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Abstract

This study was undertaken to examine the effects of varying
levels of methyl mercury (MeHg) on the ultrastructure of the
surface epithelium of the oviduct of ducks. Accordingly, Pekin
ducks were maintained on feed containing varying doses of (0.0;
0.5; 5.0; 15.0 ppm) of MeHg (Group I — control to IV) for 12
weeks and sacrificed. Tissue from the magnum and the shell
gland regions of the oviduct was processed for scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). It was found that the primary and secondary folds of
these regions of the oviducts of the control and 0.5 ppm treat-
ment group were densely populated with ciliated cells and that
the cilia tend to cover the apical surfaces of the non-ciliated
secretory cells. This unchanged ultrastructural morphology of
the surface epithelium of 0.5 ppm treatment group was verified
with TEM. The ciliated and nonciliated cells in surface epi-
thelium appeared to be equal in frequency. The nuclei of ciliated
cells were superficial in location compared to nonciliated
secretory cells which had nuclei in the basal part of the cyto-
plasm. In the oviducal tissues from ducks fed 5.0 ppm MeHg
isolated areas of ciliary loss, but minimal disruption of the apical
plasma membrane were observed by SEM. In a few birds plasma
membrane lesions, condensation of nuclear chromatin and very
dilated rough endoplasmic reticulum were seen with TEM. In
the oviducal tissues from ducks fed 15.0 ppm MeHg it could
be seen that ciliary loss was much more extensive than hitherto
observed, and disruption of the apex of cells could be seen. TEM
showed degeneration of cytoplasmic organelles, more or less
severely damaged ciliated cells, loss of ciliary extensions and
formation of compound cilia. These observations indicate that
methyl mercury at 5.0 and 15.0 ppm dose levels causes toxic
injury to oviducal surface epithelium of Pekin duck that may
cause reduced reproductive capability.
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Introduction

The overall sublethal effects of alkyl mercury compounds in
avian species include a lowering in reproductive efficiency,
reduced fertility and hatchability of eggs and impairment of em-
bryonic development. 8:2546

A definite association of ovary and oviduct with the concen-
tration and excretion of alkyl mercury compounds, in avian
species, has clearly been established in both experimental and
natural exposures.!%17.2747 Tt has also been established that in
Japanese quail (Coturnix coturnix) the uptake and distribution
of methyl, phenyl and methoxyethyl mercury compounds are
similar. The methyl mercury, despite differences in the route
of administration, is readily assimilated and accumulates in high
concentrations in liver, kidney, and ovary.* One important
aspect consistent in most of the above quoted reports was the
transfer of mercury from the diets into the eggs. Further, it is
now well established that high concentrations of Hg accumulate
in oviducts, and that half of the daily intake is deposited in the
eggs. ' The major proportion of Hg in eggs, after the exposure
of female birds to alkyl mercury is present in the egg white.!
Most of this Hg is associated with ovalbumin rather than ovo-
transferrin, ovoglobulin or ovomucoid.*0 It has been suggested
that Hg binds with the albumin protein in the magnum of oviduct
and this organic mercurial complex is secreted as a part of albu-
min to form egg white.*

The reports on the effects of Hg on eggshell thinning, although
conflicting, indicate that Hg at a relatively high dose level may
affect the thickness of the eggshell.303643 However, thinning of
eggshell at very low level of Hg has also been reported.*?

The information on the transmission electron microscopy322
and scanning electron microscopy>71320 of the surface epitheli-
um of the avian oviduct is essentially limited to domestic chicken
and quail. In both these species the surface epithelium consists
of ciliated cell with subapical nuclei and nonciliated secretory
cells with rather basal nuclei. In domestic ducks this information
is available only for shell gland region.!:28

Information on the morphologic changes in the magnum and
the shell gland regions of avian oviducts that correlates them to the
possible harmful effects of mercury pollution on waterfowl repro-
duction is lacking. The present report describes the topographical
and ultrastructural alterations in the surface epithelium of the
magnum and the shell gland regions of the oviducts of Pekin




ducks (Anas platyrhynchos) fed three levels of methyl mercury
chloride (MeHgCl) in their diets.

Materials and Methods

Experimental Animals

Twenty-four one-week old female Pekin ducks (Anas
platyrhynchos) were purchased from a commercial source
(Webbfoot Farms, Elora, Ontario) and maintained on a starter
diet until the birds reached 10 weeks of age. Ducks were ran-
domly assigned to stainless-steel wire cages and were acclima-
tized to cages, mash feed and controlled room conditions free
of any known contamination, prior to the onset of experimental
feeding at 12 weeks of age. Following the acclimatization period
the birds were divided into four groups, each consisting of six
birds, and were placed on mash diets containing 0.0 ppm (Group
I control), 0.5 ppm (Group II), 5.0 ppm (Group III) and 15.0
ppm (Group IV) methyl mercury (MeHgCl) for a subchronic
exposure of 12 weeks. MeHgCl was added and thoroughly mixed
with the mash ration formulated to contain daily nutritional,
vitamin and mineral requirements of a nonfattening type. Ex-
perimental mash feed and water were provided ad libitum. Feed
analysis revealed the Hg content of 0.03, 048, 3.76 and 1343
ppm in the four groups, respectively.

The control ducks were kept in a different room from those
on MeHgCl containing diets. The length of the photoperiod,
at 14L:10D, and ambient temperatures, at 21°C (70°F), were
uniformly maintained in both rooms. Both the control and treated
ducks were housed two per cage. Hence individual egg laying
records were not maintained.

Sample Collection

After 10 weeks of the experimental diet most of the birds com-
menced laying, thus indicating the onset of sexual maturity. Laid
eggs were regularly observed at the cages of control birds.
Whereas the egg laying of treated birds was erratic. The egg-
shell strength on physical examination appeared normal. At the
end of the 12th week on the test diet, all ducks were sacrificed
by i/v injection of an overdose of Somnotol (sodium pentobar-
bital, M.T.C. Pharmaceuticals, Hamilton, Ontario) and the ovi-
ducts removed immediately. Regions corresponding to the loca-
tion of magnum and the shell gland were collected equidistant
from the ovary. For magnum the midportion of the region and
for shell gland the Pars major uteri or shell gland proper was
selected and processed for scanning and transmission electron
microscopy.

