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Abstract 

Objective:  To describe parametric changes observed using scanning electron microscopy (SEM) in very early stages 
in posttraumatic osteoarthritis (OA) models in mice.

Methods:  Mice (5/group) had their knees subjected to anterior cruciate ligament transection (ACLT), ACLT plus 
meniscectomy (MNCT) or sham surgery, sacrificed after 3, 7 or 14 days, had the articular cartilage evaluated under 
optical microscopy using Osteoarthritis Research Society International (OARSI) parameters as well as cartilage thick‑
ness, roughness, and a damage index using SEM.

Results:  Alterations of the cartilage under optical microscopy were not significantly relevant among groups. SEM 
analysis revealed reduction of femoral and tibial cartilage thickness in ACLT and MNCT groups at 7 and 14 days, with 
increased cartilage roughness in MNCT group as early as 3 days postsurgery, being sustained up to 14 days. Articular 
damage index was significantly higher at 14 days post surgery in ACLT and MNCT vs control groups.

Conclusion:  This is the first demonstration of very early quantitative changes in the cartilage of mice subjected to 
posttraumatic experimental OA using SEM, revealing increased roughness and thickness as early as 3 days post sur‑
gery. These changes may be used as early surrogates for later joint damage in experimental OA.
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Background
Osteoarthritis (OA) is the most common chronic arthri-
tis representing a major cause of years of life lost with 
disability. Although the hands seem to be the most com-
monly affected joint, the knee is most frequent clinically 
involved joint [1, 2]. OA has a complex pathogenesis 
that involves genetic, inflammatory, and weight-bearing 

mechanisms that were previously thought to affect 
mainly chondrocytes and the cartilage extracellular 
matrix [3]. However, current knowledge suggests that OA 
develops as a relentless inflammation in the joint involv-
ing cells in the synovium and the adjacent subchondral 
bone as well as the menisci and surrounding muscles and 
ligaments leading to joint failure [1, 4].

Detection of early signs of damage to the joint is a 
major unmet need to understand the pathophysiology 
of OA [5]. Criticism has been raised regarding the use of 
animal OA models given that not uncommonly data gen-
erated either using such models or in vitro studies are not 
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reproduced in humans. However, exceptions do apply, 
particularly with posttraumatic OA models in rodents, 
which also allow determining the time of initiation of the 
insult. Indeed, histopathological changes that reproduce 
those seen in humans are used to quantitate joint damage 
in animal OA models as well. Notwithstanding, geneti-
cally modified animals are an interesting tool to dissect 
the implication of specific mediators involved [6, 7]. Ethic 
issues apply both to human and animal studies. There-
fore, strategies to reduce the number of animals to a min-
imum as well as shortening of the period of observation 
are strongly recommended, as defined in the ARRIVE 
guidelines [8]. Establishing early biomarkers may thus 
help define surrogates for late joint damage. Our aim 
was to describe parametric changes observed using scan-
ning electron microscopy (SEM) in very early stages in 
posttraumatic OA models in mice. Our data show that 
ultrastructural changes happen as early as 3 days follow-
ing surgery, which do also allow quantitation of disease 
severity.

Material and methods
Animals
Seventy-two Swiss mice (25–30 g) provided by the Ani-
mal Care Unit of the Federal University of Ceará (UFC—
Fortaleza, Brazil), were randomly housed, 6 per group, in 
appropriate plastic cages at 23 ± 2  °C with a 12-h light–
dark cycle (light from 06:00 AM to 6:00 PM) with access 
to water and food ad libitum.

Ethical approval
The study was conducted in accordance with the guide-
lines from the Brazilian Society of Laboratory Animal 
Science (SBCAL) and the protocol was approved by the 
Institutional Animal Care and Use Committee at the Fac-
uldade de Medicina of the Universidade Federal Ceará 
in the city of Sobral, Ceará, Brazil (registration number 
113/07). All experimental procedures complied with rec-
ommendations in ARRIVE guidelines [8].

Posttraumatic OA models
Mice were anesthetized (i.m.) with ketamine (50  mg/
kg) and xylazine (10 mg/kg), as described previously [9]. 
Briefly, after local. aseptic surgery, a parapatellar inci-
sion was made, followed by lateral displacement of the 
patella, to provide access to the joint space and transec-
tion of both the medial collateral and anterior cruciate 
ligaments (ACLT group). Another group of mice was 
subjected to ACLT followed by transection of the medial 
meniscus (MNCT group). We have previously shown 
that animals subjected to MNCT display a more severe 
joint damage as compared to animals subjected solely to 
ACLT [10]. A control group was subjected to opening of 

the joint followed by a sham procedure. Surgical wounds 
were sutured by planes using vycril™ (6-0) and nylon 
(4-0) threads. Animals had the right distal femoral and 
proximal tibial extremities excised 3, 7 or 14  days post 
surgery and had their entire knee joints dissected of soft 
tissue and fixated in 10% v/v formaldehyde solution fol-
lowed by decalcification with 5% v/v formic acid (in 10% 
v/v formaldehyde solution). The lateral and medial com-
partments of each sample were separated, embedded 
in paraffin, and serially sectioned at 5 μm in the sagittal 
plane of the articular surface, from the inner to the outer 
limits. Five sections per compartment (50 μm apart) were 
stained with hematoxylin–eosin or safranin. Semi-quan-
titative histopathology grading under optical microscopy 
(Olympus CX31, Biolab Equipamentos Brasil, São Paulo, 
SP, Brazil) was performed by two independent experi-
enced observers (VCCG, ACRML) blinded to group allo-
cation according to the Osteoarthritis Research Society 
International (OARSI) histopathology grading and stag-
ing system [11]. The maximal possible final score was 
24. Results are expressed as the median (interquartile 
range—IQR) values for each treatment group.

