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Abstract 

Osteoarthritis is a common degenerative musculoskeletal disease of ageing with a poorly understood disease process. 
As translational capacity is an important factor in chondrocyte proliferation in osteoarthritis the aim of this study was 
to measure nucleosome characteristics as an indicator of translational capacity in young and old equine chondrocytes.  
Nine young (≤8yrs) and eight old (≥15yrs) equine chondrocytes were grown and stained using B23/Nucleophosmin anti-
body and AlexafluorTM mouse IgG1 labelling reagent. Samples were counterstained with DAPI Vectashield®. Area (µm), 
circularity index and number of nucleoli per nucleolus were measured using immunocytochemistry and PhotoshopTM. 
Gene expression of nucleophosmin (NPM1) was measured using real-time qRT-PCR. The number of nucleoli per nucleus 
was significantly increased in old samples compared to young (P=0.042), the average number of nucleoli per nucleolus 
was 1.69 (SEM=0.034) for young and 1.81 (SEM=0.042) for old samples. There was no significant difference in nucleoli 
area (µm) or circularity index between young and old chondrocytes. There was a reduction in NPM1 expression in age-
ing (P=0.03). Ageing and OA have known associations with altered chondrocyte gene expression and an imbalance be-
tween protein anabolism and catabolism. Altered nucleoli number and NPM1 expression may have a role in age-
related OA through changing ribosomal translational capacity.  This study needs to be replicated in OA equine chondro-
cytes to determine these parameters in disease.  

Nucleolar number but not characteristics are altered 

in chondrocyte ageing 

Osteoarthritis (OA) is a prevalent age-related joint disease; however, the disease process is not yet fully understood. 
At the cartilage level it is caused by connective tissue breakdown with an imbalance between anabolism and catabo-
lism of the connective tissue proteins. The nucleolus is the compartment of the cell in which proteins are made and 
we have previously found that the capacity of cartilage cells to translate proteins reduces in OA. The aim of this 
study was to investigate whether the nucleoli characteristics alter with ageing in horse cartilage cells since size, 
shape and number of nucleoli are a potent indicators of nucleoli activity. In order to measure these characteristics 
(area and circularity index), immunocytochemistry was performed by visualising an abundant nucleolar protein nu-
cleophosmin (also called NPM1 or B23) in cartilage cells from young and old horses. The fluorescence of this protein 
thus enabled visualisation of the nucleoli within the nucleus.  We then measured the area, circularity and number of 
nucleoli present between young and old horses. Finally, we measured the gene expression of nucleophosmin. This 
study found a significant increase in the number of nucleoli per nucleus in cartilage cells from older horses. There 
was no significant variation in area or circularity between the young and old cartilage cells. However, there was a 
reduction in nucleophosmin expression. Age is an important factor in the cause of OA. The changing number of nu-
cleoli and nucleophosmin expression in ageing cartilage cells may have a role in the imbalance between connective 
tissue protein production and breakdown seen in cartilage tissue in OA.   

Sophie Sutton1*, Ellice Wakelin2, Mandy Peffers3  

Introduction 

Osteoarthritis (OA) is a common age-related joint dis-
ease, causing joint pain and stiffness and is an incurable 
cause of chronic disability, affecting 30% of the human 
population worldwide (1-2). The underlying disease pro-
cess is multifactorial, characterised by the destruction of 
articular cartilage, pathological bone changes and inflam-
mation of the synovium (3). Currently, the molecular 
mechanisms of the inflammatory process are unclear (4) 
and radiographic diagnosis of OA is only possible when 
cartilage degradation becomes too severe to prevent 
disease progression. It would be beneficial to develop a 
method of measuring OA progressions using markers for 
molecular changes within the body to provide an earlier 

diagnosis and thus more effective management (2). 

Treatment options focus on symptoms and pain manage-
ment but do not address the disease process itself (5). In 
recent decades, there has been increasing interest from 
researchers in the molecular and genetic mechanisms 
responsible for its pathogenesis (6) and if early deteriora-
tion in musculoskeletal health could be identified and 
treated, serious physical impairment may be avoided (7). 
Studies have shown reduced translational capacity in OA 
chondrocytes (8), whilst our unpublished work in ageing 
equine chondrocytes indicates there is no age-related 
change. OA is associated with altered chondrocyte gene 
expression and resulting changes in cell morphology (9).  

