng/ml and arsenic-exposed 2.4 + 1.4 ng/ml) compared to the
low fat fed groups (control 3.3 + 1.4 ng/ml and arsenic-exposed
2.3 = 1.6 ng/ml, p=10.02). The organ to body weight ratio showed
a significant diet effect for the liver (p=0.001, higher for high fat
diet than for low fat diet), as well as a significant diet effect for
kidney (p=0.005, higher for low fat diet than for high fat diet).
No significant differences in diet or group were found for the bi-
weekly BUN. No significant differences in diet or group among
all measured variables were found in any of the 6-week-harvested
mice.

Effects of Arsenic Exposure on the Liver Pathology and Ultra-
structure — Table 2 shows a summary of the pathological effects
observed per group. The hepatic pathology for the arsenic-ex-
posed low fat diet group demonsirated 33.3% mild macrovesicu-
lar steatosis, and 6.7% moderate macrovesicular steatosis. A total
of 60% of the arsenic-exposed fow fat diet mice had normal liver
histology. In contrast, the control low fat group demonstrated
14.3% of mild inflammation, but no mice with hepatic steatosis. A
total of 85.7% of the mice in the control low fat diet group showed
normal liver. The pathological effects of a high fat diet were dem-
onstrated in the groups fed with the 11% fat diet followed by 24%
fat diet. The liver pathology for the control high fat group showed
steatohepatitis; 33.3% mice showed marked microvesicular and
macrovesicular steatosis, mild inflammation, and mild necrosis,
26.7% marked microvesicular and macrovesicular steatosis and
mild inflammation, 13.3% microvesicular and macrovesicalar ste-
atosis, 6.7% mild inflammation, and 20% showed normal liver
histology. The arsenic-exposed high fat group showed a similar,
not significantly different pathology from the control high fat
group. In this group, as in the control high fal group, the steato-
hepatitis was characterized by 33.3% of the mice showing marked
microvesicular and macrovesicular steatosis, mild inflammation,
and mild necrosis. However, 40% showed marked microvesicular
and macrovesicular steatosis, 6.7% mild microvesicular and mac-
rovesicular steatosis and mild inflammation, 6.7% microvesicular
and macrovesicular steatosts, and 13.3% remained normal. Only
two out of fifteen mice (13.3%) had normal liver histology.

A summary of liver histology for all groups (CL, AL, CH, and
AH) is shown in figures 1-3. The CL mouse (Fig.1) shows the
normal features of hepatic tissue including the central vein, inter-
lobular vein, sinusoids, and hepatocytes. Figure 2, representative
of AL mice, shows arsenic-induced microvesicular and macrove-
sicular steatosis, represented as white lipid inclusions within he-
patocytes. Figure 3, representative of CH mice, shows the high
fat diet-induced microvesicular and macrovesicular steatosis ef-
fect accompanied by inflammation, Figure 4, representing an AH
mouse, shows the high fat diet-induced microvesicular and mac-
rovesicular steatosis effect accompanied by inflarumation. The
pathology of the AH group was similar to the pathology of the
CH group. Figure 5, also from an A mouse, shows the extreme
case of microvesicular and macrovesicular steatosis with inflam-
mation and necrosis.

Although light microscopy revealed normal liver histology in
the control low fat diet mice, under the electron microscope, lipid
was more noticeable in hepatocytes of numerous control low fat
diet mice than characteristically seen in BALBc or C3H mouse
hepatocytes, In Figure 6, representative of CL group, the lipids are
noticeable in the top hepatocyte. Normal lipid droplets appear in
lipoeytes within the sinusoids (center of the picture). In Figure 7,
representative of AL group, the arsenic-induced steatosis can be
observed as several lipid inclusions within hepatocytes. In Figures
8 and 9, representing the CH and AH groups, respectively, a more
severe case of steatosis can be observed, in which the cytoplasmic
region appears occupied by large lipid inclusions.

DISCUSSION AND CONCLUSIONS

Light microscopy results showed that 12/14 mice in the CL
group had normal liver histology. In the electron micrographs of
CL mice, lipids are more noticeable than in BALBc or C3H mouse
hepatocytes. Thus, the high resolution of transmission electron
microscopy can detect low levels of lipid not noticeable in light
microscopy. The increase in liver lipid content may be due to the
prediabetic level of glucose in the blood of all of the C57BL/6J
mice in our study. The pathology of microvesicular and macrove-
sicular steatosis observed in the AL group provides evidence that
arsenic toxicity can induce hepatic steatosis in a mouse model fed
with a low fat diet (4.5% fat content). This unusual association be-
tween lean body mass and liver steatosis has been reported before
in the literature in mice fed a diet containing a fatty acid {10-trans,
12-cis-conjugated linoleic acid (CLAZ2)] that can induce steato-
sis in a lean body B9, However, the hepatic condition known as
non-alcoholic faity liver disease (NAFLD) ts common in obesity
induced by a high fat diet, a physiological effect that explains the
observed hepatic steatosis in the mice groups fed with the high

Table 1: Average values per group of cumulative weight, water consumption, food consumption, blood glucose, terminal insulin,
terminal liver to body weight ratio, and terminal kidney to body weight ratio at week 40. CL: control low fat, AL: arsenic low fat, CH:

control high fat, AH arsenic high fat.

