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Abstract

Chondrocytes are the major cell type present in hyaline cartilage and they play a crucial role in maintaining the

mechanical resilience of the tissue through a balance of the synthesis and breakdown of extracellular matrix

macromolecules. Histological assessment of cartilage suggests that articular chondrocytes in situ typically occur

singly and demonstrate a rounded/elliptical morphology. However, there are suggestions that their grouping

and fine shape is more complex and that these change with cartilage degeneration as occurs in osteoarthritis.

In the present study we have used confocal laser scanning microscopy and fluorescently labelled in situ human

chondrocytes and advanced imaging software to visualise chondrocyte clustering and detailed morphology

within grade-0 (non-degenerate) and grade-1 (mildly degenerate) cartilage from human femoral heads. Graded

human cartilage explants were incubated with 5-chloromethylfluorescein diacetate and propidium iodide to

identify the morphology and viability, respectively, of in situ chondrocytes within superficial, mid- and deep

zones. In grade-0 cartilage, the analysis of confocal microscope images showed that although the majority of

chondrocytes were single and morphologically normal, clusters (i.e. three or more chondrocytes within the

enclosed lacunar space) were occasionally observed in the superficial zone, and 15–25% of the cell population

exhibited at least one cytoplasmic process of ~ 5 lm in length. With degeneration, cluster number increased (~

50%) but not significantly; however, the number of cells/cluster (P < 0.001) and the percentage of cells forming

clusters increased (P = 0.0013). In the superficial zone but not the mid- or deep zones, the volume of clusters

and average volume of chondrocytes in clusters increased (P < 0.001 and P < 0.05, respectively). The percentage

of chondrocytes with processes, the number of processes/cell and the length of processes/cell increased in the

superficial zone of grade-1 cartilage (P = 0.0098, P = 0.02 and P < 0.001, respectively). Processes were

categorised based on length (L0 – no cytoplasmic processes; L1 < 5 lm; 5 < L2 ≤ 10 lm; 10 < L3 ≤ 15 lm;

L4 > 15 lm). With cartilage degeneration, for chondrocytes in all zones, there was a significant decrease

(P = 0.015) in the percentage of chondrocytes with ‘normal’ morphology (i.e. L0), with no change in the

percentage of cells with L1 processes; however, there were significant increases in the other categories. In

grade-0 cartilage, chondrocyte clustering and morphological abnormalities occurred and with degeneration

these were exacerbated, particularly in the superficial zone. Chondrocyte clustering and abnormal morphology

are associated with aberrant matrix metabolism, suggesting that these early changes to chondrocyte properties

may be associated with cartilage degeneration.
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Introduction

Articular cartilage has a highly specialised structure which

imparts remarkable load-bearing properties over many dec-

ades. Chondrocytes are the major cell type and are primarily

responsible for the maintenance of the resilient extracellu-

lar matrix, and a small but distinct population of cartilage-

derived stem/progenitor cells has also been reported

(Dowthwaite et al. 2004). Cartilage properties vary with

depth from the superficial zone through to the mid-zone

and finally the deep zone. These zones and their resident

chondrocytes have different biomechanical (Chen et al.

2001; Vanderploeg et al. 2008) and metabolic properties

(Aydelotte & Kuettner, 1988; Wong et al. 1996; Simpkin

et al. 2007). From histological studies, the topographical

arrangement and morphology of chondrocytes within the

zones of normal (non-degenerate) articular cartilage have

been described (Hunziker, 1992). Although there are differ-

ences between animal species and joints, in non-degenerate

cartilage, cell shape and distribution vary with depth.

Superficial zone chondrocytes tend to have an elliptical,

flattened appearance lying parallel to the surface. Mid-

zone chondrocytes are spheroidal and randomly arranged,

whereas deep zone chondrocytes are almost all rounded

and aligned in perpendicular columns. These adaptations

are probably related to the prevailing biomechanical forces,

which range from predominantly shearing/tensional stresses

in the superficial zone, to mainly compressional forces in

the deep zone (Grodzinsky et al. 2000). Chondrocyte cluster-

ing is also a property of some normal cartilages. For exam-

ple, in the superficial zone of human ankle cartilage,

horizontal cell clustering (described as ‘strings’) parallel to

the surface occurs (Schumacher et al. 2002; Rolauffs et al.

2010). However, clustering is more usually associated with

degenerative joint disease (also known as osteoarthritis)

where increased cell number and size are often localised

near surface fissures (Lotz et al. 2010). Associated with carti-

lage degeneration, there are substantial changes to the

cells and matrix, leading to a loss in zonal characteristics

(Buckwalter & Mankin, 1997) as well as increased chondro-

cyte proliferation (Rothwell & Bentley, 1973; Lotz et al.

2010; Rolauffs et al. 2010), possibly resulting from changes

to the chondron microenvironment (Poole et al. 1991).

There is increasing evidence that human chondrocyte

morphology is more varied than these ‘classical’ elliptical/

spheroidal forms (Bush & Hall, 2003; Murray et al. 2010).

Advances have been made in the visualisation of living

in situ chondrocyte morphology using fluorescent dyes and

confocal scanning laser microscopy (Bush & Hall, 2003).

Approximately half of the chondrocytes within macroscopi-

cally normal (non-degenerate, aged) human tibial plateau

cartilage, have cytoplasmic processes extending beyond the

pericellular matrix/lacuna into the inter-territorial matrix

(Bush & Hall, 2003). Similar abnormal ‘fibroblastic-like’

chondrocytes have been observed in human femoral head

cartilage overlaid with pannus (Holloway et al. 2004) and in

histological/electron microscopical studies of normal and

fibrillated human knee cartilage (Kouri et al. 1998; Tesche &

Miosge, 2005). The processes are not related to the chon-

drocyte primary cilium (McGlashen et al. 2008).