Tissue Preparation

The Osmium-Thiocarbohydrazide method of Kelly et al,26
modified by Malick and Wilson,2° was utilized in the specimen
preparation for scanning electron microscopy (SEM). One
square centimeter size pieces of magnum and shell gland regions
of the oviduct were pinned onto a cork and washed in phosphate
buffered saline and fixed in 4 % glutaraldehyde in 0.05 M phos-
phate buffer (Osmolality 122.0 mOsm) for 4 h at 20°C and post-
fixed in 2% OsOy in 0.1 M phosphate buffer (pH 7.4) for 2 h.
Preparations were washed in phosphate buffer and subsequently
treated with a 1% solution of thiocarbohydrazide (TCH, Aldrich
Chemicals, Milwaukee, WI) dissolved in distilled water. Tissue
samples were gently agitated in TCH solution for 20-30 min
and thoroughly rinsed in distilled water over a period of 15 min.
After this, specimens were placed in a 2% solution of OsOy in

312

A. Balachandran, M.K. Bhatnagar and H.D. Geissinger

phosphate buffer for 2-3 h while being agitated. The tissues were
then given another wash treatment. The entire procedure was
repeated by placing the specimen in fresh TCH solution fol-
lowed by washing. The specimens were once again placed in
0Os0y solution and subsequently washed. The final result was
an Os-TCH-Os-TCH-Os (O-T-O-T-0) ligand binding. Prepared
tissues were dehydrated in a graded series of ethanol solutions,
critical point dried in CO,, mounted on stubs with colloidal
silver, and were examined and photographed with a JEOL
JSM-35 SEM at 15 kV with tilt angles ranging between 20-45°.

Samples for light microscopy (LM) and transmission electron
microscopy (TEM) were chopped into small 1 mm? pieces and
immersion fixed with 4% glutaraldehyde in 0.05 M phosphate
buffer (pH 74). The buffer osmolality was 122.0 mOsm and
the final osmolality ranged between 580-600 mOsm. These
tissue pieces were processed for TEM using standard proce-
dures. Areas of interest chosen from 1um toluidine blue stained
sections, were retrimmed and ultrathin sections were contrasted
with uranyl acetate and lead citrate and examined and photo-
graphed in a JEOL JEM 100S operating at 80 kV.

Results

General Observations

Since the ducks were housed two per cage the exact egg laying
status of individual ducks was not determined. However, most
of the ducks in control and 0.5 ppm MeHgCl treatment group
had started laying. The egg laying in 5.0 and 15.0 ppm treat-
ment group was erratic. No apparent difference was noted in
the eggshell strength between the control and treated group as
determined by simple physical pressure. The gross examination
of the oviducts at postmortem revealed no discernible difference
between the control and treated ducks. The ducks in 15.0 ppm
MeHgCl group had dull and ruffled feathers. The overt neurolo-
gical symptoms in this group appeared first at week eight
postinitiation of experimental feeding. By week 12 all birds in
the group were paralyzed.

Ultrastructure of Surface Epithelium

Group I (Control — 0.0 ppm MeHgCl) and Group II (0.5
ppm MeHgCl) Scanning electron microscopic observations on
the mucous membrane of magnum and shell-gland regions of
the oviducts of this group showed longitudinally oriented primary
folds and a limited amount of secondary folding. Secondary folds
appeared as shallow grooves at approximate right angles or ob-
liquely along the long axis of the oviduct (Fig. 1). The openings
of proprial glands were more numerous in the magnum and ap-
peared as small pores between the interdigitations of secondary
folds on the luminal surface of the epithelium (Fig. 1). The
mucosa of the shell-gland region appeared as longitudinally
oriented elevated folds, which were more tortuous than the folds
in the magnum (Fig. 2). Ciliated cells were abundant in the sur-
face epithelium of both magnum (Fig. 3) and shell gland regions.
The slender cilia overlapped the entire surface and concealed
the apical surfaces of nonciliated secretory cells. Because of
this the relative proportion of ciliated and nonciliated secretory
cells could not be observed under SEM.

The transmission electron microscopic examination of the sur-
face epithelium revealed that the surface epithelial layer contains
two types of well differentiated cells in nearly equal proportion.
The ciliated cells, with little evidence of secretory activity, and
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nonciliated secretory cells, with an intracellular fine structure
of typical mucoprotein secreting cells (Fig. 4). In general the
nuclei of ciliated cells were subapical whereas the nuclei of non-
ciliated secretory cells were rather basal in location. This ar-
rangement of nuclei gave the surface epithelium a pseudostrati-
fied appearance. The ciliated cells were wider at the apex and
narrow at the basal aspect. The mitochondria were primarily
localized in the apical region close to ciliary basal bodies. The
rough endoplasmic reticulum (rER) appeared as small stacks
of two to four cisternae. The Golgi complex was small and supra-
nuclear in position. The free ribosomes were dispersed sparsely
in the cytoplasm either singly or in polyribosome configuration.
Occasionally, lysosome-like dense bodies were also observed
in the subapical cytoplasm. The lateral borders of these cells
showed junctional complexes containing tight and adherent junc-
tions. Such junctional complexes occurred both between two
adjacent ciliated cells or between ciliated and nonciliated secre-
tory cells. The cytoplasm of the nonciliated secretory cells con-
tained membrane bound droplets filled with low electron density
fibrillar material. The relatively few rER profiles and oval mito-
chondria were scattered throughout the cytoplasm. A prominent
Golgi complex was located in supranuclear position. The apical
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Fig. 1. SEM of the mucosal folds of the magnum from a
duck belonging to control group. Note the longitudinal
primary folds are completely covered by fuzzy surface. The
arrows show the opening of the proprial glands.

Fig. 2. SEM of the mucosal folds of shell gland region from
a control duck showing uniformly fuzzy luminal surface.
Note the primary and secondary folds are highly corrugated.

Fig. 3. High magnification SEM of the surface epithelium of
shell gland region of a control duck. Note the luminal sur-
face is completely carpeted with cilia masking the existence
of nonciliated secretory cells. Small globular bodies are sec-
retory droplets (arrows).