AVERAGE . N
AVERAGE AVERAGE WATER | AVERAGE FOOD BLOOD AVERAGE AVERAGE TERMINAL
GROUP CUMMULATIVE | e “hnr i )| CONSUMPTION GLUCOSE TERMINAL LIVER TO BODY
WEIGHT (g) ( UME @ (mg/dL) INSULIN (ng/mL) WEIGHT RATIO
CL 34.01+128 30.0 £ 1.06 2773 +£1.08 175+ 20 33x14 0.046 £ 0.002
AL 32.75+2.797 23.26 £ 0.67 26.84 4+ 1.07 170+ 15 23+26 0.047 £ 0.004
CH 51.25£4.72 2473+ 228 2313 £1.58 193 £17 45x33 0.069+0.015
AH 50,5+ 4.39 18.72 = 037 2499+ 157 203 + 41 24414 0.068 + 0.013
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Table 2: Hepatic pathological results for male C57BL/6J arsenic-treated mice compared to controls, CL: control low fat, AL: arsenic

low fat, CH: control high fat, AH arsenic high fat.

MICROVESICULAR &
MACROVESICULAR STEATOSIS
MICROVESICULAR &
SAMPLE | NORMAL MILD MACROVESICULAR
GROUP | q17g LIVER | INFLAMMATION | ™MD | MODERATE | MARKED STEATOSIS WITH
INFLAMMATION
CL 14 12 2 0 0 0
AL 15 9 0 1 0 0
CH 15 3 1 0 2 4
AH 15 2 0 0 6 ]

fat diet in this investigation. According to the literature, the obe-
sity induced by a high fat diet may be associated with increase
in free fatty acids, dyslipidemia, metabolic syndrome X, insulin
resistance, nonalcoholic steatohepatitis (NASH), diabetes-2, and
cirrhosig [7:81323.28.28-32.34373940] Thege disorders develop from mod-
ulating aberrant cytokine and insulin signaling. In NASH, gener-
ated oxidative stress leads to inflammation through mechanisms
that remain unclear 1**31. Elevaied levels of cytokines, such ag
proinflammatory TNF-q,, lead to increased hepatic fatty acid syn-
thesis, whereas increased hepatic B-oxidation of phospholipids is
associated with decreased levels of certain proinflammatory cy-
tokines 178391 Decreased P-fatty acid oxidation may cause fat
accumulation and persistent accumulation of hepatic triglycerides
may induce insulin resistance '%'%*, For example, in insulin-re-
gistant and hypertriglyceridemic apoB/BATless mice, the hepatic
mRNA levels of lipogenic enzymes such as acetyl-CoA carbox-
ylase, fatty-acid synthase, and stearoyl-CoA desaturase-1 are in-
creased compared to apoB control mice, suggesting that hepatic
steatosis is assoctated with an elevated degree of hepatic lipogen-
esis 1331, In general, lipodystrophy is characterized by a decrease
in the numbers of adipocytes, increased insulin resistance, leptin
deficiency, and hepatic steatosis .

Control of lipogenesis and hepatic steatosis may be achieved
through the modulation of nuclear receptors, cytokines, and pro-
teins involved in fatty acid biochemistry. For example, the nuclear
receptors peroxisome proliferator-activated receptor (PPAR)-wx
and PPAR-y isoforms are involved in the pathogenesis of hepatic
steatosis by modulating fatty acid metabolism "% Digrup-
tion of SREBP-1 in ob/ob mice decreases the storage of hepatic
triglyceride and the levels of plasma alanine aminotransferase
{ALT), thereby improving insulin resistance and hepatic steato-
§is™**, The up-regulation of PPAR-y in hepatocytes exacerbates
liver steatosis 2%¥%444_ Tn particular, PPAR-y is implicated in liver
steatosis induced by high fat diet *°1.

Hepatic adiponectin is an adipocyte-derived polypeptide active
in endothelial cells of portal vessels and sinusoids that may al-
leviate steatosis, insulin resistance, inflammation, and elevated
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levels of serum alanine aminotransferase (ALT} in mice P'#%. The
mechanism occurs by decreasing the activities of the fatty acid
synthesis enzymes acetyl-CoA carboxylase and fatty acid syn-
thase and suppression of the production and plasma levels of pro-
inflammatory TNF-qt P11,

In conclusion, the data of this study do not support the hy-
pothesis that chronic ingestion of arsenic (22.5 ppm) through the
drinking water can induce diabetogenic effects in C57BL/6] mice
when fed a low or high fat diet for a period of 9 months. How-
ever, the data do provide evidence of arsenic-induced steatosis
and inflammation in lean C57BL/6J mice fed with a low fat diet, a
pathological effect possibly due to the oxidative stress generated
by arsenic toxicity on the signal transduction pathways of nuclear
transcriptional factors and cytokines reported in the literature.
The results suggest that the toxicity of arsenic leads to increasing
levels of hepatic lipogenesis. The high fat diet with or without
arsemic produces greater pathology than a low fat diet resulting
in microvesicular and macrovesicular steatosis with inflammation
and necrosis of liver cells. )