The development of abnormal chondrocyte morphology

in non-degenerate cartilage could be important as there is

a close relationship between the actin cytoskeleton, a

major controller of chondrocyte morphology (Blaine,

2009), and chondrocyte differentiation (Mallein-Gerin

et al. 1991; Rottmar et al. 2014). Chondrocytes are pheno-

typically unstable and cytoskeletal integrity can affect

matrix metabolism and thus, potentially, cartilage resili-

ence. For example, during chondrocyte de-differentiation,

expression of cartilage markers of the transcription factor

SOX9, and production of cartilage-specific matrix mole-

cules (aggrecan, collagen Type II) are reduced, whereas

synthesis of fibro-cartilagenous constituents (e.g. Type I

collagen) is increased (Stokes et al. 2001; Woods et al.

2007). However, de-differentiation is reversible, as chon-

drocytes with ‘fibroblastic’ morphology re-express the

chondrogenic phenotype upon restoration of a spheroidal

shape, e.g. in agarose culture (Benya & Shaffer, 1982) or

with cytoskeletal disruption (Blaine, 2009).

To determine whether there is a relationship between

changes to chondrocyte clustering and morphology from

classical (elliptical/spheroidal) forms to abnormal shapes/

clusters and the degree of cartilage degeneration, we have

classified clusters and morphology of in situ chondrocytes

using a quantitative approach. We have obtained osteo-

chondral explants from normal (non-degenerate; grade-0)

and mildly degenerate (grade-1) human femoral head carti-

lage and then incubated them with 5-chloromethylfluores-

cein diacetate, a cytoplasmic dye which fluoresces green

within chondrocytes, and propidium iodide, which fluo-

resces red and identifies dead chondrocytes. Using confocal

scanning laser microscopy and imaging of relatively unper-

turbed in situ chondrocytes in standardised regions of inter-

est in the superficial, mid- and deep zones of grade-0 and

grade-1 cartilage, we have then determined (1) the average

number of clusters, (2) the average number of cells per clus-

ter, (3) the percentage of cells present in clusters, (4) the

average volume of clusters (in lm3) and (5) the average vol-

ume of individual cells in a cluster (in lm3). For chondrocyte

morphology, we have measured (1) the percentage of cells

with cytoplasmic processes, (2) the number of processes per

cell and (3) the average length of cytoplasmic processes (in

lm). The results revealed the marked heterogeneity of

human chondrocyte grouping and morphology, particularly

within normal (non-degenerate) cartilage, where small

chondrocyte clusters and short cytoplasmic processes were

identified. Furthermore, there were marked changes to

chondrocyte clusters and morphology with progression of

cartilage degeneration from grade-0 (non-degenerate) to

grade-1 (mildly degenerate).
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Materials and methods

Human femoral head articular cartilage

Femoral heads were obtained with Ethical Permission (Tissue

Governance, National Health Service, Lothian) from 11 patients

undergoing surgery only for hip hemiarthroplasty due to frac-

tured neck of femur: eight females, three males, 77.8 � 5.8 years

[mean � confidence intervals (95%); range 65–89 years]; grade-0

78.9 � 7.8 years, range 64–89 years; grade-1 76.6 � 9.2 years,

range 65–89 years. Heads were immediately transferred to Dul-

becco’s modified Eagle’s medium (pH 7.4) supplemented with

penicillin/streptomycin (100 units mL�1 and 100 lg mL�1, respec-

tively; Invitrogen, Paisley, UK). Throughout, care was taken to

avoid tissue injury during handling (Huntley et al. 2005) or dehy-

dration (Paterson et al. 2015), with experiments being performed

within 10 h of surgery.

Cartilage grading

Cartilage was assessed by a clinician (A.K.A.) and a biomedical

scientist (A.K.) using Osteoarthritis Research Society International

(OARSI) criteria (Pritzker et al. 2006). Visually, grade-0 cartilage

was smooth and shiny with no roughness/fibrillations, whereas

grade-1 cartilage areas were discoloured and appeared rough

with occasional superficial splitting. The surface roughness of

explants was visualised by adjusting the brightness/contrast of the

confocal laser scanning microscope images, further assisting carti-

lage grading (Fig. 1). For most of the femoral heads the cartilage

was non-degenerate (grade-0) over > 75% of the surface. How-

ever, in some femoral heads, there were relatively small areas

(covering approximately 25%) of grade-1 cartilage, present mostly

at two locations around the fovea: parafoveal posterior and par-

afoveal inferior. Pannus (Shibakawa et al. 2003) was not observed

on any joints.

Cartilage harvesting and fluorescent labelling

Osteochondral explants making up the full cartilage thickness with

subchondral bone were harvested from graded areas. Explants were

trimmed to ~ 5 9 5 mm using fresh scalpel blades to minimise

chondrocyte death (Amin et al. 2008) and stored in Dulbecco’s mod-

ified Eagle’s medium. They were then incubated with 5-chloro-

methylfluorescein diacetate and propidium iodide (12.5 and 10 lM,

respectively; 2 h; 21 °C) to label living (green) and dead (red) cells,

respectively (Amin et al. 2008). Explants were washed in phosphate-

buffered saline, fixed (formaldehyde 4% v/v; Fisher Scientific, Leices-

tershire, UK) and mounted for imaging.