Fig. 4. TEM of the surface epithelium of the magnum from
a control duck showing the fine structural organization of
ciliated (CC) and nonciliated secretory cells (GC) in a
pseudostratified arrangement. The cilia tend to mask the
apecies of nonciliated secretory cells. G: Golgi complex, M:
Mitochondria.




A. Balachandran, M.K. Bhatnagar and H.D. Geissinger

314

cell membrane carried short thin microvilli, and the lateral
border had junctional complex similar to those of ciliated cells.
The ciliated cells of the magnum often showed protrusion of
apical cytoplasm containing cilia interspersed with microvilli
(Fig. 4). Such protrusions were not prominent in the ciliated
cells of the shell-gland region but these cells showed bundles
of intermediate filaments and occasional annulate lamellae and
electron dense granules. The nonciliated secretory cells of this
region appeared not to contain as many secretory droplets (Fig.
5) as those in magnum probably reflecting the functional differ-
ences of the two regions of the oviduct.

At the dose level of 0.5 ppm,MeHgCl failed to significantly
alter the fine structure of either the magnum or the shell gland
surface epithelium (Fig. 6).

Group III (5.0 ppm MeHgCl) Interspersed with normal sur-
face epithelium were patches of disrupted epithelial cells. Here
the cells were devoid of cilia and in some cases appeared to
lack an apical membrane. Debris of either cellular or secretory
origin was abundant (Fig. 7). Other denuded areas were totally
covered with mucous debris, leaving no room for recognition,
by scanning electron microscopy, as to the type or types of cells
involved. Cilia surrounding these areas appeared free of any
noticeable changes (Fig. 8).
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Fig. 5. Electron micrograph of the surface epithelium of the
shell gland region from a control duck. Note the ciliated
(CC), nonciliated secretory (GC) and basal (BC) cells rest
on a basal lamina (BL). In the ciliated cells mitochondria
with dense matrix are located close to basal bodies. Non-
ciliated secretory cells show secretory droplets (SG) of medi-
um electron density and well developed Golgi complex (G)
in the supranuclear cytoplasm. IF: intermediate filament
bundles, AL: annulate lamellae, J: junctional complex.

Fig. 6. SEM of the mucosal folds of the magnum from a
duck fed with 0.5 ppm MeHgCl in the diet. Note the luminal
surface shows no apparent change compared to control
group.

Fig. 7. SEM of the mucosa of the magnum from a duck fed
with 5.0 ppm MeHgCl in the diet. Primary folds show a few
denuded areas (asterisk) in the mucosa carpeted with cilia

(c).

Fig. 8. High magnification SEM of luminal mucosa of mag-
num from a duck fed 5.0 ppm MeHgCl. Note the denuded
area (asterisks) show apical bulging probably representing
mucus droplets and debris. The adjoining area (c) shows
healthy cilia.

Fig. 9. Electron micrograph of the surface epithelium of the
magnum from a duck fed with 5.0 ppm MeHgCl showing
hypertrophy of nonciliated secretory cells with damaged
apical membranes (arrowheads). Condensed nuclei, dilated
vesicles of endoplasmic reticulum (white and black arrows)
and cytoplasmic vacuoles (asterisks) are seen in the cells
showing apical membrane damage. The ciliated cells (CC)
and nonciliated secretory cells in the neighbouring area are
relatively unaltered.

Fig. 10. Electron micrograph of the surface of shell gland
region from a duck fed with 5.0 ppm MeHgClI showing ac-
cumulation of lipid droplets (L) in nonciliated secretory cells.
Note presence of lipid droplets in tubular gland cells (TGC)
in the propria. Dilated Golgi complex (G), SG: secretory
droplets.

T TR T R
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The fine structure of the surface epithelium of the magnum
in most of the birds of this group was similar to that of control
group. However, in a few specimens from two birds, the apical
plasma membrane showed lesions. Such affected areas presum-
ably corresponded to SEM images, in which they appeared as
intermittent patches devoid of cilia and other surface modifica-
tions. Cells in these areas of denudation appeared enlarged and
were packed with large secretory droplets of medium electron
density, some of which were being secreted by exocytosis. Some
plasma membrane disruption was also noted at the sites of exo-
cytosis. However, nuclei of these cells were distorted and con-
tained large heterochromatic patches. Most of the endoplasmic
reticulum was in vesicular form. The ciliated cells which were
wedged in between the secretory cells showed no overt changes,
but their number appeared to be reduced (Fig. 9).

SEM observations of the mucosal surface of the shell gland
showed no signs of alteration in the distribution and structure
of cilia. TEM investigations revealed a mild accumulation of
fat droplets in the epithelial cells (Fig. 10).

515

Group IV (15 ppm MeHgCl) The SEM examination of the
primary folds of the magnum of all birds of this group showed
that about 70 % of the surface epithelium was severely disrupted
(Fig. 11). The debris was abundant and obscured features of intact
epithelium. At higher magnification (Fig. 12), clumps of cilia,
small microvilli, cellular or mucous debris were often encoun-
tered intermingled with morphologically intact cilia. The de-
nuded surfaces presented no further information, as to the nature
of the underlying cell or the depth of the lesion, due to the severe
disruption of the apical membranes (Fig. 12).

The TEM examination of ciliated cells of the surface epitheli-
um of magnum showed varying degrees of degenerative changes
in the cytoplasm, often associated with alterations in the ciliary
structure. Complete disintegration of cytoplasmic organelles
(Fig. 13), desquamation of disrupted cells (not shown), aggre-
gated intracytoplasmic inclusions and distorted cilia, were noted.
The apical region of the surface epithelium from two birds com-
pletely lacked the ciliary shaft while basal bodies and rootlets
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Fig. 11. SEM of the mucosal folds of the magnum from a
duck belonging to the 15 ppm MeHgCl treatment group.
Note extensive denudation (asterisk) of the surface epithelium
of primary folds with persisting patches of the ciliary carpet

(c).

Fig. 12. High magnification SEM of the surface epithelium
from the magnum of a duck fed with 15 ppm MeHgCIl. Note
the deciliated area (asterisks) showing membranous and
mucus debris (D). The junction area between deciliated and
ciliated (C) patches contains short microvilli (MV).