A disadvantage of the mouse model used in this study was the
inadequate amount of blood available per mouse for measuring
the parameters characteristic of diabetes mellitus. Furthermore,
rodents may tolerate much higher doses of arsenic than humans
due to an increased ability to metabolize and excrete arsenic F7.
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Figure 1: Representative light micrograph (X200) of a CL-mouse
liver section representing the normal histological view of cords of
hepatocytes around the central vein (single arrow) and interlobu-
lar vein (double arrow).
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Figure 2: Representative light micrograph (X200) of an AL-
mouse liver lobule showing steatosis (white inclusions) in the he-

e
@

g" %% i

k%ﬁﬁm“ t TN e c‘- 7 '4';:‘&:.’7:'15-.--’, b"ai;;v. ;1';’-"}:‘%1 DB
Figure 3: Representative light micrograph (X200) of a CH-
mouse liver lobule showing severe steatosis (white inclusions) in
the hepatocytes of the cords around the central vein (arrow).
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Figure 4: Representative light micrograph (X200, PAS stain) of
an AH-mouse hepatic parenchyma demonstrating marked mac-
rovesicular and microvesicular steatosis (white inclusions). The
steatosis almost completely obscures the underlying hepatic pa-
renchyma.
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Figure 5: Representative light micrograph (X400, PAS stain) of
an AH-mouse hepatic parenchyma demonstrating single cell ne-
crosis (arrow).
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Figure 6: Representative TEM of a CL-mouse liver tissue show-
ing the beginning of lipid accumulation (arrows) within hepato-
cytes (X1,600).
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Figure 7: Representative TEM of the 22.5ppm As (III)-exposed
low fat diet mouse liver. Hepatocytes exhibit macrovesicular and
microvesicular steatosis (arrows) (X1,600).

122 Tex. J. Micros. 38:2, 2007

5 il ¥ sl - P
Figure 8: Representative TEM of the control high fat mouse liver

tissue. Hepatocytes exhibit macrovesicular and microvesicular
steatosis (arrows) (X1,600).
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Figure 9: Representative TEM of the 22.5ppm As (III)-exposed

high fat diet mouse liver. Hepatocytes exhibit steatosis (arrows)
(X1,600).
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MICROSCOPIC SURVEY ON BIODIVERSITY OF AQUAT-
IC COMMUNITY IN CETA CANYON. KAITLYN BALLEW,
JOEL. BABITZKE, WILLIAM J. ROGERS and NABARUN
GHOSH, Department of Life, Earth and Environmental Sciences,
West Texas A&M University, Canyon, TX 79016

Ceta Canyon, founded in 1918, serves as a major retreat center
hosting many events like camping and excursions. Improvements
in the last decade have greatly enhanced the capacity and versatil-
ity of this reserve in serving all types of groups. Reports are mea-
ger on biodiversity of the local streams, ponds and the waterfall
in Ceta Canyon. Samples of phytoplankton, zooplankton, aquatic
angiosperms and arthropods were collected using various types of
nets, such as the Surber stream sampler, phytoplankton nets, and
sweep nets. Collection was done all along the shoreline through
a stream that tuns through the center of the Ceta Canyon. The
collected samples were placed in labeled vials for further obser-
vation, identification and analysis. Prepared slides from samples
were observed at different magnifications with an Olympus BX40
microscope equipped with FITC (fluorescein-isothiocyanate) and
TRITC (tetramethylrhodamine) fluorescent filters, a mercury lamp
source, an Olympus DP-70 digital camera connected to the com-
puter. The micrographs were captared with DP Manager and were
analyzed using the Image Pro 6.0 software. Twenty-five organ-
isms were viewed and photographed using bright field, FITC, and
TRITC filter settings. A high-pressure mercury Jamp was used to
excite the storage molecules or proteins of the organisms. The mi-
cro-arthropods were viewed and photographed with an Olympus
87-40 stereomicroscope attached to a DVC camera that helped us
identify the specimens. Besides a rich planktonic diversity, com-
mon freshwater insects like dragonflies, damselflies (Odonata),
stoneflies (Plecoptera), caddisflies (Trichoptera), and maytlies
(Ephemeroptera) were found. The organisms varied in taxonomic
composition and density in the three parts of the stream namely
riffle, run and pool.

MICROSCOPIC EVALUATION OF ROUNDUP EYFECT
ON A FRESHWATER PLANKTONIC COMMUNITY. JEN-
NIFER COLLINS, WILLIAM J. ROGERS and NABARUN
GHOSH, Department of Life, Earth and Environmental Sciences,
West Texas A&M University, Canyon, TX 79016.

Prymnesium parvum, a flagellated unicellular gelden alga, is
a mixotroph with the ability to exist as a photosynthetic auto-
troph or heteroiroph prédator. For yet unknown reasons, the algae
bloom and shift from autotrophic to heterotrophic states. In the
respiration mode, the organism feleases toxins that attach to fish
gill surfaces, thus causing the loss of millions of fish every yearin
Texas. The objective of this study was to determine if the herbi-
cide Roundup, commonly used on Roundup ready cotton, causes
the shift in a photosynthetic/acrobic freshwater planktonic com-
munity. Water was sampled from Colorado City Lake in 32-ounce
jars (double blind method design). Fight jars were used for each
experimental group: control with ne Roundup, 1 ppm, 10 ppm,
and 100 ppm Roundup. Samples were kept under a 12-12 hours
photoperiod over a seven-day period. The concentration of golden
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algae and Chlamydomonas sp., obligate photosynthetic organisms
{indicator organism in the experiment), were assessed. Plankton
counts were conducted at 24 hours, 48 hours, 96 hours, and 168
hours from the beginning of the experiment using a Sedgwick-
Rafter cell counter under a BX-4( Olympus microscope attached
to a DP-70 digital camera. A 1 ml sample was collected, at the
specified time interval, and then counted vsing a Palmer Counting
Cell at 50-500 magnification. The results on golden algae were
inconclusive. The golden algae seemed to survive over the differ-
ent time intervals and Roundup concentrations, Chlamydomonas
counts at the 1ppm Roundup concentration were not significantly
different (¢=0.05) from the control, but they dropped significantly
at 10 ppm and 100 ppm Roundup. Assuming that the golden algae
population remained the same and that the Chlamydomonas popu-
lation decreased by over five fold, we believe a shift in the plank-
tonic community can oceur at 10 and 100 ppm. Funding Source:
REU Program Summer Grant, 2007.