Confocal laser scanning microscopy

Fluorescently labelled in situ chondrocytes were imaged using a

Zeiss Axioskop LSM510 (Carl Zeiss, Welwyn Garden City, UK)

(Ex = 488 nm and 543 nm for 5-chloromethylfluorescein diacetate

and propidium iodide, and Em = 505–530 and 650 nm, respec-

tively). Cartilage appearance, chondrocyte viability, thickness and

delineation of zones were initially evaluated at low power (910

dry; numerical aperture = 0.3). Chondrocyte morphology/clustering

was determined at high power (940; numerical aperture = 0.8).

Sequential z-stack images in axial and coronal planes to 100 lm for

low, and 50 lm for high power magnification with intervals of 5

and 1 lm, respectively (frame size 1024 9 1024 pixels) were

obtained (Amin et al. 2008).

Demarcation of cartilage zones

Criteria (Hembree et al. 2007) were applied which depended on the

morphology and orientation of chondrocytes visualised with low-

power (910) images. Superficial zone chondrocytes tended to be

ellipsoidal, with their long axis orientation parallel to the cartilage

surface and made up ~ 10% of the cartilage thickness. Mid-zone

chondrocytes tended to be spheroidal, more randomly orientated,

and made up ~ 60% of the cartilage thickness. Deep zone chondro-

cytes were spheroidal, frequently in columns preferentially oriented

perpendicular to the tidemark with subchondral bone, and made

up ~ 30% of the tissue thickness.

Morphological analysis of in situ chondrocytes

Quantitative data regarding chondrocyte clusters and cytoplasmic

processes were obtained by three-dimensional analysis of high

power (940) images utilising VolocityTM (Improvision, Coventry, UK)

(Amin et al. 2008). Human chondrocytes occur singly, in pairs or

clusters within a lacuna, with a cluster comprising three or more

chondrocytes within the enclosed lacunar space (Rolauffs et al.

2010). The volume of clusters was measured using VolocityTM against

calibrated fluorescent beads (FluoresbriteTM, Polyscience, Warring-

ton, UK) (Bush & Hall, 2001). The number of cells/cluster was

counted manually; however, it was not possible to measure the vol-

ume of individual chondrocytes accurately because cells were fre-

quently touching and identifying the membrane edge was

unreliable. Average cell volume in a cluster was determined as: cell

volume in a cluster (lm3) = [total volume of cluster (lm3)]/(total

number of cells in cluster). The total number of chondrocytes within

the region of interest (dimensions; x, y, z of 228, 228, 50 lm, respec-

tively) were counted, and the percentage of cells forming clusters

calculated as: % cells in a cluster = 100 9 (number of cells forming

clusters/total number of cells)%.

Spheroidal/elliptical chondrocytes with no cytoplasmic processes

were considered to have ‘normal’ morphology. The morphology

of chondrocytes with one or more cytoplasmic processes was

described as being ‘abnormal’, although it should be noted that

this term referred only to the shape of the cells and not to any

other physiological or pathological changes (Bush & Hall, 2003).

The percentage of abnormal chondrocytes was calculated as:

abnormal chondrocytes (%) = 100 9 (number of abnormal cells)/

(number of normal + abnormal cells)%. The length of cytoplasmic

processes (in lm) was determined by tracing in three dimensions

from their initiation at the cell body to their end. Cells with/with-

out processes were further categorised into five groups based on

their length (L): (L0 no processes present, L1 < 5 lm,

5 < L2 ≤ 10 lm, 10 < L3 ≤ 15 lm and L4 > 15 lm) permitting a

more detailed quantitative comparison between cells in the differ-

ent zones. The percentage of chondrocytes with cytoplasmic pro-

cesses in each category was calculated as: chondrocytes in length

category (L1–4) (%) = 100 9 (number of cells with specific length

category (L1-4))/total number of cells with processes)%. The num-

ber of cells was counted in the specified regions of interest and

cell density calculated as: cell density (number of

cells mm�3 9 103) = total no. of cells labelled with 5-chloro-

methylfluorescein diacetate and propidium iodide/volume of carti-

lage imaged (lm3).
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Data presentation and analysis

Data were presented as mean � confidence intervals (95%) for

[N(n)], with N representing the number of cartilage samples

from separate donors and n the number of chondrocytes. His-

tograms and statistical tests were performed using GraphPad

Prism 6 (GraphPad, La Jolla, CA, USA). Student’s t-tests were

used to compare data between grade-0 and grade-1 cartilage.

One-way analysis of variance with Tukey’s post-hoc test were

applied for comparison between and within groups. Significance

was accepted when P < 0.05. An asterisk (*) indicated a signifi-

cant difference according to Student’s t-tests and the hash sym-

bol (#) indicated a significant difference by analysis of variance.

Single, double and triple symbols indicated significance for

P < 0.05, 0.01 and 0.001, respectively, with actual values given

where appropriate in the text.

a b

c d

Fig. 1 Macroscopic and microscopic overview of grade-0 and grade-1 human femoral articular cartilage. The upper two panels show examples of

the macroscopic appearance of human femoral heads obtained from (a) a male patient (64 years) and (b) a female patient (85 years) with cartilage

graded at the solid arrows as grade-0 and grade-1, respectively. The broken arrows indicate the fovea. Macroscopic grading of cartilage was ini-

tially performed using Osteoarthritis Research Society International criteria, followed by a microscopic grading which was determined by studying

the cartilage surface of the explants to be imaged (see Materials and methods). The lower two panels show representative confocal scanning laser

microscopy low power (910) images of 5-chloromethylfluorescein diacetate- and propidium iodide-labelled chondrocytes viewed in the coronal

plane in (c) grade-0 and (d) grade-1 cartilage. The approximate thicknesses of the zones (SZ = superficial zone; MZ = mid-zone; DZ = deep zone)

are shown. Grade-0 cartilage showed a smooth regular surface with minor morphological changes to chondrocytes, whereas grade-1 displayed

obvious surface discontinuity and erosions with chondrocyte clustering. Cytoplasmic processes of chondrocytes could not be visualised at this mag-

nification. Solid arrows indicate smooth and rough surfaces of grade-0 and grade-1 cartilage, respectively, double-headed arrows indicate areas of

hypo-cellularity, and broken arrows indicate examples of chondrocyte clusters present in grade-1 cartilage. Scale bars: 100 lm (a-d) and 50 lm