OA is characterised by structural damage of articular car-
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tilage caused by disturbances in homeostasis. Cartilage 
homeostasis is maintained by chondrocytes (the only cell 
type in cartilage), expressing extracellular matrix (ECM) 
components (e.g. type II collagen and proteoglycans) the 
principal output in chondrocyte anabolism (10). As cells 
age, anabolic activity is unable to match degenerative 
catabolic activity in the joint space (11), compounded by 
increased secretion of pro-inflammatory cytokines (12). 
Although accelerated catabolic processes in OA are well 
researched (8, 13), there is little information about the 
suppression of anabolic processes that occur with age 
and OA in cartilage (14).  

In OA, chondrocytes require a higher translational capaci-
ty to meet the demands of proliferation, collagen matrix 
production and cellular hypertrophy within the growth 
plate (15). Ribosome biogenesis is an anabolic process 
integral to cell growth and proliferation through its roles 
in protein synthesis and translation of mRNAs; as ribo-
somes translate mRNA into protein to synthesize all pro-
tein within the cell (15). Ribosomes are an assembly of 
four rRNAs transcribed by RNA polymerase I and III, 80 
ribosomal proteins, accessory proteins and around 70 
snoRNAs (16).  

The nucleoli are multifunctional domains containing hun-
dreds of different types of proteins involved in many fun-
damental processes including ribosome biogenesis. Stud-
ying nucleosome characteristics as cells age could be an 
insightful indicator of their translational capacity poten-

tial and ability to maintain cartilage homeostasis in OA.  

Small Nucleolar RNAs (snoRNAs) are 60-300 nucleotide 
non-coding guide RNAs in the nucleolus and form one of 
the largest classes of non-coding RNA (17). Nucleoli are 
one of the main centres of ribosomal biogenesis, RNA 
maturation and apoptosis regulation (18), therefore are 
integral to maintaining cell translational capacity and 
morphology.  

Previous studies have shown that unusual expression of 
snoRNAs and morphological abnormality of nucleoli are 
both indicative of pathological processes such as cancer. 
(18, 20, 21). Recent research presented at Osteoarthritis 
Research Society International (OARSI) congress 2018 
indicated differential expression of snoRNAs in ageing 
and OA cartilage (22). Peffers et al. (23) also found that 
dysregulation of certain snoRNAs in OA and ageing have 
been shown to alter ribosome biogenesis and transla-
tional capacity of chondrocytes.  

The size, morphology, number and ultrastructural organi-
sation of nucleoli are potent indicators of cellular nucleo-
lar activity. Nucleoli can be visualized by immunofluores-
cence experiments using antibodies directed against nu-
cleolar proteins, such as B23. B23/nucleophosmin is a 
nuclear acid chaperone encoded by NPM1 active in ribo-
some biogenesis, chromatin remodelling, mitosis, DNA 
repair, replication and transcription (24). Nucleophosmin 
is also responsible for nucleolar morphology (25). 

Aims 

The aim of this study was to measure nucleosome char-
acteristics (by measuring area, circularity index and num-
ber of nucleoli per nucleolus) in young and old equine 
chondrocytes. To visualise nucleoli, chondrocytes were 
stained using immunocytochemistry with a B23 
(nucleophosmin) antibody and a DAPI nuclear costain. 
Change in nuclear morphology between young and old 
samples is considered here as a measure of translational 
ability of the chondrocyte. We hypothesise that nucleo-
some characteristics will vary with age in equine chon-
drocytes.   

Methods 

Sample selection & tissue culture 

Equine chondrocytes were harvested previously from the 
metacarpophalangeal joints of n=9 young (≤8yrs) and 
n=8 old (≥15yrs) healthy horses collected from an ab-
attoir. Schedule 2 of the Animals (Scientific Procedures) 
Act 1986 does not define collection from these sources 
as a scientific procedure (26). Equine articular chondro-
cytes were isolated from macroscopically intact cartilage 
(27). 

Chondrocytes were isolated and aseptically grown as 
monolayers at 37 °C in normaoxic conditions (20% O2) in 

 

Figure 1. Equine chondrocyte samples were obtained the 
difference in age between groups was plotted (P=0.004). Error 
bars represent SEM. 

Table 1. Equine chondrocyte samples used for the analysis.  

Sample Y Age Y 

Y4 8 

Y6 5 

Y7 4 

Y9 3 

Average 5.00 

SEM 1.08 

Sample O Age O 

O6 16 

O7 16 

O8 18 

    

Average 16.67 

SEM 0.67 
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Dulbecco’s modified Eagle’s medium (DMEM; catalogue 
no. 12430104, Invitrogen, Paisley, UK) containing 100 U/
ml penicillin, 100 U/ml streptomycin, 10% foetal calf se-
rum (FBS) and 50 ng/ml Amphotericin B (all from Invitro-
gen) (28). 