IMMUNOCYTOCHEMICAL LOCALIZATION OF SITES
OF ETHYLENE PRODUCTION IN PEERCE’S DISEASE IN
GRAPE PETIOLES. E. ANN ELLIS, B. GREG COBB?, and
GEORGE R. MCEACHERN?, 'Microscopy and Imaging Center
and *Dept. of Horticultural Sciences, Faculty of Molecular and
Environmental Plant Sciences, Texas A&M University, College
Station, TX 77843,

Pierce’s disease, an economically important plant pathogen,
infects the xylem of wine producing grapes in the southeastern
states, Texas and California. Previous transmission electron
microscopy studies of Pierce’s disease demonstrated the bacterium
Xylella fastidiosa in the xylem of grape (Vitis vinifera) petioles.
Tyloses and gums produced in infected xylem result in partial”
vascular occlusion, possible water stress and senescence of the
leaves. The phytohormone ethylene modulates many processes
in plant morphogenesis and pathology and can be produced by
both higher plants and microorganisnis. A number of studies have
indicated a role for ethylene production by microorganisms in
plant pathology. In addition, control plants treated with ethylene
exhibit foliar symptoms of Pierce’s disease. The enzyme I-
aminocyclopropane-1-carboxylate oxidase (ACC oxidase) is a
marker for sites of ethylene production. This study used colloidal
gold based immunocytochemical localization of ACC oxidase in
petioles of grape leaves infected with X. fastidiosa to determine
sites of ethylene production in Pierce’s disease. ACC oxidase
localized in the bacteria, adjacent to the bacteria in the xylem
and accumulated in xylem cell walls. There were decreased
levels of ACC oxidase in the cytoplasm of parenchyma cells and
adjacent vacuoles and cell walls. Localization of the enzyme in
cell walls and vacuoles probably indicates cell wall absorption of
the secreted enzyme. This work provides evidence for a role for
ethylene generated by ACC oxidase in the etiology of Pierce’s
disease.




ANON-DESTRUCTIVE METHOD OF EXAMINING TREE
RINGS WITH A HANDHELD MICROSCOPE CAMERA,
TINA HALUPNIK, Department of Biology, University of Texas
at Arlington, Arlington, Texas 76019.

The ProScope HR device is an affordable handheld microscope
camera, useful in a wide range of fields, both amateur and pro-
fessional. Actively powered via a PC USB connection, magnified
images up to 400X can be viewed in real time on the computer,
before being captured as stills, movies, or time-lapse sequences.
LED lights are built into most of the lenses, to illuininate the sub-
ject. I have recently found the ProScope HR to be a useful tool
for examining tree rings. Previously, when researchers wanted
to microscopically examine tree rings, long cylindrical cores of
wood would be removed from living trees in the field, then spe-
cially prepared to be examined with compound Hght microscopes.
This methed of examining tree rings is not feasible if only a large,
intact section of trunk is available and it is either not possible or
desirable to cut into the sample for cores, Dr. Howard J. Arnott’s
intact slab of Prometheus, an ancient bristlecone pine (Pinus lon-
gaeva), is an example of a piece of wood that should not be sec-
tioned. Since the ring data spans 4900 years of life, the value of
this segment of Prometheus lies in its intact condition. Using the
ProScope, I have captured 30X, 100X, and 400X micrographs of
Prometheus, with enough detail to accurately measure the fea-
tures of the rings. These micrographs also reveal some issues that
need to be addressed. Increased magnification reveals surface
marks that obscure the cells. These marks need to be removed.
Furthermore, since the microscope performs best when contact-
ing the sample surface, uneven surfaces produce uneven areas of
image sharpness. Despite this, when tree samples prove too large
to examine with conventional compound microscopes, a handheld
USB microscope camera like the ProScope can produce satisfac-
tory micrographs without damaging the wood.

INVESTIGATION OF SARRACENIA ALATA (WOOD). RA-
CHAEL N.JONES and DENNIS A. GRAVATT, Department of Bi-
ology, Stephen F. Austin State University, Nacogdoches, TX 75962,

Sarracenia alata Wood (pitcher plant or yellow trumpet) is typi-
cally found in saturated, acidic, nutrient deprived soils. The popu-
lations used in this study are located in the Angelina National For-
est near Boykin Springs Park, Angelina County, Texas. They are
located in herbaceous seeps embedded within dry sandy uplands.
The leaves of S. alata are comprised of the hood, peristome, ala,
and pitcher. Internally, we found that the leaves can be delineated
into four zones: zone 1 refers to the hood; zone 2 contains the peri-
stome; zone 3 includes the top portion of the pitcher; and zone 4 is
the bottom portion of the pitcher. Samples from internal and exter-
nal portions from all four zones were collected, preserved, fixed,
and prepared for SEM. Key identifying features for each zone were
noted. Trichome and stomatal morphology were described for each
of the four zones. The trichome morphology was found to differ
amongst the zones, and the stomata were embedded within stoma-
tal crypts. However, there was a lack of nectar glands in the peri-
stome as previously reported with other Sarracenia species. This
study will serve as foundational work for future studies of S. alara.