(inset).
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Results

Thickness and zones of human femoral head

cartilage

Full-depth grade-0 cartilage was 1554 � 66 lm (N = 6;

range 1398–1648 lm; mean � confidence intervals). Thick-

ness when measured at four different areas (parafoveal

anterior, parafoveal posterior, parafoveal superior and par-

afoveal inferior) was not different between these areas

(P > 0.05) [parafoveal anterior (1519 � 253 lm; N = 3), par-

afoveal posterior (1559 � 403 lm; N = 2), parafoveal supe-

rior (1618 � 40 lm; N = 3) and parafoveal inferior

(1305 � 41 lm; N = 3)]. Grade-0 cartilage surface was

smooth and regular; however, grade-1 cartilage was clearly

uneven (Fig. 1c,d). Grade-1 cartilage thickness measure-

ments were difficult because of the irregular surface and

cartilage-bone interface. However, the thickness of grade-1

cartilage was 1512 � 85 lm (N = 5; range 1335–1665 lm),

and similar to grade-0 cartilage.

The superfical, mid- and deep zones were defined as 10,

60 and 30%, respectively, of the overall cartilage depth

(Hembree et al. 2007) corresponding to zones of approxi-

mate thicknesses: superficial zone, 155 lm; mid-zone 155–

932 lm; deep zone 466 lm (Fig. 1, grade-0). Coronal

images of grade-0 and grade-1 cartilage showed differences

in chondrocyte orientation/morphology between zones. In

grade-0 cartilage, zones could be demarcated reasonably

accurately from the characteristic pattern of chondrocytes

with depth. However, in grade-1 cartilage, chondrocyte

arrangement was disturbed and zone identification unclear.

In the superficial zone, clusters were infrequent in grade-0

but clearly identified in grade-1 cartilage (Fig. 1c,d). While

these images illustrated important features of grade-0 and

grade-1 cartilage, high power magnification was essential

to visualise fine morphological features of chondrocytes in

non-degenerate cartilage and any changes in grade-1 carti-

lage.

Overview of grade-0 and grade-1 human femoral

head cartilage (axial views)

Images taken distant from any cut edge (Fig. 2a-d) repre-

sented chondrocyte morphology within relatively unper-

turbed cartilage. In grade-0 cartilage, chondrocytes were

mostly spheroidal/elliptical, with few hypo-cellular areas

(Fig. 2a). However, in grade-1, heterogeneity of chondro-

cyte morphology and absence of cells were evident

(Fig. 2b). Few propidium iodide-labelled cells were

observed in either grade (Fig. 2), suggesting minimal

chondrocyte death associated with cartilage preparation.

In grade-0 cartilage, some cells had cytoplasmic processes

(Fig. 2c). In grade-1, however, many chondrocytes exhib-

ited abnormal morphology/processes, and some clustering

was evident (Fig. 2d). In grade-0 cartilage, processes were

short (≤ 5 lm) and 64 � 4% [N(n) = 11(1178)] were curled

within the lacunar space, with approximately 36 � 4%

having straight processes. In grade-1, processes were

longer (> 5 lm) with 53 � 5% and 46 � 5% [N(n) = 5

(563)] curled and straight, respectively, suggesting that

with cartilage degeneration, lacunae were disrupted and

processes extended into the inter-territorial matrix

(Fig. 2c,d). Cell density was not different between zones:

superficial zone 27.8 � 1.5 and 28.6 � 3.0 cells

mm�3 9 103, mid-zone 13.8 � 1.1 and 13.6 � 2.0 cells

mm�3 9 103 and deep zone (11.9 � 1.0 and

12.8 � 1.6 cells mm�3 9 103 for grade-0 and grade-1,

respectively, N = 5 for each). However, clustering in

grade-1 was extensive, potentially compensating for chon-

drocyte loss with degeneration.

Chondrocyte properties in grade-0 and grade-1

human articular cartilage (coronal views)

High power (940) images (Fig. 3) showed increased hetero-

geneity of chondrocyte morphology in grade-1 compared

with grade-0 cartilage. Although the majority of chondro-

cytes in grade-0 exhibited normal morphology, cells with

fine cytoplasmic processes were routinely observed. Cluster-

ing was infrequent but, when present, there were only a

few chondrocytes/cluster. However, in grade-1, many large

clusters involving numerous chondrocytes/cluster were

observed, with many individual chondrocytes exhibiting

cytoplasmic processes. These changes in grade-1 cartilage

appeared greatest in the superficial zone, and were less

marked in the mid-zone and least marked in the deep zone

(Fig. 3).

Chondrocyte cluster formation

Number of clusters, number of chondrocytes/cluster

and percentage of cells forming clusters. Chondrocyte

clustering was occasionally observed in grade-0

(Fig. 1c) and appeared confined to the superfical

zone with only a few cells/cluster. However, cluster-

ing was routinely observed in grade-1 cartilage

(Fig. 4b). In both grades, the number of clusters was

higher in the superficial zone than in the deep zone

(Fig. 4a,b; P < 0.001 and P < 0.05, respectively).