The chondrocytes were thawed and seeded at 5,000-
6,000 cells/cm2. Cells were incubated to 80% confluency 
for 1 week and culture media was changed every other 
day. Chondrocytes were visualised using light microscopy 
to assess cell numbers and morphology.  

Immunocytochemistry plating and staining 

For immunofluorescence analysis, young and old equine 
chondrocyte cells were plated on 22 mm x 22 mm glass 
coverslips previously sterilised with 100% ethanol. 5 – 
10,000 cells in 400 µl culture medium was plated per 
coverslip and left overnight to attach. Attachment density 
was checked using light microscopy and coverslips were 
washed with PBS to remove culture medium. Cells were 
then fixed in 1:1 ice cold acetone:methanol (Sigma-
Aldrich, UK) for 5 minutes. Six coverslips were plated per 
sample.  

Nucleolar protein B23 was localised by incubating co-
verslips in 150 µl of 1 µl/ml (1 in 500 dilution) monoclo-
nal mouse B23 antibodies B0556 (Sigma-Aldrich, UK) for 
1 hour at RT. B23 antibody was then aspirated and co-
verslips were washed 3 times in PBS for 5 minutes. Cells 
were then incubated in 180 µl (1 in 400 dilution) 
Alexafluor 488 Mouse IgG1 labelling reagent 
(ThermoFisher Scientific) for 1 hour in the dark (18).  

Coverslips were rinsed once with PBS for 5 minutes be-
fore being mounted with 1 drop (approx. 25 µl) of Vec-
tashield mounting medium with 4’, 6’-diamidino-2-
phenylindole (DAPI) counterstain (Vector Laboratories) 
as per manufacturer’s instructions. Staining was visual-
ised at room temperature by fluorescent microscopy 
using a Zeiss Axioimager 2 microscope. Images were cap-
tured using an Axiocam HR camera.  

Nucleolar protein B23 was localised using mouse mono-
clonal B23 antibodies B0556 (Sigma, USA) alongside an 
Alexaflour 488 Mouse IgG labelling kit, specifically the 
IgG1 labelling reagent (ThermoFisher Scientific) as per 
(18). Coverslips were mounted using Vectashield 
mounting medium with 4’, 6’-diamidino-2-phenylindole 
(DAPI) counterstain (Vector laboratories) per manufac-
turer’s instructions. Staining was visualised at room tem-
perature by fluorescent microscopy (Zeiss Axioimager 2). 
Images were captured using an AxioCam HR camera.  

Nucleoli counting 

Number of nucleoli per nucleolus were counted for 100 
cells by first visualising the DAPI stained nuclei with a 
blue fluorescent filter and then the B23 stain under the 
green fluorescent filter of the Zeiss microscope. Once 
cells were localised, they were counted in a battlement 
pattern until 100 cells containing nucleoli had been 
counted.  

Six slides were produced and visualised for each sample 
and each sample was considered of adequate quality for 
analysis if three correctly stained slides were obtained. 

Number of nucleoli was counted in n=4 young and n=3 
old samples. Area and circularity index were evaluated 
from n=106 young and n=98 old nucleoli obtained from 
n=4 young and n=3 old samples.    

Image Analysis and Statistical Analysis 

Out of the n=9 young and n=8 old samples, only n=4 
young and n=3 old samples were considered of a suffi-
cient quality (Table 1). When comparing young versus old 
age groups using a T-test, they were considered signifi-
cantly different ages with P<0.05 (Figure 1).   

Images were analysed in Photoshop™ (Adobe, UK) using 
the lasso tool to select nucleoli for area measurement 
and circularity analysis (29). Measurements were record-
ed in pixels and later converted to micrometres. 

NPM1 expression in ageing chondrocytes 

As NPM1 participates in ribosome biogenesis (30) we 
decided to also measure its expression in ageing equine 
chondrocytes. RNA was extracted from equine chondro-
cytes using the Trizol method and converted to cDNA as 
previously described. Relative expression levels were 

normalised to GAPDH and calculated using the 2Ct 
method (31).  

Statistical Analysis 

Nucleosome data was tested for normality in GraphPad 
Prism (GraphPad Software, USA) and found to be non-
parametric and could not be normalised. A Mann-
Whitney U test was chosen (32) and was performed on 
area (µm2) and circularity index values in addition to nu-
cleoli counts to assess if values were significantly differ-
ent in the old versus young samples with P<0.05. For 
gene expression data was Mann-Whitney U test was un-
dertaken in GraphPad Prism. 