ANTIGEN RETRIEVAL IN FtsZ LOCALIZATION IN ARA-
BIDOPSIS THALIANA. CAROL B. JOHNSON and E. ANN
ELLIS, Microscopy and Imaging Center and Department of Biol-
ogy, Texas A&M University, College Station, TX 77843,
Filamentous temperature sensitive 7 ring (FtsZ) protein is a
cytoskeletal GTPase and structural homologue of tubulin that is
important in chloroplast division. Previous immunofluorescence
studies in Arabidopsis thaliana demonstrated two forms, FisZ-1
and PtsZ-2, which are involved in ring formation at the site of

division of chloroplasts in higher plants. This study investigated
the appropriate immunoclabeling conditions for ultrastractural lo-
calization of these proteins. Antigen retrieval with heat and high
pH was necessary in order to improve immunolabeling at the light
microscope level. Conventional immunocytochemical localiza-
tion (no antigen retrieval) used rabbit anti-FtsZ-1 and rabbit anti-
FtsZ-2-1 primary antibodies with goat-anti-rabbit IgG secondary
antibodies labeled with 12 nm colloidal gold. Antigen retrieval
with urea at high pH (pH 9.5) was used in an attempt to improve
immunolabeling at the ultrastructural level. Micrographs of the
conventional localization of FisZ-1 revealed localization in the
stroma of the chloroplasts. Micrographs of conventional local-
ization of FtsZ-2-1 showed localization in the inner chloroplast
membrane and in the stroma. Antigen retrieval localization of
FtsZ-2-1 is visible in the thylakoid membranes, in the siroma, and
in the cytoplasm and cell walls. A comparison of the two localiza-
tion methods indicates that the level of labeling was higher with
the antigen retrieval method. However, more non-specific labeling
was observed. The increased non-specific labeling with antigen
retrieval suggests that a higher dilution of primary antibody might
give more specific localization,

CHANGES IN TRACHEID LENGTH OF PROMETHEUS
(PINUS LONGAEVA ). KELSEY A. PENDLEY and HOWARD
J.ARNOTT. The Department of Biology and The Center for Elec-
tron Microscopy, The University of Texas at Arlington, Arlington,
TX 76019.

Pinus longaeva trees (bristlecone pines) are the oldest known
living trees. Because of their extreme age, they may be able to
reveal information about past glacial periods such as the Little
Iee Age. We conducted an investigation to see if tracheid length
in bristlecones and temperatures of the Medieval Warming Period
and the Little Ice Age correlate. Tracheid length data for this study
was obtained from Baas er al. (1986) and temperature reconstruc-
tions were provided by Robert A. Rhode. Using those data, we
found no correlation between tracheid length and temperature. The
literature indicates that some tree species typically display signs
of tracheid senescence with age. Example species include: Fagus

sylvatica, Pseudotsuga taxifolia, Pinus sylvestris, and Picea ab-

ies (Dinwoodie, 1961}, However, one study conducted on trees of
P. longaeva concluded that tracheids of this species continue to
steadily increase in length through time (2200 years) (Baas ef al.,
1986). Further research on the species P longaeva supporis the
idea that bristlecone pines do not senesce (Lanner and Connor,
2001}. The first 400 of 4901 years of the oldest known bristlecone
pine, Prometheus, were macerated using Franklin’s method. The
tracheids in each sample were measured using NIS-Elements and
evaluated. The tracheids displayed a strong juvenile growth phase
followed by a period that appeared to level off. Our hypothesis is
that the tracheids of Prometheus witl match the results of the Baas
et al. (19806) study. Further macerations of the remaining 4500
vears will be necessary to determine if our hypothesis is correct.

Baas, P., Schmid, R., and van Heuven, B.J. (1986). Wood anatomy
of Pinus longaeva (bristlecone pine} and the sustained length-
ot-age increase of its tracheids. IAWA Bulletin, 7 (3), 221-228.

Dinwoeodie, .M. (1961), Tracheid and fibre length in timber; a
review of literature. Forestry 34, 125-144.

Lanner, R.M. and Conner, K.E. (2001). Does bristlecone pine se-
nesce? Experimental Gerontology 36, 675-6835.

Tex. F. Micros. 38:2, 2007 127




INVESTIGATING THE EFFECTS OF ESTROGEN ON ZE-
BRA FINCH EGGSHELL THICKNESS AND MAMMIL.-
LARY CONE COUNT. H. POURARSALAN and S.L. WEST-
MORELAND, Dept. of Biology and The Center for Electron Mi-
croscopy, University of Texas at Arlington, Arlington, TX 76019.

Female Zebra finch chicks were exposed to estrogen in their
daily consumption of seeds. We hypothesized that estrogen will
cause eggshell thinning and higher mammillary cone density in
Zebra Finch eggs. Jim Millam at University of California at Davis
orally administered the experimental female chicks with estradiol
benzoate in accordance to the normal consumption of it in nature
and with canola oil for 7 days when they were 5-11 days old.
Control females were administered canola oil only. The females
were allowed to form mating pairs with males at 110 days and
25 eggs were collected: 15 control and 10 experimental. Three
samples were removed from each eggshell and SEM images were
taken at 500X. Thickness of the eggshells was determined using
Image ProPlus. It was found that the eggshells from treated chicks
were significantly thinner than the control (p=0.02). We then in-
vestigated the relationship betwaen eggshell thickness and mam-
millary cone density. We marked the cone tips on the photos using
Microsoft Photoshop and counted the tips using Image Pro Plus.
The mean value for the thickness of eggshells from treated chicks
was 65.97 micrometers (s.d.=11.2} while the mean value for con-
trol was 63 micrometers (s.d.=14.6). Although this difference was
not significant (p=0.228), it shows a trend that the thicker the egg-
shell, the lower the mammillary cone density. Both experiments
supported our original hypotheses regarding the effect of estradiol
benzoate on eggshell thickness and shell morphology.