Fig. 13. Electron micrograph of the surface epithelium of the
magnum from a duck fed with 15 ppm MeHgCl. The degen-
erating ciliated cells (CC) show marked distortion of the cyto-
plasmic organelles and cytolysis. Nonciliated secretory cells
(GC) show electron dense secretion granules.

Fig. 14. Electron micrograph of the surface epithelium of the
magnum from a duck fed with 15 ppm MeHgCl showing
the nonciliated secretory (GC) and ciliated cells (CC). The
ciliated cells show loss of the shafts (arrowheads) of the cilia.
Note the distorted as well as unaltered mitochondria (M) in
adjacent cells. Inset: shows longitudinal section of basal
bodies with rootlets. Note a distinct basal plate and no axo-
nemal microtubules. The plasma membrane forms a conical
dome on the apical side of the basal bodies.

Fig. 15. Electron micrograph of the surface epithelium of the
magnum from a duck fed with 15 ppm MeHgCI. Ciliated
cell (CC) is devoid of axonemal extensions and basal bodies
are dispersed at random subapically (arrow). Nonciliated
secretory cells (GC) show mild fatty infiltration in the basal
region.

Fig. 16. TEM of the surface epithelium of the magnum from
a duck belonging to the 15 ppm MeHgCl treatment group.
Note the compound cilia with plasma membrane continuity
with the apical cell membrane (arrows).

Fig. 17. SEM of the mucosal folds of the shell gland region
from a duck fed with 15 ppm MeHgCl in the diet. The
primary folds show patches of deciliation (asterisks) among
the ciliated surface (c).

Fig. 18. Scanning electron image of a portion of shell gland
region mucosal fold from a duck belonging to 15 ppm treat-
ment group. The denuded area (asterisk) shows apical mem-
brane lesions with surface debris. Intact cilia (C) and col-
lapsed cilia (arrows) with mucous debris are seen in the
periphery of the denuded areas.

showed no conspicuous changes (Fig. 14 and inset). Basal bodies
lacking rootlets were sometimes observed randomly dispersed
in the apical cytoplasm (Fig. 15). The alteration in mitochondrial
fine structure included fluffy appearance of the matrix, reduction
or loss of matrical density and partial loss of cristae. A com-
pound or multiple ciliary arrangement was seenin some cells,
where several ciliary axonemes in a common matrix bounded
by a membrane continuous with apical cell surfaces were noted
(Fig. 16).
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SEM examination of the primary folds of the shell-gland
region revealed prominent patches of epithelial degradation in
all the birds of this treatment group. The areas representing de-
nuded cells were clearly distinguished from those of intact
ciliated cells of this group (Fig. 17). Here the partial or total
loss of cilia and apical membrane were observed. Debris of
cellular and possibly secretory origin were associated with intact
and degenerated epithelia (Fig. 18).

The ultrastructural alterations seen in the surface epithelial
cells of shell-gland region of this group were more extensive
than the preceding groups. Loss of cilia and damaged apical
cell membrane were common lesions observed. Complete loss
of cilia and focal degenerative changes often accompanied a mild
increase in fat droplets (Fig. 19). Relatively few specimens ex-
hibited well preserved cilia, but the apical cytoplasm of such
ciliated cells was filled with a type of lamellar bodies that con-
tained reticular electron dense material producing wide alternate
bands similar to those of “zebra bodies” (Fig. 20). The cytoplasm
around these lamellar bodies showed an increased amount of
intermediate type of filaments (Fig. 20 inset). Cytoplasmic
lucency and abundantly dispersed pleomorphic mitochondria
were demonstrable towards the base of these cells.




Fig. 19. TEM of the surface epithelium of the shell gland
region from a duck fed 15 ppm MeHgCl. The ciliated cell
(CC) shows loss of ciliary shafts extensions (arrows), vacuola-
tion of cytoplasm and accumulation of lipid droplets (L) in
the basal part of the cells. Basal lamina (BM) appears intact.
M: Mitochondrion.

Fig. 20. Electron micrograph of the surface epithelium of the
shell gland of a duck from 15 ppm MeHgCl treatment group.
The apical cytoplasm of the ciliated cell contains numerous
lamellar bodies (LB) and bundles of intermediate filaments
(IF). Inset: Higher magnification of the area within the box
showing bundles of intermediate filaments (IF).

Discussion

Both theoretical and experimental evidence favours the con-
clusion that mercury preferentially binds to thiol groups in the
tissues. 3 Hence, every cellular component rich in thiol groups
in structural and functional proteins is exposed to an irreversible
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interaction with mercury. Observed changes in the ciliary struc-
ture and conformation possibly indicate a complex interaction
between ciliary membrane proteins and/or ciliary microtubular
tubulin and MeHg. The mercurial effect on microtubules has
been indicated under several circumstances. Spindle anomalies
and complete inactivation of mitotic apparatus caused by orga-
nomercuric compounds have been demonstrated in root mitoses
of Allium cepa.®> In HeLa cells alkyl mercury compounds in-
duced an increase of abnormal mitotic cells and the appearance
of peculiar polynuclear cells.*® Interaction of MeHg with
microtubular tubulin was more directly demonstrated under in
vitro conditions, in which 70% of the added MeHg was bound
to the sulfhydryl groups in tubulin and caused a complete de-
polymerization.! Loss of the magnum and shell-gland regions
of the 15.0 ppm ciliary shaft microtubules and disorganized
ciliary basal bodies, in the absence of intermediate elements
of ciliogenesis, suggest an interaction between the MeHg and
axonemal tubulin that may have resulted in defective or incom-
plete ciliary nucleation. The conical stubs, with a cell membrane
covering over the residual basal bodies, as noted the magnum
and shell-gland regions of the 15.0 ppm treatment group of the
present study, are similar to those reported by Boisvieux-Ulrich
et al.” in the deciliation of avian oviduct after ovariectomy and
progesterone treatment. Blum® has suggested that in several
protozoa and some metazoa deciliation occurs by breakage of
axoneme at a transition region located near the basal plate of
the basal bodies. The breakage of ciliary shaft at this breakage
point occurs in responsc 0 a wide variety of chemical and phy-
sical treatment. In view of the knowledge that deciliation of the
surface epithelium of avian oviduct occurs in response to ovariec-
tomy and progesterone and the accumulation of Hg in the pitui-
tary gland in the amount similar to that of brain,* it is also
possible that deciliation of the magnum and shell gland surface
epithelium of the ducks fed 15.0 ppm of MeHg results because
of an interference by Hg with the production or release of gona-
dotrophic hormones. Another possibility for deciliation could
be accounted to alteration in the membrane integral proteins of
the ciliary necklace that have been suggested to serve as ionic
permeability sites.?? It has been demonstrated that Hg alters the
carrier proteins and/or sulfhydryl groups involved in permea-
bility channels.?