Results 

As per Belin et al. (18), detection of the B23 signal can be 
seen in Figure 2. The nucleus is revealed by DAPI staining. 
Overall area of nucleoli and circularity index results indi-
cated that the morphology of cells was not significantly 
different. There was a significant increase in the number 
of nucleoli per nucleus in the ageing. 

Area 

A Mann-Whitney U test of area values for the young and 
old sample groups (Figure 3A) indicated no significant 
difference in nucleoli size between the groups 
(P=0.9957). The average area of nucleoli was 1.65 µm 
(±SEM 0.21) for young samples and 1.82 µm (±SEM 0.18) 
for old samples (Table 2).  

Circularity index 

Testing for circularity index for young and old sample 
groups (Figure 3B) indicated no significant difference in 
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nucleoli size between the groups (P=0.5383). The aver-
age circularity index of nucleoli was 0.81 (SEM=0.0094) 
for young samples and 0.80 (SEM=0.011) for old samples 
(Table 2). 

Number of nucleoli 

A Mann-Whitney U test of the number of nucleoli per 
nucleus (Figure 3C) showed a significantly higher number 
of nucleoli per nucleus in old samples versus young sam-
ples (P=0.042). The average number of nucleoli per nu-
cleus was 1.69 (SEM=0.034) for young and 1.81 
(SEM=0.042) for old samples (Table 2).  

NPM1 gene expression 

There was a significant reduction in NPM1 expression in 
ageing chondrocytes (p=0.03) (Figure 4).  

Discussion 

The size, morphology, number and structural organisa-
tion of nucleoli are considered potent indicators of nucle-
olar activity. The aim of this study was to characterise the 
nucleoli in ageing chondrocytes by measuring area, circu-
larity index and number of nucleoli per nucleolus. Nucle-
oli were visualised by immunofluorescence experiments 
using antibodies against nucleolar protein B23 (Figure 2). 
Additionally, we measured the expression of NPM1 
which was shown to be over expressed in actively prolif-
erating cells. 

Figure 3 shows that whilst the area and circularity index 
of nucleoli did not vary with ageing the number of nucle-
oli per nucleolus was significantly higher in old samples 
compared to young samples. Recent studies have shown 
that changes to translational apparatus are prominent in 
early stage OA, persisting through to the later stages (8).  

Initially, Image J (NIH, USA) was used to quantify the area 
of nucleoli in cells as per Belin et al. (18) however due to 
inaccurate thresholding, it was not possible to accurately 
select individual nucleoli to measure area and circularity. 
However, using Photoshop™ meant that images did not 
require thresholding and it was easier to distinguish pix-
els that were to be counted as ‘nucleoli’. In addition, area 
measurements were faster as multiple nucleoli in an im-
age could be measured individually and exported to ex-
cel. Limitations to this method were due to hand selec-
tion of nucleoli rather than using an algorithm. We coun-

teracted this by having one person analyse all images 
using the same equipment (33). All images were of the 
same magnification and size in pixels therefore although 
measurement bias may exist, it is consistent throughout. 
Due to the user bias of this method, it would be benefi-
cial to measure area and circularity values twice or have 
two people separately measure area and circularity and 
use a Cappa Kohen statistic to measure interrater or in-
trarater reliability respectively (34).  

Others have described morphological changes in nucleoli 
such as increasing size with age (35, 36), and multiple 
studies have documented morphological change in older 
specimens (18, 37). Our results showed no significant 
difference with age. Due to a lack of useable samples, 
analysis was made on a relatively small data set and in-
creasing the number of samples plus the addition of OA 
samples would have been beneficial. 

Others have shown a link between age and expression of 
the NPM1 gene resulting in changing morphology of nu-
cleophosmin due to differences in protein-RNA interac-
tions (38, 39). We therefore also measured NPM1 ex-
pression and found it was reduced in ageing. As NPM1 is 
involved in several cellular processes including ribosome 
biogenesis, nucleocytoplasmic transport and transcrip-
tional regulation, its reduced expression in ageing cells 
could be indicative of its role in the regulation of cell me-
tabolism (40). We would expect however that with re-
duced NPM1 expression with age, there would be fewer 
nucleoli in older cells however this was not the case in 
this study.  

NPM1 gene which codes for B23/Nucleophosmin is a 
driver of conformational changes in the nucleoli (39). As 
NPM1 expression was shown to be significantly de-
creased in old samples, we would expect that B23 would 
therefore be less abundant in those samples and that 
morphology would be affected, however, it was not 
found in this study.  

