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Duckling lameness provides insight into osteoclast biology-1. Cytology

ABSTRACT Large multinuclear cells, osteoclastsGCS) were detected in bone marrow (BM)

touch preparation smears bylight microscopy usingWright-Giemsa stain. They are from:femur

they are called ex situ types.

Many are giants containing up to 50 nuclei of varying sizes. A'single OC could contain a few
small nuclei with areas (Ay ~ 30 pm?)presumed as.standard diploid types (2C).However, a
majorityof the nuclei are larger(An>1.6x 30 im?)polyploids and aneuploidtypes. Nuclei may be
located inrestricted places (polarized).or uniformly distributed throughout the cytoplasm.Each
nucleus contained up to 3 nucleoli themselves of varying size. The OC cytoplasm
containsmagenta or scarlet-colored“specific granules”, presumably representing tartrate resistant
acid phosphatase (TRAP),and.(transcytotic) vacuoles;both characteristics of secretory cells.
Examples of phagocytic types, faint nuclear types, and anuclear types were detected in the same
preparation:“ln:some instances, the OC showed signs ofnuclear degradation and cytoplasmic
fractures (necrosis). Interestingly, some OC contained engulfedcellsappearing normal and were
not apoptotic. These are likely examples of emperipolesis. Other engulfedcells showed signs of
deterioration due tophagocytosis. It is not yet known if these OC cells represent escapees from

the BMU or are formed Locallyby the fusion of precursors. It is unknown if such cells are
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homeostatic or pathologic but based on their peculiar cytology the latter seems more likely.

These observations arethe first report.
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Abbreviations: Ac, cell area; An, nucleus area;BM, bone marrow;nm, nuclear membrane;Nx,
number of nuclei; OC, osteoclast;Pc, cell perimeter; PR, ploidy ratio

1. INTRODUCTION
Osteoclasts (OC) are multinucleated cells responsible for bone:resorption and remodeling. In
human bone marrow (BM) they are rare, occurring at 2-3.cells per ul:’(Miyamoto and Suda,
2003). OC of chicken BM,fromthe embryo tothe adult stage,are-at <1% (Table 1; Lucas and

Jamroz, 1961).

the tumor necrosis factor (TNE) superfamily, and M-CSF a macrophage growth factor (Xu and
Teitelbaum, 2013).

OC bone resorption.is.accomplished by matrix proteolysis. Homeostasis of Ca, hematopoiesis,
and bone healing are also OC functions. Recent investigations expand OC functionality and
place it as a member of the immune cell community. Their role in modulating immune
suppression or inflammation is the subject of osteoimmunity, a growing field of interest(Madel,
2019). Removal of apoptotic cells by phagocytosis and regulation of self-tolerance by an OC are

also important immune functions. Pathological conditions leading to inflammation are OC
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associated (reviewed in Zupan et al. 2013). Collectively, cross-talk between OC and other
immune cells is now well documented. The role of the OC in various bone diseases has been
established experimentally with mouse models using genetic knock-outs; however, few
observations on OC biology in non-mutation model systems are available (Guillemin, et al.
1995).

Traditional assumptions on OC life history have been challenged recently as the.result.of
molecular and parabiosis studies (reviewed in McDonald et al., 2021). Now it isbelieved that
OC life cycles are longer than traditionally thought and that they recycle.

Here the purpose is to explore the array of OCsof bone marrow samples from lame ducklings
where other forms of atypia were also found (Cotter, 2021). These unusual cells may shed light
on how an OC interacts with inflammatory cells of .other series»Their descriptionshould
contribute to a better understanding of the complexities of bone pathologies in avian food species

where lameness is an important issue.

2. MATERIALS and METHODS
2.1 Ducklings
Ducklings‘ranging.in-age from 1 to 29 days were sampled at2 commercial farms. All
were grown on floor pens covered with wood shavings. A total of 9 lame ducklings were
identified by.experienced field service personnel who prepared the sample slides on site.
Selected ducklings were removed from flocks in order to prevent further harm.

2.2 Welfare



Ducking welfare is monitored under the Maple Leaf Farms Trident Stewardship Program
for Duck Well Being and procedures were reviewed by a PAACO certified auditor and licensed
Veterinarian.