AN ELECTRON MICROSCOPY STUDY OF THE SALT
GLANDS IN ZOYSIA MATRELLA.'SHEETAL RAQO, *E. ANN
ELLIS, *MICHAEL W. PENDLETON, and 'MARLA BINZEL,
"Department of Horticultural Sciences and *Microscopy and
Imaging Center, Texas A&M University, College Station, TX
77843,

Some salt tolerant plants are characterized by the presence
of functional salt glands on their leaves. In Zoysia matrella,
salt glands are modified trichomes, which facilitate excretion
of excess salt. The overall objective of this research focused on
studying the mechanism of salt tolerance in Zovsia matrella, a
warm-season, highly salt-tolerant, tarf grass. Scanning electron
microscopy (SEM) and TEM studies of functional salt glands
were done on plants grown in the greenhouse and watered
with either deionized water {control) or high concentrations of
sodium chioride (300 mM NaCl). SEM was used to visualize salt
glands located on both the adaxial and abaxial leaf surfaces, and
concentrated in rows parallel to stomata. In leaves from salinized
plants, salt crystals were deposited next to the salt glands on the
adaxial side indicating active salt secretion from glands. There
were no salt crystals on leaves of control plants or on the abaxial
side of salinized leaves. Energy dispersive spectroscopy (EDS)
analysis of the leaf surface confirmed the presence of sodium and
chlorine around the secreting salt gland. An opening near the tip
of the salt gland is assumed to be the gland pore through which
excess salt 1s excreted onto the leaf surface. TEM revealed a very
thick cuticle around the salt glands. A large flask-shaped cell was
prominent in all leaf sections from control as well as salt-treated
plants. There was intense staining of the plasma membrane in
the base of the salt gland and also in some of the epidermal cells
adjacent to the salt gland. Phosphotungstic acid-chromic acid,
a specific stain for plant plasma membranes, showed distinct
invaginations of the plasma membrane in the salt gland. These
imvaginations presumably provide increased membrane surface
area for salt pumping, thus increasing the secretory capability of
the cells involved in salt secretion. This observation is consistent
with previous studies in other species.
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STRUCTURE AND SIGNIFICANCE OF TERMITE
REACTION WOOD IN THE LIFE HISTORY OF THE
JOSHUA TREE (Yucca brevifolia)

HOWARD J. ARNOTT

The Department of Biology and The Center for Electron Microscopy,
The University of Texas at Arlington, Arlington, TX, 76019

In 1951, on a field trip in the Mojave Desert with Dr. George
R. Johnstone, Professor of Botany at the University of Southern
California, T was intreduced to the dense wood in the stem of
the Joshua tree (Yucca brevifolia Engelm., Agavaceae). T still
remember Dr. Johnstone’s comment as he cut up a “chunk™ of
this dense wood. He said, “In this piece there are all the sclereids
that anyone could ever want.” Tn 2006, Catherine Arnott-Thornton
and I chanced upon this dense wood again in several parts of the
Mojave Desert. One occasion was. at Saddleback Butte State
Park, some 15 miles east of Lancaster, California; Joshua trees
and creosote bushes (Larrea tridentata) are the dominant species
found in the park. I have described this trip in my autobiography
Part TV (Amott, 2007, Tx. J. Micr. 38:1).

- The stems of several downed Joshua Trees in the park contained
dense wood similar to that seen earlier. The dense wood seems to be
caused by an invasion of termites in the stem of the tree. Tt appears
that the stem produces this dense tissue in an endeavor to wall off
or impound the penetration of the termite colony. In producing
this termite reaction wood, the tree often causes its own death by
cutting off the supply of water to the upper part of the tree. The
subject of this article is the nature of the termite reaction wood.

I collected small samples of termite reaction wood from dead
trees west of Saddleback Butte State Park and from two dead trees
Just outside Death Valley National Monument. In every Joshua
tree site that [ inspected T was able to find termite reaction wood.
However, the best sample I found was collected in 2006 along
Wilsen Farm Road, (.2 miles south of Maricopa Road, in San
Bernardino County, California. This piece was found on the
ground near several Joshua trees; it was almost 60 cm. in length
and about 18cm. in diameter. Some of this material was retained
in the collection at the Laboratory for Tree-Ring Research at
the University of Arizona in Tucson as a voucher. Sections were
subsequently sanded to produce a surface that could be ohserved
with the light microscope using reflected light. T was not able to
make microtome sections of this material; however, occasional
hand sections were adequate to be observed in transmission light.

Dead Joshua trees are readily seen on the Mojave Desert and
can be observed on the ground or by aerial reconnaissance, Using
Windows Live Local in regions where high resolution photos
prevail, it is easy to spot dead Joshua trees as they have a common
signature. The tree shown in Figure 1, photographed from the
ground in 2006 was easily seen in Live Local aerial views of 2007.
(As an aside, T want to point out that the nature of the creosote
bush clones are easily seen in these aerial photographs; both
“C” and circular bull’s eye profiles can be enumerated). Most of
the Joshua trees that T have observed on the ground had termite

colonies. Termite reaction wood can be found usually near the base
of the trees. However, the termite reaction wood may he formed
higher in the trunk as seen in Fig. 1. Wherever termite reaction
wood is found, at the base or higher, the tree will subsequently die
and eventually fall over. The reaction wood can be seen in stems
that have undergone weathering; the bark and external tissues will
weather much sooner than the termite reaction wood which is very
dense and resistant. Sometimes it is necessary to “dissect’ the stem
to reveal the reaction wood. I have found large sections of termite
reaction wood (see paragraph 3 above) at some distance from the
plants in which they were formed as well as in the plant trunks (Figs.
1-4). The outside of the reaction wood weathers in the sunshine to
a grey color; if the piece is inverted, it will be dark colored, often
with a strong red tint. These pieces often show openings which
represent termite channels) (Fig. 4). Sometimes these openings are
at the end of short tubular branches, which extend from the surface
of the termite reaction wood; in other cases they are merely round
holes on the surface of the wood (Figs. 3-4). Tt is worth noting that
termites no longer occupy dead Joshua tree trunks on the ground.