Various noxious agents that damage the respiratory epithelium
also produce a wide spread destruction and loss of cilia.?!
Hilding?* reported that in calf trachea deciliated cells produced
by mechanical trauma were exfoliated and were later replaced
by immature cells from the deep layers. Although we did not
note overt mitotic activity or intermediate structures involved
in ciliogenesis, it is possible that repair of surface epithelium
may occur. It has been shown that withdrawal from short mer-
curial exposures has resulted in the resumption of regular laying
in chickens.*? The desquamation of degenerating ciliated cells
observed in the present study may indicate an attempt to repair
the damage caused by methyl mercury. However, further work
is required to prove that after a subchronic exposure at a rela-
tively high dose of methyl mercury the withdrawal of toxin may
result in ciliogenesis and resumption of regular laying, as it has
been shown to occur in hen at low dose (< 0.8 ppm)*? of MeHg.

Cilia containing multiple axial microtubular complexes within
a single ensheathing membrane were observed in the magnum
epithelial cells of birds in the 15 ppm treatment group. Similar
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compound cilia have been found in the tracheal epithelium of
fowl exposed to infectious laryngotracheitis virus* and in car-
cinoma of the bronchial mucosa.? The formation of multiple
axial cilia has been shown to be an indirect mechanism of decilia-
tion, in which case previously fused cilia are discharged in
groups.? The significance and the mechanisms of production
of compound cilia are not precisely known. It would appear that
such cilia are nonfunctional, since the multiple axonemal com-
plex is unable to move the aggregate mass of cilia effectively.

Surface epithelial cell membrane damage was most prominent
in the oviducts of ducks in 15 ppm MeHgCl group. The mem-
brane lesions observed with SEM were confirmed by TEM. The
concept of a membrane lesion in the toxicity of mercurial com-
pounds, as a result of the modification in the protein components
of the cell membrane, was first advanced by Rothstein.38 It has
also been suggested that Hg ions form cross linkages with mem-
brane proteins.’* The deposition of Hg in many biological
membranes, inducing a change in the permeability has also been
shown.!" Loss of integrity of epithelial cells and membranous
organelles noted in this study may be indicative of defective
membrane proteins and altered permeability. This view is in
agreement with the concept that mercury alters the specific sites
in the membrane such as those of the carrier proteins3! and/or
sulfhydryl groups involved in the permeability channels.3
MeHg is also shown to induce lipoperoxidation and to react with
thiols in hydrophobic regions of proteins.*> From these sugges-
tions, it is clear that sulfhydryl binding agents like MeHg may
have a profound general effect on the membrane structure and
that it would secondarily change the permeability properties.

Accumulation of lipid droplets in the surface epithelium of
shell gland region noted in the ducks in 15.0 ppm MeHg group
may be a general reaction of secretory cells to Hg intoxication.
Accumulation of lipid droplets in the hepatocytes®!2:44 and the
oviducal glandular parenchyma*? of the chickens has been
reported. The exact mechanism of lipid accumulation in the
oviducts is not clear. However, the fatty changes seen in the shell-
gland region are consistent with those reported in the oviducts
of domestic fowl after short and mild exposure to mercurial
fungicides.*> The occurrence of lamellar bodies observed in the
epithelial cells of the shell gland region of 15.0 ppm group may
indicate an interference by Hg with lysosomal enzymes result-
ing in incomplete degradation of lipids or glycolipids. The “zebra
bodies” having very similar morphology as noted in this study
have been shown to occur in “Fabry disease” in which glyco-
lipid deposits occur in kidney epithelial cells.2! From the
known sensitivity of microtubular elements to mercury,! it is
also reasonable to assume that the depolymerization and dena-
turation of cytoplasmic microtubular tubulin or tubulin derived
from ciliary shaft may also have contributed in accumulation
of lamellar bodies.

Mitochondrial changes in the surface epithelial lining were
more pronounced in the group of birds treated with 15 ppm
MeHg. The observed changes; distortions in the cristae, reduc-
tion in the matrical density and membranous disruptions, were
similar, though not identical, to many lesions produced in the
hepatocyte mitochondria of various species after experimental
Hg intoxication.®12.# However, the changes induced by Hg in
the epithelial cell mitochondria may suggest, in addition to mem-
brane perturbations, an interaction with calcium deposition and/
or interference with calcium binding proteins involved in the
mobilization of calcium from the mitochondria during shell
formation.
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An increase in the cytoplasmic filament content as noted here
has been observed in various experimental and pathological
situations. Encephalopathy induced by spindle inhibitors caused
a prompt disappearance of normal microtubules and a massive
replacement of them by cytoplasmic filaments.*® Likewise,
filamentous proliferation was seen in Hela cells treated with
colchicine.?

Acknowledgements

We wish to express sincere thanks to Mr. L.L. David, Mrs.
G. Guisso and Mrs. L. Meade for technical assistance and Ms.
C.A. Thomson for typing the manuscript. Financial support
from NSERC of Canada and OMAF is gratefully acknowledged.

References

. Abe T, Haga T, Kurokawa M. (1975). Blockage of axo-
plasmic transport and depolymerization of reassembled micro-
tubules by methyl mercury. Brain Res. 86:504-508.

2. Ailsby RL, Ghadially FN. (1973). Atypical cilia in human
bronchial mucosa. J. Path. 109:75-78.

3. Aitken RNC. (1971). The oviduct. In: Physiology and Bio-
chemistry of the Domestic Fowl. Vol. 3. (Eds. D.J. Bell, B.M.
Freeman) Academic Press, New York, pp. 1153-1488.

4. Backstrom J. (1969). Distribution studies of mercury pesti-
cides in quail and some fresh water fishes. Acta Pharmacol.
Toxicol. 17:Suppl. 3, pp. 1-103.