2.3 Sample Collection

Companion touch preparation slides were made at each farm site from femur bone

marrow (BM) and blood. Specimens were spread across clean glass microscope slides.and | Comment [DSK6]: how was the sample
"""""""""" ) collected. Detail needed.
immediately air-dried. Once dried, slides were immersed in 95% ethanol and pestfixed for 10 to [ AN [P SR el }

15 min. Slides were stained by Wright’s method followed by a brief exposure to-Giemsa using
an in-house procedure (Cotter, 2021).
2.4 Light Microscopy and Photomicrographs
Olympus CX-41(Olympus America, Center.Valley, PA:18034-0610) equipped with Plan
N 40x, 0.65 numerical aperture dry, and Plan:N, 1.25 numerical aperture 100x oil objectives. All
images were captured at 100x with an Infinity-2 1.4<megapixel charge-coupled device Universal
Serial Bus 2.0 Camera, and processed with Infinity Analyze software (Release 6.5) (Lumenera,
Inc., Ottawa, ON, Canada).
2.5 Ploidy Ratio (PR)
Ploidy is estimated by the division ofnuclei areas (Ay) by the area of the smallest(reference)
nucleus (Ag, ~.30pm?), assumed as representing the diploid condition (2C). A PR valueof >1.6,
as usedfor flat plant cells(Melaragno et al.,1993)indicatesa polyploid nucleus.Thus PR = An/Ar.
3., RESULTS
In lame ducklings, OCs were found in medullary BM, distantfrom Howship’s lacunae.
These ex situ types are the present subject. Thirty-four ex situOCs were located by scanning at

40x magnification across a BM touch-preparation smear obtained from a 13d lame duckling. An



average OChas a perimeter (Pc) of 213 (+/- 8) um, with an area (Ac) of 2438 (+/- 201) pm?.
Nuclei number averaged 12.4 (+/- 2); rangingbetween 0 to 50. OCs were subclassified as faint
nuclei types (N = 18) phagocytic (N = 9) anuclear (N = 3) necrotic (N = 1) micronuclei (N =1)
and not further classified (N = 2).

The cells chosen for description are selected to indicate the diversity of OC cytology;all were
located on the same slide taken from a 13d lame duckling.The presentation begins with.a model
type and proceeds to examples of other types.

3.1 Model ex situ OC

Insert figure 1 here

Figure 1 is a model OC; the cell is large [Ac 2213 um?] multinuclear-[N = 11] with nuclei { comment [DsK8]: 11 0r 12

restricted to one hemisphere (polarized). The cytoplasm is differentiated into basophilic
endoplasmic and clearer ectoplasmic areas. It.contains “specific” granules (scarlet) and clear
vacuoles; concentrated in the ectoplasm: The nucleishave 1 or 2 nucleoli and the nm is intact.
Nuclei area (Ay) range from 43 -72 um? [Ave 56 um? +/- 9.0]. The nuclear PRs range from 1.4 -
2.4 [Ave 1.9] indicating that-nearly all are polyploid. The number of nucleoli seen within
individual nuclei supportt polyploidy. The OC is in a BM area predominated by erythroid
developmental cellsand atypical (necrotic granulocytes). A few eosinophils, uncommon in
circulating blood, are in the field. One of which (11 o’clock) seems to be entering
(emperipolesis) the cytoplasmic domain of the OC. A partially degraded RBC (9 o’clock) with
cell-associated bacteria (CAB) has been phagocytosed(arrows).

3.2 Phagocytic/emperipolesis OC

Insert Figure 2 here



A phagocytic OC is found in a bed of developmental and mature RBC scattered among a few
developmental granulocytes and mature cells. It has 11 nuclei and contains a phagocytosed
heterophil (H) whose remnants are at 3 o’clock. A small lymphocyte (Ls) is also internalized by
the OC by emperipolesis and remains intact. The Ls cm has 2 blebs seen projecting from
opposite poles. The large OC nuclei range from 36 um? (diploid) to 85 pm? (hexaploid, *) and
contain from 1 to 3 nucleoli. A few specific granules and vacuoles are seen scattered at the ©C
edge.

3.3 Faint Nuclei OC

Insert figure 3 here

A giant OC [Ac 4201 pm?; Pc 262 um] in which most nuclei‘have-deteriorated is in Figure 3.
The remaining intact nuclei are near the arrow at‘the top right; one [Ay 61 pm?] is likely
tetraploid. The central endoplasm is notably basophilic and contrasts with a broad band of clearer
ectoplasm. A few specific granules of varying size are clustered at the right (3 o’clock) and many
smaller types are at the bottom edge (6 o’clock) of the mother cell. A partially degraded RBC at
the lower left is adjacent to:a phagocytic vacuole (*) containing remnant cytoplasm of uncertain
origin.