When a cylindrical specimen like that in Figs. 2 and 3 was cut in
cross section, it was observed that the termite reaction wood was
filled with crevices or channels (Fig, 4, 5). Often these channels
are filled with dirt and other debris left by the termites (Fig. 4), The
dirt and debris can be removed using compressed air. Observation
of clean sections showed crevices, which appeared to be randomly
formed, but were in fact carefully “crafted” by stem growth (Fig.
5). When cross sections of a polished specimen of termite reaction
wood were examined, several different zones could be identified.
However, it is of first importance to note that most vascular
bundles ran perpendicular to the cut surface. This is, of course,
what one would expect to see in a normal yucca sterm. The zones
alluded to above speak about the way the plant has reacted to the
termite channels. In different zones, the vascular bundles may be
completely “embedded” in a tissue (matrix). This tissue appeared
to be a mixture of sclerenchyma and parenchyma cells. In other
zones, the vascular bundles were partly or completely free from
this cellular matrix (Fig. 5, 13). Careful examination of Fig. 5
shows distinctive areas within the termite reaction wood. Clearly,
there are tissues that show a direct relationship to the termite
channels (fissures). Zones of radial development are associated
with these channels. This seems to indicate that the reaction wood
is formed over & period of time and that the cells of the reaction
wood are formed by a cambium similar to that usually found in
tree yuccas. The reaction wood differs from normal “wood” in
Joshua tree stem in that the vascular bundles are well separated
and the “wood” might be termed soft and spongy.
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Figure 1. A dead Joshua tree located west of Buttermer Rd. and jus

t north of the California Aqueduct, San Bernardino County, California.

This tree had termite reaction wood just below the break. The same tree was observed in aerial photos on Windows Live Local. Figure
2. Large piece of termite reaction wood from Yucca brevifolia collected in San Bernardino County, California. (See text for details about
this piece). Figure 3. Same piece as in Fig. 2. A preliminary cut has already been made. Note the termite channels. Figure 4. Cross
section of the piece of termite reaction wood shown in Figs. 2, 3. The section has many termite galleries, which still contain debris. Note
several external termite apertures. On the upper surface of this piece there are two weathered termite entrance ports which are tubular.

The cross sectional anatomy of the termite reaction wood is
shown in Figs. 6 and 7. In a zone where growth appears to be radial,
ray-like structures can be observed between the cross sections
of vascular bundles (Figs. 5, 6). Between the vascular bundles,
which are usually very dense and formed more or less as in other
monocot stems, a cellular matrix can be seen. The exact nature
of these bundles can not be elucidated until they can be properly
sectioned and studied by TEM and SEM. It was not possible to
establish how much of the bundles was xylem, phloem, or even
fibers. Observations of longitudinal sections of the wood show
vascular bundles that branch and anastomose forming a strong
three-dimensional network (Figs. 8, 9). Between the vascular
bundles, a coherent tissue of parenchyma/sclerenchyma cells
forms a solid matrix (Fig. 9). The individual cells of this matrix
can be seen in Fig. 10-12. Many of these cells are polygonal in
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section. Often they have a thick cell wall and are probably the
sclereids mentioned by Johnstone (mentioned above). Fig. 13
shows a zone in the reaction wood where the vascular bundles are
free. The nature of these free vascular bundles is not clear. Two
explanations are possible: 1) for some reason the cellular matrix
has not been formed, and 2) termites may have browsed on this
tissue, eating the relatively soft matrix cells and leaving the free
vascular bundles. The latter seems somewhat far fetched.

A preliminary view of the termite reaction wood macerations
can be seen in Figs. 12-16. Elongate cells that appear to be
tracheary elements (probably tracheids) are easily - observed
in the macerations. The irregular or kinked-shaped elongate
cells are about 1.3 mm in length and have oblique wall pitting
(Fig. 14). The tracheid cell walls are very birefringent under
polarized light (Fig. 16). Between the tracheids, many small
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Figure 5. Sanded and polished cross section of termite reaction wood. Several termite galleries are visible. Note the tangential and radial
components exhibited by this section. Figures 6 and 7. Transverse sections of termite reaction wood showing details of the vascular
bundles and the cellular matrix between them. In this preparation it is difficult to distinguish if both xylem and phloem are present in
each bundle. However, each bundle is clearly surrounded by a distinct bundle sheath. Cells of the bundle sheath and the matrix seem to
intergrade. Figures 8 and 9. Longitudinal sections of the termite reaction wood showing the dense nature of the vascular bundles. Fig.
8 shows the network of vascular bundles characteristic of monocot stems.

parenchyma/sclerenchyma cells can be found. Two typical
brachysclereids with thick pitted cell wall are seen in Fig. 15.
The ubiquitous calcium oxalate crystals, found in so many
tissues of yucca, are also found in the termite reaction wood
(Fig. 17). Careful examination of that tissue using polarized light
revealed crystal idioblasts among the matrix cells. Judging by the
isolated crystals there are probably both raphides and styloids
cells present in the matrix. No phloem cells were observed.