Although the average number of clusters was ~ 50%

greater in the superficial zone of grade-1 compared

with grade-0, this was not significant (P = 0.24). In

grade-0 cartilage, the average number of cells/cluster

(3.6 � 0.4) was the same in all zones (Fig. 4c;

P > 0.05). Comparing the superficial zone in grade-0

and grade-1, there was an increase to 9.8 � 1.7

cells/cluster (Fig. 4d; P = 0.0002) in the latter, as well

as an increase in the percentage of superficial zone

chondrocytes forming clusters (15.6 � 3.0 to

61 � 10.5%; Fig. 4e,f; P < 0.001). However, although

25% of the mid-zone chondrocytes formed clusters in
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grade-1 (Fig. 4f) compared with grade-0 cartilage

(~ 8%; Fig. 4e), this was not significant. In the deep

zone, the number of chondrocytes forming clusters

was negligible in both grades (Fig. 4e,f). When com-

paring all zones, there was also no significant differ-

ence in the average number of clusters (Fig. 4b), but

there was in the average number of cells/cluster

(Fig. 4d; P = 0.0001), and in the percentage of chon-

drocytes forming clusters (Fig. 4f; P = 0.0013). This

suggests that although the number of clusters was

not different between the cartilage grades, more

chondrocytes were involved in cluster formation.

Volume of clusters and average volume of chondro-

cytes within clusters. Average chondrocyte volume in

a cluster in grade-0 cartilage was ~ 5000 lm3 and

was similar in all zones (Fig. 4g). However, only

in the superficial zone of grade-1 did volume

increase significantly, reaching > 15 000 lm3 (Fig. 4h;

P < 0.001) with no significant change in the mid- or

deep zone. The average volume of single cells in

superficial zone clusters of grade-1 cartilage was

~ 21% greater than that in grade-0 cartilage (Fig. 4j;

P = 0.04). Although the data for the volume of clus-

ters and volume of individual cells in clusters in the

mid- and deep zone of both cartilage grades referred

to a relatively small number of clusters, there were

no significant differences between zones. Although

the volume of individual superficial zone chondro-

cytes in clusters increased with cartilage degenera-

tion, when the average volume of chondrocytes in

clusters in all zones were compared, there was no sig-

nificant difference between grades (Fig. 4i,j). Further-

more, although the number of clusters did not

change, there was a marked increase in the number

of cells/cluster, suggesting proliferation was the

mechanism for increased cluster size, rather than

chondrocyte swelling.

Fine chondrocyte morphology

Percentage of abnormal chondrocytes. Chondrocytes

were categorised into five groups based on the

length (L) of cytoplasmic processes: (L0 no processes

a b

c d

Fig. 2 Low and high power axial confocal laser scanning microscope reconstructed images of chondrocytes within grade-0 and grade-1 human

femoral head articular cartilage. Representative examples of confocal laser scanning microscope images at low magnification (910) 5-chloromethyl-

fluorescein diacetate- and propidium iodide-labelled chondrocytes (live and dead cells, respectively) in human (a) grade-0 and (b) grade-1 cartilage

explants. At low magnification, chondrocyte morphology and distribution in grade-0 cartilage appeared relatively normal; however, in mildly

degenerate (grade-1) samples, evidence of chondrocyte clustering (solid arrow) and areas of hypocellularity were present (double-headed arrows).

Scale bars: 100 lm (a,b) and 50 lm (inset). At high magnification (panel c) (940), the majority of chondrocytes in grade-0 cartilage demonstrated

normal morphology, but some cells with short, often curled, cytoplasmic processes were present (solid arrows) with infrequent clustering of chon-

drocytes (≥ 3 cells; broken arrow). In grade-1 cartilage (d), many cells possessed cytoplasmic processes of varying length (solid arrows) and number,

and there was extensive clustering (inset in b, and broken arrow in d). Note that there were no propidium iodide-labelled chondrocytes detected

in these images even though this fluorescent indicator was present. Scale bars: 25 lm (c,d).
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present, L1 < 5 lm, 5 < L2 ≤ 10 lm, 10 < L3 ≤ 15 lm

and L4 > 15 lm). In grade-0 cartilage overall,

17 � 1.8% chondrocytes exhibited cytoplasmic pro-

cesses, whereas there were more abnormal chondro-

cytes in the mid-zone than in the deep zone (Fig. 5a;

P < 0.01). A significantly higher percentage of chon-

drocytes had processes in grade-1 than grade-0 carti-

lage, mainly due to changes in the superficial zone

(Fig. 5b; 27 � 3.0%; P = 0.0087). A zone-wise analysis

of chondrocyte morphology revealed that in the

superficial zone of grade-1 cartilage, a higher per-

centage (36 � 8%) of chondrocytes had processes

compared with the superficial zone of grade-0 carti-

lage (Fig. 5b; 16 � 2.6%; P = 0.0037). Similarly, in the

mid- and deep zones of grade-1 cartilage, the per-

centage of chondrocytes with cytoplasmic processes

appeared higher (by ~ 21 and 50%, respectively) than

those in grade-0 cartilage, but not to the significance

level.

Average number of cytoplasmic processes/cell. In

grade-0 cartilage, the average number of pro-

cesses/cell (~ 1.5) was not significantly different in the

three zones (Fig. 5c). In contrast, in grade-1 cartilage

this was significantly higher only in the superficial

zone (Fig. 5d; P < 0.01). The number of processes/cell

was significantly higher only in the superficial zone

in grade-1 compared with grade-0 cartilage (Fig. 5d;

P = 0.02).