5. Bakst M, Howarth Jr B. (1975). SEM preparation and ob-
servations of the hen’s oviduct. Anat. Rec. 181:211-226.

6. Bhatnagar MK, Vrablic OE, Yamashiro S. (1982). Ultra-
structural alterations of the liver of Pekin ducks fed methyl mer-
cury containing diets. J. Toxicol. Environ. Health. 10:981-1003.

7. Bloom L. (1973). Ridge pattern and surface ultrastructure
of the oviducal mucosa of the hen (Gallus domesticus). K. Dan
Vidensk Selsk Biol. Sk. 20:1-15.

8. Blum JJ. (1971). Existence of a breaking point in cilia and
flagella. J. Theor. Biol. 33:257-263.

9. Boisvieux-Ulrich E, Sandoz D, Chailley B. (1980). A thin
section and freeze-fracture study of deciliation in bird oviduct.
Biol. Cell. 37:261-268.

10. Campbell LD, Uthe JF, Hodson GC, Armstrong FAJ.
(1971). Accumulation of mercury in eggs and tissues of chickens
fed mercury contaminated fish meal. Proc. Can. Fed. Biol.
14:65. (Abstr.).

1. Chang LW, Hartman HA. (1972). Ultrastructural studies
of the nervous system after mercury intoxication. I. Pathological
changes in the nerve cell bodies. Acta Neuropathol. 20:122-138.

12. Chang LW, Yamaguchi S. (1974). Ultrastructural changes
in the liver after long term diet of mercury contaminated tuna.
Environ. Res. 7:133-148.

13. Clarkson TW. (1979). Effects — general principles under-
lying the toxic action of metals. In: Handbook on the toxicology
of metals (Eds. L. Friberg, G.F. Nordberg, V.B. Vouk) Elsevier/
North Holland Biomedical Press, Amsterdam, Netherlands, pp.
99-117.

14. Desonayers PA, Chang LW. (1975). Ultrastructural changes
in rat hepatocyte following acute methyl mercury intoxication.
Environ. Res. 9:224-239.

15. Eroschenko VP. (1979). Morphological alterations in the
cells of the developing quail oviducts as influenced by estradiol-17
and insecticide Kepon: 1. Observations by light and scanning
electron microscopy. Biol. Repro. 21:625-638.




multiple generation selection and dietary cadmium on methyl-
mercury toxicity in Japanese quails. Arch. Toxicol. 40:303-314.

17. Fimreite N. (1971). Effects of dietary methylmercury on
ring-necked pheasants. Can. Wildl. Serv. Occas. Pap. 9:1-39.

18. Fimreite N. (1979). Accumulation and effects of mercury
on birds. In: The biogeochemistry of mercury in the environ-
ment. (Ed. J.O. Nriagu) Elsevier/North Holland Biomedical
Press, Amsterdam, pp. 601-625.

19. Friedenbach DJ, Davison KL. (1977). Scanning and trans-
mission electron microscopic changes associated with duck and
chicken shell gland cilia after P,P-DDT administrations. Toxicol.
Applied Pharcol. 40:291-297.

20. Fujii S. (1981). Scanning electron microscopic observa-
tion on ciliated cells of the chicken oviduct in various functional
stages. J. Fac. Appl. Biol. Sci. Hiroshima Univ. 20:1-12.

21. Ghadially FN. (1978). Ultrastructural pathology of the cell.
A text and atlas of physiological and pathological alterations
in cell fine structure. Butterworths, London and Boston, pp.
1-543.

22. Gilbert AB. (1979). Female genital organs. In: Form and
Functions in Birds, Vol. I (Eds. A.S. King, J. McLelland) Aca-
demic Press, New York, pp. 1-441.

23. Gilula NB, Satir P. (1972). The ciliary necklace. A ciliary
membrane specialization. J. Cell Biol. 53:494-509.

24. Hilding AC. (1965). Regeneration of respiratory epitheli-
um after minimal surface trauma. Ann. Otol. Rhinol. Lar.
74:903-907.

25. Hill EF, Shaffner CS. (1976). Sexual maturation and pro-
ductivity of Japanese quail fed graded concentrations of mer-
curic chloride. Poult. Sci. 5§5:1449-1459.

26. Kelly RO, Dekkar RA, Bluemink JG. (1973). Ligand
mediated osmium binding: Its application in coating biological
specimens for scanning electron microscopy. J. Ultrastruct. Res.
45:254-258.

27. Kiwimae A, Swensson A, Ulfvarson U, Westoo G. (1969).
Methyl mercury compounds in eggs from hens after oral ad-
ministration of mercury compounds. J. Agr. Food. Chem.
17:1014-1016.

28. Kolaja JG, Hinton DE. (1978). Ultrastructural alterations
in the eggshell gland epithelium of the mallard duck after chronic
exposure to DDT. Environ. Pollut. 17:237-244.

29. Malick LE, Wilson RB. (1975). Modified thiocarbohydra-
zide procedure for scanning electron microscopy: routine use
for normal, pathological or experimental tissue. Stain technol.
50:265-2609.

30. McEwen LC, Tucker RK, Ellis JO, Haegele MA. (1973).
Mercury — Wildlife studies by the Denver Research Centre.
In: Mercury in the western environment. (Ed. D.R. Buhler).
Proc. Workshop. Portland, Oregon, 25-26, Feb. 1971, pp.
146-156.

31. Naccache P, Shaffi RI. (1974). Effects of PCMBS on water
transfer across biological membranes. J. Cellular Physiol. 83:
449-456.

32. Nishimura M. (1973). Mercury transfer into egg albumin
in laying quail injected with methyl mercury chloride. Jap. J.
Pharmacol. 23:97. (Abstr.).

33. Passow HA, Rothstein A, Clarkson TW. (1961). The gen-
eral pharmacology of heavy metals. Pharmacol. Rec. 13:185-217.

34. Purcell DA. (1971). The ultrastructural changes produced
by infectious laryngotracheitis virus in the tracheal epithelium
of the fowl. Res. Vet. Sci. 2:455-458.