Clearly, the termite reaction wood found in the stem of Yucca
brevifolia is complicated, probably vastly more complex than the
typical wood of pine trees. A complete understanding of these
tissues will require more examination, especially investigation of
the reaction wood as it develops, meaning sampling living trees,
particularly trees that are in the process of forming this tissue. It
seemsthatthere areplenty of bitsand pieces forthose interestedin the
structure of monocot wood. Truly, monocot wood is on the frontier.

I 'thank Rex Adams of the Laboratory of Tree-Ring Research at
the University of Arizona in Tucson for sectioning the piece found
in 2006 along Wilson Farm Road, 0.2 miles south of Maricopa
Road, in San Bernardino County, California, into 1 cm thick
sections. I also thank Kelsey Carnahan, a student in my lab, for
preparing macerations of the termite reaction wood, which were
important in determining its cellular structure.
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Figures 10 and 11. Details of the vascular bundles as seen in transverse section. Fig. 10 represents a thin hand section showing vascular
bundle details. Fig. 11 shows the characteristic dark color found in many vascular bundles. Figure 12. Transverse section showing details
of the cellular nature of a vascular bundle. The bundle sheath is clear and surrounded by parenchyma/sclerenchyma cells. A series of
radial files is present in the lower part of the center of the bundle. Figure 13. Seven vascular bundles in an unconsolidated cavity similar
to those seen in Fig. 5. Figures 14-16. Macerated termite reaction wood. Figure 14. Isolated tracheids stained with saffrin. The tracheids
have oblique oriented slot-like pits. Figure 15. Two isolate macrosclereids with thick walls and simple pits. Figure 16. Tracheids and
matrix cells from termite reaction wood seen under crossed polarizers. The twisted or irregular character of these tracheids can easily be
seen. Figure 17. Crystals of calcium oxalate (styloids and raphides) isolated from termite reaction wood under polarized light.
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MATERIAL SCIENCES
FALL 2007

AN ANALYSIS OF GENUINE WORLD WAR II GERMAN
MILITARIA. MICHAEL W. PENDLETON¥*, *Microscopy and
Imaging Center, Texas A&M Univ., College Station, TX 77843-
2257 and BONNIE B. PENDLETON**, **Dept. of Agric. Sci-
ences, West Texas A&M Univ., Canyon, TX 79016-0001.

The study of World War IT German militaria (medals, weapons,
uniforms, etc.) is a topic of research for collectors and museum
curators. If the demand for these war relics is great enough, the
price for such items exceeds the manufacturing cost and the pro-
duction of fake militaria becomes profitable. This is one reason
that the production of counterfeit World War IT German militaria
has become common (Cowdery, 1993). Scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
have been utilized to distinguish between real and fake World War
II Iron Cross medals (Aneja et al., 2007). Real Iron Cross medals
were painted with black paint produced by burning animal bones
while the fake medals were painted with modern silicon based
paint. The silver content was far greater in the real medals than
was present in the fake medals. For this study, a silver bust of
a German soldier obtained by an American serviceman while in
Germany during World War II was analyzed by SEM and EDS to
determine the type of base metal and plating. Because the prove-
nience of this bust is based on family oral tradition, it is assumed
to be genuine and therefore the results of the analysis presented
in this study are useful in order to distinguish between real and
fake soldier busts. The base metal of the German soldier bust was
found to be lead while silver was used to plate the entire outer
surface, including the helmet and face.

GEOLOGICAL SCIENCES
FALL 2007

CHARACTERIZATION OF MICROFABRIC AND MINER-
ALOGY OF MARINE SEDIMENTS BY ELECTRON MI-
CROSCOPY. DEBORA BERTI, E. ANN ELLIS?, ANDREAS
HOLZENBURG?, 'Department of Oceanography and 2Microsco-
py and Imaging Center, Texas A&M University, College Station,
Texas 77843

Marine sediments consisting of chalks with various degrees of
cementation from the northwestern margin of the Demarara Rise
(offshore French Guyana) and clays from the northwestern Gulf
of Mexico continental slope were examined by TEM and SEM
to determine mineralogy, microfabric, and pore geometry. This
study focused on samples in their natural condition and developed
improved methods for specimen preparation. Sample preparation
used cold microwave technology (Pelco Biowave) with dehydra-
tion in 5% steps of methanol starting at 5% methanol (vol/vol)
in 1 min steps at 250 watts in the microwave. After dehydration
through 100% methanol to propylene oxide, samples were infil-
trated with a low viscosity epoxy resin formulation with a high
anhydride: epoxide ratio (1.2:1.0) using the microwave. Speci-
men blocks were then polished for SEM and thin sectioned for
TEM. Good specimen preparation was achieved for both TEM
and SEM, which allowed for good morphological and analytical
studies. Chalk samples had various mineralogies with fossilferous
carbonates and abundant clay minerals. TEM examination was
important in detecting clays, which were missed by preliminary
observations. SEM showed oozes and chalks from the Demerara
Rise composed of complex mixtures of whole and broken cocco-
lith spheres, micrite crystals and formaniferae. Large pores in the
sediments were filled by opal lepispheres and clinoptilolite. Gulf
of Mexico clays consisted of mostly smectite and illite with low
permeability. The microwave assisted specimen preparation gave
good dehydration and infiltration, in a timely manner, which was
essential to TEM and SEM analyse
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