Length of cytoplasmic processes. In grade-0 carti-

lage, cytoplasmic processes in the superficial and

mid-zones were ~ 4.5 lm, and significantly greater

than those in the deep zone (~ 2.7 lm Fig. 5e;

a b

c d

e f

Fig. 3 High power coronal confocal laser

scanning microscope reconstructed images of

chondrocytes within grade-0 and grade-1

human femoral articular cartilage. High

power (940) coronal images of fluorescently

labelled chondrocytes (5-

chloromethylfluorescein diacetate and

propidium iodide for live and dead cells,

respectively) were imaged in regions

corresponding to the superficial (SZ), mid-

(MZ) and deep zones (DZ) of grade-0 (a,c,e)

and grade-1 (b,d,f) cartilage. Solid arrows

show examples of cells with cytoplasmic

processes and broken arrows indicate

examples of clusters present in various zones

of cartilage. Scale bars: 25 lm.
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P < 0.001 for both). However, in grade-1 cartilage,

the average length in the superficial zone

(~ 14 lm) was significantly greater than those in

mid-zone (~ 5 lm) and deep zone (~ 4 lm) (Fig. 5f;

P < 0.01 for both). A comparison of average length

of cytoplasmic processes in various zones of grade-

0 and grade-1 cartilage, revealed significantly

longer processes in the superficial and deep zone

of grade-1 compared with grade-0 cartilage

(Fig. 5f; P < 0.0001; P = 0.03 for superficial and

deep zones, respectively). The percentage of chon-

drocytes with processes, the number of processes

per cell and the average length of processes were

all significantly higher in the superficial zone of

grade-1 compared with grade-0 cartilage. This sug-

gests that chondrocytes within the superficial zone

were more likely to develop processes during carti-

lage degeneration.

Fig. 4 Analysis of chondrocyte clusters in

human femoral grade-0 and grade-1 articular

cartilage. Histograms show pooled data for

(a,b) average number of clusters, (c,d)

average number of cells per cluster, (e,f)

percentage of cells present in clusters, (g,h)

average volume of clusters (lm3) and (i,j)

average volume of individual cells in a cluster

(lm3) in the superficial (SZ), mid-(MZ) and

deep zones (DZ) of grade-0 and grade-1

explants. Data were from [N(n) = 11(1398)]

for grade-0 and [N(n) = 5(551)] for grade-1

cartilage explants. In this and subsequent

Figures, data are shown as mean � CI (95%).

A hash symbol (#) indicates a significant

difference according to one-way analysis of

variance followed by Tukey’s multiple

comparison post-hoc test. An asterisk (*)

showed a significant difference between

grade-0 and grade-1 cartilage explants

according to an unpaired Student’s t-test. The

single, double and triple symbols showed the

level of significance at P < 0.05, 0.01 and

0.001, respectively.
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Percentage of chondrocytes with processes of various

length categories. The length of cytoplasmic pro-

cesses ranged from 2 to 93 lm. To make comparisons

between zones and cartilage grades, the lengths of

processes were categorised into four groups and the

percentage of cells having processes of a specific

length category determined. In grade-0 cartilage, for

all zones throughout the cartilage, a significantly

higher percentage of chondrocytes had L1 processes

compared with the other categories (Fig. 6a;

P < 0.001 for overall data). In grade-1 cartilage, no

differences existed between chondrocytes having

cytoplasmic processes in L1–L4 categories (overall

data; Fig. 6b). There was no difference between the

percentage of chondrocytes having L1 processes in

grade-0 and grade-1 cartilage. However, significantly

higher percentages of chondrocytes had cytoplasmic

processes with L2 and L3 categories in grade-1 as

compared with grade-0 cartilage (Fig. 6b; P < 0.05 for

both).

Superficial zone. In grade-0 cartilage, 11 � 1.2%

chondrocytes exhibited L1 processes, which was sig-

nificantly higher than L2 (5 � 1% cells) or L3

(1 � 0.3%) (Fig. 6a; P < 0.01 and P < 0.001, respec-

tively); no cells had L4 processes. In contrast, in the

superficial zone of grade-1 cartilage, ~ 12% of the

chondrocytes had processes within all length

Fig. 5 Morphological characteristics of chondrocytes in grade-0 and grade-1 human femoral head articular cartilage. Histograms show pooled

data regarding (a,b) percentage of cells with cytoplasmic processes, (c,d) number of processes per cell and (e,f) average length of cytoplasmic pro-

cesses (lm) in the superficial (SZ), mid-(MZ) and deep zones (DZ) of grade-0 and grade-1 cartilage. Data (mean � 95% CI) were from N(n) = 11

(1398) and N(n) = 5(551) for grade-0 and grade-1 cartilage explants, respectively. A hash symbol (#) indicates a significant difference according to

one-way analysis of variance followed by Tukey’s multiple comparison post-hoc test. An asterisk (*) showed a significant difference between

grade-0 and grade-1 cartilage explants according to Student’s t-test. The single, double and triple symbols showed the level of significance for

P < 0.05, 0.01 and 0.001, respectively.
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categories compared with grade-0 cartilage, with no

significant difference between percentages of chon-

drocytes in each length category (Fig. 6b; P > 0.05).

When the percentage of superficial zone chondro-

cytes with processes of various length categories

were compared between grade-0 and grade-1, no

difference existed with the L1 category, whereas a

significantly higher percentage of chondrocytes had

processes in L2, L3 and L4 (Fig. 6b; P = 0.04,

P = 0.03 and P = 0.04, respectively). Therefore,

the percentage of chondrocytes having processes

with L2–L4 categories increased in the superficial

zone of grade-1 compared to grade-0 cartilage

(Fig. 6b).