There was an increase in the number of nucleoli per nu-
cleus in the older cell samples.  An explanation for this 
may be due to the rapidly assembly and disassembly of 
nucleoli inside the nucleus in response to changes in 
transcriptional activity, which is critical for cellular integ-
rity and homeostasis. The creation and structural integri-
ty of nucleoli depends exclusively on protein-protein, 

Figure 2. Immunocytochemistry Images. Images showing detection of B23 signal (left), the nucleolus revealed by DAPI staining 
(centre) and the merged image (right). 5 µm marker lines are displayed for scale. 

B23 DAPI Merged 
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protein-RNA and/or DNA interactions and NPM1 coding 
for nucleophosmin protein is a driver of conformational 
changes upon RNA binding (39). Theoretically, if changes 
in NPM1 expression are present in cartilage due to age-
ing (41), this will in turn affect the assembly/disassembly 
of nucleoli in chondrocytes. This study found that NPM1 
was decreased with age and that more nucleoli were 
assembled in old samples. There was however no signifi-
cant difference in morphology of cells due to the chang-
ing NPM1 expression. 

Buchwalter and Hetzer (35) showed that increased ribo-
some biogenesis and activity are a hallmark of premature 
ageing, therefore we can hypothesise that in the carti-
lage increase number of nucleoli may indicate increased 
ribosomal biogenesis and that this may be indicative of 
ageing or degeneration. Another measurement to con-

sider for future analysis would be to measure the overall 
area of all nucleoli per 100 cells and then compare if 
there is an increased overall area of nucleoli to compen-
sate for the less abundant nucleoli in young samples.  

Chondrocytes are known to require a high translational 
capacity to undertake anabolic processes (15). Ageing 
and degenerative diseases of ageing such as OA are 
known to be associated with altered chondrocyte gene 
expression and thus morphological changes (9). These 
changes in morphology influence chondrocyte metabo-
lism (42). In this study, we studied the nucleosome char-
acteristics of young and old equine chondrocytes as an 
indicator of translational capacity by visualising nucleoli 
by immunofluorescence of nucleolar protein B23.  Thus, 
we could use this information as an indicator of their 
translational capacity and ability to maintain cartilage 
homeostasis (42) in ageing 

We found there to be no morphological variation (in area 
and circularity index) between young and old chondro-
cytes, contrary to our hypothesis that morphology would 
vary with age (43). We did however, find there to be a 
larger number of nucleoli present in old samples. Future 
studies are required in OA chondrocytes to ascertain if 
they behave similarly. 

Figure 3. Graphs of Area, Circularity Index and Number of Nucleoli per Nucleolus. We measured the number & morphology of 
nucleoli in young and old chondrocytes using signal detection of staining by PhotoshopTM. The area (A), the circularity index (B) and 
the nucleoli were evaluated per 100 cells from each donor using the n=4 young and n=3 old mean±SEM ages in years, young 5±1.08, 
old 16.6±0.67. These analyses showed that there were no statistically significant differences between circularity index or nucleoli 
area in ageing. Quantitation of the number of nucleoli per cell, evaluated in 100 cells per donor (C) demonstrated that the number 
of nucleoli varied from 1 to 4 per chondrocytes and increased by 10% in ageing chondrocytes (P=0.004). Altogether, these results 
suggested that during chondrocyte ageing, the nucleus may undergo adaptive changes to support changing nucleolar activity. 

Table 2. Measurements for area, circularity index and number 
of nucleoli per nucleolus. ns meaning P>0.05 and * meaning 
P≤0.05. 

Figure 4. Relative gene expression of NPM1 in ageing equine 
chondrocytes. Data are represented as the relative expression 
compared to GAPDH of young n=9 and old n=8 donors.  Histo-
grams represent means ±SEM (* = P<0.05).   

Area Young Old Old vs. Young 

Mean 1.651 1.822   

SEM 0.206 0.1821   

P-Value     0.0975 

Significance     ns 

        

Circularity Index Young Old Old vs. Young 

Mean 0.8119 0.7992   

SEM 0.0094 0.01106   

P-Value     0.5383 

Significance     ns 

        

No. Nucleoli Young Old Old vs. Young 

Mean 1.687 1.807   

SEM 0.0339 0.04207   

P-Value     0.0419 

Significance     * 
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Conclusion 

Ageing and OA have known associations with altered 
chondrocyte gene expression and an imbalance between 
protein anabolism and catabolism. Altered nucleoli num-
ber and NPM1 expression may have a role in age-related 
OA through changing ribosomal translational capacity.  
This study needs to be replicated in OA equine chondro-
cytes to determine these parameters in disease 
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