3.4 Necrotic OC
Insert figure 4 here

Figure.4 shows a giant [Ac ~ 3280 pm?; P¢ ~323 um] necrotic multinuclear OC (~20N) of
irregular shape.lt resides in an area loosely populated by erythroid and granulocytic

developmental cells. Most nuclei are barely visible. The mother cell appears to be in a process of



separation into smaller cytoplasmic masses. There is an obvious fracture of the cytoplasm

running across the equator.
3.5 Micronuclei OC
Insert Figure 5 here

An example of a giant OC (Ac~2406 pm?; Pc ~227 um) was seen in a lame 13d duekling form in
which Streptococcus sp. were isolated. It is a type with multiple small faint nuclei (Figure 5).
Only 5 nuclei located at the left edge were able to be measured. These gave an average area (An)
of ~ 16.1(+/- 0.15) um? These areas are ~ halfthat of diploidtypes. Thus, theyare called
“micronuclei.” The remaining nuclei were too faint to be measured accurately. The OC was
phagocytic having engulfed several RBCs, and a developmental cell likely a member of the
erythroid series has entered its cytoplasm by emperipolesis. The cm is irregular and diffusely
organized, particularly on the right side; rendering both the Ac and Pc measurements somewhat
uncertain. Although a few of the neighboring cells show signs of necrosis (faint staining) the OC
itself appears further along a-necrotic pathway than the majority of its neighbors. This raises the
possibility that this OC'represents a necrotic nidus; a source of diffusible toxins affecting the

neighboring community.
3.6 Anuclear OC
Insert figure 6 here

Figure 6 is ananuclear OC [Ac 2149pm?; Pc191pum] located in an area of BM populated mostly
by cells of the erythroid series.Definitive nuclei were not observed but the cytoplasm appears to

contain suggestions of remnant nuclei; one is circled.Specific granules are dispersed throughout;



vacuoles are not seen. The main cytoplasmic mass is surrounded by a clear zone possibly

representing traces of former ectoplasm.
3.7 Supergiant Polynucleated OC
Insert figure 7 here

Figure 7 is an elongated supergiant OClocated in an area of BM thinly populated-with cells of
the erythroid series(Ac 3313 um?; Pc 239 um). N1 is used as a reference nucleus/(diploid, Az~
30 um?) and N17 is tetraploid (An17~ 60pm?).Nuclei contained up to 3 nucleoli.A degraded

nucleus is located by the arrowhead.
3.8 Ploidy Study

Ploidy was studied by measuring the sizes of 18-huclei.in the supergiant OC of Figure 7. The
PRs for each nucleus were determined by the division of the area of a given nucleus by the area
of the smallest nucleus, An/Ar (Figure 8).The cut-off PR 1.6 is a value used for flat (plant) cells
(Melaragno et al., 1993). This seems value appropriate for ex situ OC’s because they are also flat
cells. The vertical reference lines represent the locations of empirically determined inflection
points marking the separations of diploid, aneuploid (2N+), triploid, and higher ploidy nuclei
respectively. The 5 nuclei to the left of the first vertical reference (28%) are the smallest nuclei
and so represent diploids (2N); the 2 to the right of the >4N reference line are the largest and are
at-least hexaploid. The nuclei occupying the central area represent various aneuploid(2C+/2N+)
types. Micronuclei (Figure 5; An ~ 16 pm?) are likely <2C/2N and are not considered by Figure

8.

Insert Table 1 here



4. DISCUSSION

The present observations expandthe basic information currently available on the avian OC. The
traditional remodeling view of the OCapplies to the resorption of bone by a cell located in a
Howship’s lacunae, as a component of the BMU (Gay, et al. 1993).Here it is demonstrated that
the OC can also be found inmedullary BM. These ex situ types appear to share certain
characteristics with their in situ counterparts. They are multinuclear, often with a polarized
nuclear distribution characteristic of BMU types. They possess specific cytoplasmic granules and
(transcytotic) vacuoles both characteristics of secretory cells. However,. in‘contrast, they are

much larger, more irregularly shaped, and contain many more nuclei than the 6-8 typical ofin

situ types dGuiIIemad, et al 1995). - »'{Comment [DSK9]: spelling

Some ex situ types are obviously phagocytic as demonstrated by the examples in Figures 2 and 3.
Moreover,they can accommodate eosinophilsiand erythroid cells by emperipolesis.Furthermore,
some of the nuclei of ex situ types are not-stable and prone to disintegration as is the case for the
nuclei of cells in Figures4,5,&6. Loss of nuclear functionality can result in a near anuclear mass
of cytoplasm still retaining some. features of an intact OC (Figure 6). In other cases, the partially

anuclear mass can undergo fragmentation (Figure 3).