Mid-zone. In grade-0 and grade-1 cartilage, the

length of processes ranged from L1 to L3, with no

processes in L4. In both grade-0 and grade-1, a signif-

icantly higher percentage of chondrocytes had pro-

cesses in the L1 category compared with L2 and L3

(Fig. 6a,b; P < 0.01). When the mid-zone of grade-0

and grade-1 cartilage was compared, no significant

difference existed between percentages of cells with

processes in L1–L3 length categories. These results

suggested that no difference existed between the

percentages of chondrocytes with cytoplasmic pro-

cesses of various lengths in the mid-zone of grade-1

compared with grade-0 cartilage.

Deep zone: In grade-0 cartilage, only L1 processes

were observed. Chondrocytes with L1 and L2 were

present in grade-1, whereas processes in L3 and L4

categories were absent. In grade-1 cartilage, a signifi-

cantly higher percentage of chondrocytes had pro-

cesses in the L1 than in the L2 category (Fig. 6b;

P < 0.001). When the deep zones of grade-0 and

grade-1 cartilage were compared, there was no sig-

nificant difference between the percentages of chon-

drocytes in the L1 category (P > 0.05). However, a

significantly higher percentage of chondrocytes had

processes with L2 category in grade-1 than grade-0

cartilage (Fig. 6b; P = 0.0019). Throughout the carti-

lage, there existed no difference regarding the pres-

ence of L1 processes, but a significantly higher

percentage of chondrocytes had processes of L2 and

L3 categories in grade-1 than grade-0 cartilage

(Fig. 6b; P = 0.0078 and P = 0.039, respectively). Thus,

with cartilage degeneration, the percentage of chon-

drocytes with abnormal morphology, with the num-

ber of processes/cell and the average length of

cytoplasmic processes increased, and these changes

were most pronounced in the superficial zone. When

L0 chondrocytes (i.e. those with ‘normal’ morphology

– no cytoplasmic processes) in all zones were com-

pared, overall there was a significant decrease

(P = 0.015) between grade-0 and grade-1 cartilage

(Fig. 6a,b).

Discussion

Confocal laser scanning microscopy and quantitative imag-

ing identified features of in situ chondrocytes in normal

(grade-0, non-degenerate) and grade-1 (mildly degenerate)

human femoral head articular cartilage. While some classi-

cal aspects of chondrocytes previously reported using stan-

dard histological methods were clearly evident (e.g.

clustering), the methods used here provided quantifiable

data which revealed marked changes to chondrocyte clus-

tering and fine cell morphology between grade-0 and

grade-1 cartilage. This allowed a deeper insight into the

Fig. 6 Abnormal chondrocyte morphology with cartilage depth and

grade. Histograms show pooled data for the percentage of chondro-

cytes with cytoplasmic processes of various lengths in the superficial

(SZ), mid-(MZ) and deep zones (DZ) of (a) grade-0 and (b) grade-1

human femoral head articular cartilage. Data (mean � 95% CI) were

from N(n) = 11(1398) and N(n) 5(551) for grade-0 and grade-1 carti-

lage explants, respectively. A hash symbol (#) indicates a significant

difference according to one-way analysis of variance followed by

Tukey’s multiple comparison post-hoc test. An asterisk (*) showed a

significant difference between grade-0 and grade-1 cartilage explants

according to Student’s t-test. The single, double and triple symbols

showed the level of significance for P < 0.05, 0.01 and 0.001,

respectively.
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micro-anatomical properties of normal human cartilage

and some of the changes evident with cartilage degenera-

tion than have been obtained to date.

Accurate cartilage grading is essential to ensure that

grade-0 and grade-1 cartilage are clearly and reproducibly

defined. In addition to the standard criteria (Pritzker et al.

2006), confocal laser scanning microscope imaging of the

surface was invaluable, as grade-0 cartilage appeared

‘smooth’, whereas grade-1 cartilage was uneven, allowing

discrimination between these grades (Fig. 1c,d). Careful car-

tilage grading permitted areas of grade-0 and grade-1 tissue

to be studied because of the focal nature of osteoarthritis

(e.g. in femoral condyle (Squires et al. 2003; Rolauffs et al.

2010)) or tibial plateau (Squires et al. 2003). In the superficial

zone of grade-0 cartilage, chondrocyte clusters were occa-

sionally observed (Figs 3 and 4) and this has also been

reported in relatively non-degenerate (grade-0 and grade-1)

cartilage obtained from other joints, e.g. distal femur (con-

dyles, patellofemoral groove) and proximal tibia (Rolauffs

et al. 2010). However, in grade-1 cartilage, clustering

increased with the average number of clusters throughout

the cartilage, the average number of cells/cluster and the

percentage of cells forming clusters, particularly in the

superficial zone, increasing significantly (Fig. 4a-f). The total

volume of clusters and the number of chondrocytes/cluster

suggested that the increase in cluster size was due to chon-

drocyte proliferation rather than swelling/hypertrophy, as

there was only a small increase in superficial zone chondro-

cyte size (~ 20%) but the volume of clusters increased more

than threefold (Fig. 4g–h). This supports previous studies

indicating that in human osteoarthritis, cartilage cell prolif-

eration was the principal mechanism for cluster formation

(Lotz et al. 2010). The nature of the peri-cellular matrix (la-

cuna) surrounding chondrocyte clusters is of interest and

could be observed in some confocal images by adjusting the

brightness and contrast. Preliminary studies suggested that

the lacuna encapsulated the whole cell cluster and that indi-

vidual lacunae appeared to merge into one large ‘bag’ sur-

rounding the cell cluster (A. Karim, unpublished).