16. Eskeland B, Nafstad I. (1978). The modifying effect of

320

A. Balachandran, M.K. Bhatnagar and H.D. Geissinger

35. Ramel C. (1969). Genetic effects of organic mercury com-
pounds I. Cytological investigations on Allium roots. Hereditas.
61:208-230.

36. Reid J, Kennedy S, Solomon S, Baird T. (1980). Prelimin-
ary investigations on the effect of mercury on egg shell struc-
ture. Proc. Anatomical Society of Great Britain and Ireland.
March 1980. J. Anat. 131:210. (Abstr.).

37. Robbins E, Gonatas NK. (1964). Histochemical and ultra-
structural studies in HeLa cell cultures exposed to spindle inhi-
bitors with special reference to the interphase cell. J. Histochem.
Cytochem. 12:704-711.

38. Rothstein A. (1959). Cell membrane as site of action of
heavy metals. Fed. Proc. 18:1026-1035.

39. Rothstein A. (1973). Mercaptans, the biological targets
for mercurials. In: Mercury, mercurials and mercaptans (Ed.
M.W. Miller, T.W. Clarkson). Springfield, IL: Charles C.
Thomas, pp. 68-95.

40. Sell JL, Guenter W, Sifri M. (1974). Distribution of mer-
cury among components of eggs following administration of
methyl mercury chloride to chicken. J. Agr. Food Chem.
22:248-251.

41. Smart NA, Lloyd MK. (1963). Mercury residues in eggs,
flesh and livers of hens fed on wheat treated with methyl mer-
cury dicyandiamide. J. Sci. Food Agr. 14:734-740.

42. Solomon SE. (1978). The effect of mercury ingestion on
the reproductive tract of domestic fowl. Proceedings of the Ana-
tomical Society of Great Britain and Ireland: J. Anat. 127:655.
(Abstr.).

43. Stoewsand GS, Anderson JL, Bache CA, Cutenmann
WH, Liske DJ. (1971). Egg shell thinning in Japanese quail fed
mercuric chloride. Science. 173:328-331.

44. Takeuchi T. (1972). Biological reaction and pathological
changes in human beings and animals caused by organic mer-
cury contamination. In: Environmental mercury contamination
(Eds. R. Hartung, B.D. Dinman). Ann Arbor Science, MI, pp.
247-290.

45. Taylor TJ, Riders F, Kocsis JJ. (1973). The role of Hg and
methyl mercury on lipid peroxidation. Fed. Proc. 32:261.

46. Tejning S. (1967). Biological effects of methyl mercury
dicyanidiamide treated grain in the domestic fowl. Oikos suppl.
8:7-110.

47. Tejning S, Vesterberg R. (1964). Alkyl mercury treated
seed in food grain. Mercury in tissues and eggs from hens fed
with grain containing methyl mercury dicyandiamide. Poultry
Sci. 43:6-11.

48. Umeda M, Saito K, Hirose K, Saito M. (1969). Cytotoxic
effect of inorganic phenyl and alkyl mercuric compounds in
HelLa cells. Jap. J. exp. Med. 39:47-58.

49. Wisniewski H, Shelanski M, Terry RD. (1968). Effects
of mitotic spindle inhibitors on neurotubules and neurofilaments
in anterior horn cells. J. Cell Biol. 38:224-229.

Discussion with Reviewers

Reviewer 4: Why was there not an effort on your part to locate
areas of epithelial disruption in samples from four birds which
showed damage by SEM in 5.0 ppm group?

Authors: Since the original experiment was not planned as
SEM-TEM correlative study we collected samples for TEM from
adjacent areas and did not use the SEM blocks exposed to elec-
tron beam for TEM observations. Further, the random and




Morphologic Effects of MeHg on Duck Oviducts

patchy nature of the surface epithelium lesions made it difficult
to get exacting correlation between SEM and TEM in 5.0 ppm
treatment group. However the micrograph (Fig. 10) showing fatty
changes in the surface epithelium is from a duck belonging to
this group.

Reviewer 4: What you may be calling membrane damage in
Fig. 9 may be the discharge of secretory material into the lumen
by exocytosis?

Authors: Yes, both exocytosis (marked by arrows) and mem-
brane damage (marked by arrowheads) are being shown in Fig.
9. The area of membrane damage shows cytoplasmic condensa-
tion, vesiculation, lipid droplets and fragmentation. This point
is further supported by Fig. 13 from a duck in 15.0 ppm treat-
ment group where degenerative changes in both the ciliated and
nonciliated secretory cells are depicted.

Reviewer 4: Since the major portion of the Hg in eggs is found
in the egg white, and more specifically ovalbumin (text ref. 10,
40), what was the appearance of the albumen secreting magnal
tubular glands?

Without accompanying micrograph, how can you draw conclu-

sion that “the fatty changes seen in the shell gland region are
consistent with those reported in oviducts of domestic fowl after
short and mild exposure to mercurial fungicides?
Authors: The magnal tubular glands of both 5.0 and 15.0 ppm
treatment groups had altered ultrastructure. In 5.0 ppm group
the glandular cell exhibited a mild lipid infiltration in cytoplasm
and hypertrophy and cytolysis of Golgi complex cisternae. In
15.0 ppm group the RER was dilated and vesiculated. The mito-
chondria showed loss of matrix density and cristolysis. The
apical membrane was disrupted with dispersion of cytoplasmic
organelles in the lumen. In shell gland region extensive lipid
infiltration was noted. These changes in the tubular glands are
depicted in the Discussion with Reviewers figures (a) and (b)
from magnum and (c) from shell gland region.

E. Boisvieux-Ulrich: In my opinion, it is not demonstrated that
organomercurials have a depolymerization effect on tubulin of
axonemal structures (from TEM examination). Rather than de-
polymerization of axonemes, membrane lesions and disruptions
appear to be implicated in deciliation. Several observations rise
to this conclusion: Loss of cilia results of collapsed axonemes
in a single membrane. Simultaneously, morphology of the cyto-
plasmic organelles is damaged, as well as apex of mucous cells.

Reviewer 4: What evidence is there that the tubulin is depoly-
merized? Axonemes are still observed.