Nuclei of ex‘situ ©OC deserve special attention. Unlike their in situcounterparts, their numberoften
exceeds the.(6-8) seen in standard avian types. Not only are the ex situ nucleihigher in number
than standard types but most arepolyploid (Figures 7, 8). Generally, these are signs of increased
metabolic (resorptive?) capacity. Presumably, these giant cells form by fusion of (diploid?)

mononuclear precursors. However, both questions will require additional study.



The author is aware that the application of a (1.6) size cut-off to determine ploidy, a
principle established for flat Arabidopsiscells (Melaragno, et al 1993) is open to debate. Future

investigations may necessitate its modification.

It is clear from the current observations that OCs express overlapping properties;
phagocytosis and emperipolesis are examples, so separating into subcategories is a convenience
rather than a biological distinction. It is also obvious that some OCs appear to.be pathogenic
while others might benefit the host; especially by phagocytosis and removalof pathogens or

necrotic cells of another series.

Many questions regarding these OCs remain unanswered. What is their origin? Are they
escapees from the BMU? If so, why do they have so many nuclei? If they are not escapees, how
are they formed? The standard OCispolyploiddue tothe.fusion of monocytic precursors with
diploid nuclei.OCs might be described as polykaryons; multiple 2N nuclei housed in a common
cytoplasm. However, recently it has.been shown that some OC polyploidization in the mouse
system results from incomplete cytokinesis; nuclear division without cytoplasmic separation
(Takegahara, et al 2016). This observation is supported by the small size of the nuclei seen in
Figure 5 and the nuclear size distribution in Figure 8. This suggests ex situ types may result from
several formation mechanisms. If ex situtypes form by fusion, some precursor cells should be
found having:only one or a few (polyploid) nuclei. Are ex situ OCs beneficial or do they
contribute to the development and progression of lameness because they exacerbate

inflammation?

In situ OCs are highly polarized cells when in the bone resorptive phase (Vaananenand

Horton,1995). Some ex situ OCs retain this characteristic (Figures 1, 2, 3) others do not (Figures



4, 5).How polarization of ex situ OCs pertains to a potential benefit or detriment of the host
(\Véaananenet al 2000) is under study.

5. CONCLUSION

In conclusion, the present observations constitute the first description of ex situ OC cell type(s)
with multiple properties; in addition to those of standard in situBMU types.Since these cells were
seen in lame ducklings, they should attract the interest of a variety of investigators who
specialize in bone disease. Some of the questions regarding OC biology raised by:these cellsas

their formation and degradation mechanisms are currently under investigation.
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Figure Legends:

Figure 1. A model ex situ OC is a large multinuclear cell with 12 polarized nucleiand with
vacuolated cytoplasm containing specific granules.Cell associated bacteria are located with
arrows. Additional descriptionsare in the text.

Figure 2. A model phagocytic OC containing a small lymphocyte (Ls) that has entered by
emperipolesis.Additional descriptionsare in the text.

Figure 3. A giant phagocytic OC with many faint and intact nuclei. Additional descriptionsare in
the text.

Figure 4. A giant necrotic OC with an irregular shape.Additional descriptionsare in the text.
Figure 5.An OC with micronuclei.Additional descriptions are in the text.

Figure 6. An anuclear OC. A nuclear remnant is circled. Additional descriptions are in the text.
Figure 7. An example of a polynucleated(N18) supergiant OC with a nuclear remnant (arrow).N1

is the reference nucleus (Ay ~ 30 pm?)and N47 (An ~ 60 pm?)is one of the largest
sizes.Additional descriptionsare in the text.

Figure 8. Scatter plot of ploidy ratios (PR = An/Ag) and ploidy cut-offs where Ag ~ 30 pm?
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Table 1. Figure 7 average nuclei area (um?) and standard errors (SE) as classified by assumed

ploidy.
Ploidy N Ave Area SE
<2 1 342 -
2 4 424 0.6
3 9 53.1 11
4 2 60.8 0.0
>4 2 74.0 4.6