The majority of chondrocytes within femoral head carti-

lage were morphologically ‘normal’ (approximately 80%);

however, there was a significant decrease from grade-0 and

grade-1 (Fig. 6a,b). Despite this, confocal laser scanning

microscope imaging of fluorescently labelled chondrocytes

revealed that 15–25%exhibited at least one cytoplasmic pro-

cess of ~ 5 lm in length (Fig. 5a). These processes were unli-

kely to be due to cutting damage during sampling because

abnormal cell morphology was also observed in axial views

(Fig. 2)where cells were visualised distant fromany cut edge.

With degeneration to grade-1, marked changes to chondro-

cyte morphology occurred and there were increases in the

percentage of chondrocyteswith processes and the length of

processes, particularly for cells in the superficial zone (Fig. 5).

We should note that the present results relate only to small

areas of the cartilage available and it may be premature to

assume that the changes reported here are uniform over the

whole cartilage surface of the femoral head. Although we

compared cartilage from four different regions of the

femoral head (parafoveal anterior, parafoveal posterior, par-

afoveal superior and parafoveal inferior) and found no obvi-

ous difference regarding percentage of cells with

cytoplasmic processes and the length of these processes, it is

quite likely that on a microscopic scale, there is marked

heterogeneity in both chondrocyte morphology and extra-

cellularmatrix composition.

At present, we do not have a clear explanation for the

development of these cytoplasmic processes. They may form

‘passively’, e.g. from loss/damage to the surrounding peri-

cellular matrix, perhaps related to the older donors we

studied and aged cartilage, which is known to be associated

with a reduced size/content of matrix proteoglycans (Dud-

hia, 2005). However, a previous study on tibial plateau

grade-0 cartilage obtained from total knee replacement

operations, albeit from a relatively small number of patients

(N = 21) and age range (49–86 years), did not find a relation

between the percentage of normal chondrocytes and

patient age (Murray et al. 2010). Disruption to pericellular

collagen Type VI may also be involved (Guilak et al. 2006;

Murray et al. 2010), as its depletion around chondrocytes

could provide a weak area into which process(es) could

develop. For example, chondrocytes cultured in soft, as

opposed to stiff, agarose gels produce cytoplasmic processes

with similar structures to those described in the present

study (Karim & Hall, 2017). Alternatively, the development

of processes could result from mechanically injured chon-

drocytes leading to an ‘active’ metabolic response and

resulting in the release of cytokines/degradative enzymes

and breakdown of the pericellular matrix. It is possible that

both ‘active’ and ‘passive’ responses are responsible. It is

notable that similar chondrocyte cytoplasmic processes of

chondrocytes develop in mechanically (scalpel) injured

bovine articular cartilage, but only when fetal calf serum is

present (Karim & Hall, 2016). It is possible that the penetra-

tion of proliferative factors (e.g. fibroblast growth factor)

from the synovial fluid (Quintavalla et al. 2005; Karim &

Hall, 2016) through a weakened matrix could actively initi-

ate changes in chondrocyte morphology.

There is a close relationship between chondrocyte shape

and matrix metabolism (Von der Mark et al. 1977; Cancedda

et al. 1995). Chondrocyte de-differentiation to a fibroblas-

tic-like phenotype which is characterised by cytoplasmic

processes, reduces synthesis/release of cartilage-specific

components, e.g. collagen Type II, aggrecan, and increases

collagen Type I and small proteoglycan production (Stokes

et al. 2002). Changes in chondrocyte shape also stimulate

levels of agents implicated in extracellular matrix break-

down (Page-McCaw et al. 2007), leading to a localised

matrix loss (Hollander et al. 1995) and potentially further

increasing the development of cytoplasmic processes. A cen-

tral role for transforming growth factor b1-induced
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signalling in human osteoarthritis has been reported, which

may promote a fibroblastic phenotype (Plaas et al. 2011).

The presence of abnormal and/or clustered chondrocytes,

with compromised matrix metabolism in otherwise non-

degenerate (grade-0) cartilage, could indicate an early

weakening in the association between chondrocytes and

surrounding peri-cellular matrix, and increase vulnerability

to mechanical loading (Alexopoulos et al. 2005). This could

raise the possibility of chondrocyte injury/death, increasing

the risk of cartilage degeneration (Hashimoto et al. 1998;

Del Carlo & Loeser, 2008). It would be of particular interest

to determine the influence of the morphological changes

reported here on the cytoskeletal structure of in situ chon-

drocytes, matrix metabolism and the structure/composition

of the pericellular and bulk extracellular matrix.

These results suggested that even in apparently normal,

non-degenerate cartilage, the spatial organisation (cluster-

ing) and morphology (cytoplasmic processes) of chondro-

cytes is altered from that classically described in the

literature. It is known that a change in chondrocyte mor-

phology indicates the loss of phenotype associated with the

maintenance of a cartilage-specific and resilient extracellu-

lar matrix capable of withstanding mechanical load (Aigner

et al. 2007). The presence in otherwise normal cartilage of a

relatively small population of chondrocytes as clusters and/

or with morphological abnormalities could reflect local phy-

sico-chemical conditions, cartilage age or pericellular matrix

integrity. The present results demonstrating increased chon-

drocyte clustering and morphological abnormalities with

cartilage degeneration, identified aberrant chondrocytes

that potentially are producing a defective and weakened

extracellular matrix.
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