Authors: We agree with Dr. Boisvieux-Ulrich suggestion that
the ultrastructural observations in this experiment indicate to
membrane lesions and disruption for the patchy deciliation of
magnum and shell gland region of the oviducts in 15.0 ppm treat-
ment group (text ref. 23, 39). Nevertheless, the possibility that
at this dose level methyl mercury may interact with axoneme
tubulin cannot be ruled out especially in the light of its known
binding affinity with neuronal tubulin (text ref. 1) and mitotic
spindle microtubules (text ref. 35). We would like to concur
that further experiments are needed to test the second pos-
sibility.

Reviewer 4: Did you note any clinical signs of methyl mercury
ingestion that could be helpful to field workers, such as changes
in behaviour, shell quality, egg production, weight or feather
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loss? Were changes noted in the gross appearance of the liver,
ovary or oviduct?

Authors: Only the ducks fed 15.0 ppm MeHgCl showed overt
clinical symptoms that included dull and ruffled feathers, ano-
rexia, ataxia and leg paralysis. The egg production was erratic
(as mentioned in the “Results’ section). We did not note any overt
alteration in egg shell hardness. The details of body weight data
and gross appearance of liver have already been published else-
where (text ref. 6). At postmortem the ovary and oviduct showed
no discernible lesions.

Reviewer 4: What evidence is there to support your statement
that degeneration is an attempt by mucosa to repair itself?
Authors: We meant “desquamation of degenerated cells,” (Fig.
13) from the surface epithelium of the magnum and shell gland
region of the oviducts of the treated ducks, and not the “degen-
eration” of cells itself, might reflect an attempt to repair. Since
there is very little information on the repair of the oviducal sur-
face epithelium after methyl mercury exposure our suggestion
was based on the single report available (text ref. 42) in abstract
format where resumption of reproductive activity in domestic
fowl was noted after the replacement of mercury contaminated
diet with clean diet.

Reviewer 4: What evidence is there of defective synthetic or
secretory activity? Secretory granules are present in most TEMs.
Authors: The suggestion of defective synthetic or secretory ac-
tivity of nonciliated secretory cells of the surface epithelium
is based on reduced number and/or altered morphology of the
secretory granules in these cells. Moreover, it is now well estab-
lished that mercury binds with and alters the membrane pro-
teins (text ref. 31, 33, 38). Therefore it is conceivable that glyco-
proteins of secretory cells may have been affected by methyl-
mercury treatment. However, we acknowledge that in the ab-
sence of histochemical study of the secretion granules in the
affected cells, the suggestion made in the discussion portion of
this report is speculative.

Reviewer 4: What is the origin of the microtubular tubulin?
Cilia or free intracellular microtubules?

Authors: We believe that the tubulin in the cytoplasm will be
primarily from free intracellular microtubules. However, inter-
nationalization of axonemes into the apical cytoplasm of the
ciliated cells, as seen in the Discussion with Reviewers micro-
graph (Fig. d) could also contribute to the cytoplasmic tubulin
pool.

E. Boisvieux-Ulrich: Is not the epithelium unistratified in ducks
as in chick oviduct? Appearance of pseudostratification could
depend on obliquity of section through the tissue.

Authors: The surface epithelium of chicken and quail oviduct is
classically identified as pseudostratified columnar ciliated (text
ref. 3, 22). The pseudostratification results from differential posi-
tioning of nuclei of the ciliated and nonciliated secretory cells
forming the epithelium.

S.E. Solomon and J. Reid: The epithelial cells in fig. 15 are
distinctly cuboidal. Is this the effect of Hg?

Authors: Yes, it is possible, but most ducks in this treatment
group had columnar cells constituting the surface epithelium.
The main purpose of Fig. 15 is to demonstrate the loss of ciliary
shafts and random dispersion of basal bodies that have no root-
lets.




Fig. a. Electron micrograph of magnal tubular gland cells
from a duck fed 5.0 ppm of MeHgCl. Note distended RER,
dilated and degenerating Golgi complex cisternae (G) and
lipid droplets (L). Asterisk marks the lumen of the gland
containing microvilli.

Fig. b. TEM image of magnal tubular gland from a duck fed
15.0 ppm of MeHgCl showing vesiculated ER, swollen mito-
chondria with cristolysis (arrowhead), lipid droplets (L) and
disruption of apical cytoplasm of the glandular cells and dis-
persion of organelles in the lumen (star).

S.E. Solomon and J. Reid: Figs. 8, 9 and 13 could be the
mucous region of the magnum. Cf. Fig. 14 which is more
characteristic of the epithelium lining the bulk of the magnum.
Authors: Since the tissue samples from magnum were collected
from the mid portion and not the terminal portion we believe
that Figs. 8, 9 and 13 represent surface epithelium alteration
due to methyl mercury treatment. This point is very evident
in Fig. 14 where degenerating ciliated cells (cc) alternate with
altered nonciliated secretory cells with electron dense secretory
droplets.

S.E. Solomon and J. Reid: Were the tissue blocks for SEM
analyses coated before viewing?
Authors: In “OTOTO” procedure coating of tissue blocks is not
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Fig. c. Electron micrograph from shell gland region of the
oviduct from a duck fed 15.0 ppm MeHgCl. Both the sur-
face epithelium (SE) and glandular cells (Sg) contain a large
number of lipid droplets (L).

Fig. d. TEM image of surface epithelium of the magnum
from a duck fed 5.0 ppm MeHgCl. Note a compound cilia
with at least two axonemes (arrowhead) projecting into
lumen and intracytoplasmic axoneme (arrow) in ciliated cell
(cc). Nonciliated secretory cell (GC).

needed (text ref. 26, 29). We used this procedure because of
its simplicity as a large number of samples were to be processed
from 24 ducks. Nevertheless, we agree that metal coating of
specimens would have provided better SEM images.

Reviewer 4: Please comment on microstructure of the oviducal
surface epithelia from duck and compare that to the chicken.
Authors: The surface epithelia covering the midportion of the
magnum and Pars major uteri was lined by pseudostratified col-
umnar epithelium in control ducks. The two types of cells form-
ing the epithelium included ciliated and nonciliated secretory
cells in nearly equal proportions. Transmission electron micro-
graphs of magnum (Text Fig. 4) and of shell gland region (Text
Fig. 5) resembled the surface epithelium covering the two seg-
ments of the oviducts of domestic fowl (Text ref. 3, 22).
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