Scanning electron microscopy (SEM)
The knee extremities were fixed in Karnovisky for at 
least 6 h in Cacodylate buffer. Specimens were trimmed 
with a diamond blade cutter, in a sagital plane, to obtain 
cartilage fragments that were dried in a desiccator for 
24 h, followed by coating with a 5 nm layer of gold in a 
Quorum Metallizer QT150ES (Quorum Technologies, 
Laughton, England). The specimens were viewed and 
photographed in a high-resolution SEM inspect50 (FEI, 
Hillsboro, Oregon, USA) SEM. Quantitation was per-
formed with ImageJ® software (version 1.51j—at https://​
imagej.​nih.​gov/​ij/), using Surface 3D plot software that 
enables interactive representation of the entire surface 
in gray scale, with the possibility of adjustment for vari-
ous angles, perspective, lightening and smoothing views. 
We defined 3 parameters to assess joint damage, namely 
cartilage thickness, roughness and damage, as follows: 
(a) Cartilage thickness was measured at nine randomly 
selected points, collecting 3 measurements in 3 different 
zones of each sample, in a total of 9 measures for each 
sample, using 80× magnification; (b) Cartilage roughness 
was measured as Ra (roughness profile in μm) means 
obtained with an ImageJ plugin Roughness calculation 
with 3 different measures at randomly selected areas of 
each sample, using a 14,000× magnification. Briefly, Ra 
values are the arithmetic average of the roughness pro-
file obtained with the roughness plugin software that 
calculates surface roughness statistics based on a topo-
graphical image [12]; (c) Cartilage damage was measured 
using previously described parameters, as follows: grade 
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0—normal cartilage; grade I—initial exposure of colla-
genous fibres with partial loss of ground substance; grade 
II—exposure of collagenous fibres with marked loss of 
ground substance with partially detached fibres and 
lamellae showing prominence in the joint space; grade 
III—grade II lesions with fissure formation of the articu-
lar cartilage; grade IV—islands with exposure of the bony 
substance with total loss of cartilage [13].

Statistical analysis
Data were described as mean ± SEM for each parameter 
and normality was assessed using the Shapiro–Wilk nor-
mality test. Differences between means were compared 
using unpaired Student’s “t” test or one-way ANOVA 
followed by Tukey’s test, as appropriate. Medians were 
compared using Kruskal–Wallis. P < 0.05 was considered 
significant. Analyzes were performed using IBM SPSS 
Statistics for Windows, version 20.0, Software Armonk, 
NY or GraphPad Prism 6, San Diego, CA, USA.

Results
Histopathological analysis of synovia and articular 
cartilage
The analysis using optical microscopy reproduced pre-
vious data published by our group [10], showing a mild 
synovitis in mice subjected to either ACLT or MNCT 
as compared to sham group. As expected, there was no 
difference regarding cartilage and/or subchondral bone 
changes across all groups, meaning no consistent struc-
tural damage under histopathology detected at any of the 
time points evaluated (Table 1).

Cartilage thickness
There was a significant reduction in cartilage thickness 
in both the femur and tibia of mice of either ACLT or 
MNCT groups sacrificed after 7 or 14 days, as compared 
to sham (Fig. 1a, b). Reduction of cartilage thickness was 
sustained until 14  days andappeared more pronounced 
in the tibial plateau of animals subjected to the MNCT 

Table 1  Optical microscopy (OM) grading of the cartilage damage

Three groups of mice were subjected to a sham procedure, transection of both the knee collateral and anterior cruciate ligaments (ACLT) or ACLT followed by 
transection of the medial meniscus (MNCT) and sacrificed at various days postsurgery. Structural damage of the cartlage in the distal femur and tibial plateau was 
evaluated using OM, according to previous criteria (see text for details). Data represent medians (range) of n = 4 animals/group; difference between medians assessed 
using Kruskal–Wallys test

Femoral cartilage Tibial cartilage

Sham ACLT Meniscotomy Sham ACLT Meniscotomy

3 days 0 (0–1) 1 (0–2) 1 (0–2) 0 (0–1) 1 (0–2) 1 (0–2)

7 days 0 (0–1) 1 (0–2) 1 (0–2) 1 (0–1) 1 (0–2) 1 (0–3)

14 days 0 (0–1) 0 (0–2) 1 (1–2) 1 (0–1) 1 (0–3) 1 (1–3)

Fig. 1  Assessment of femoral (a) and tibial (b) cartilage thickness. Mice were subjected to a sham procedure or transection of the medial collateral 
and anterior cruciate ligaments (ACLT) or ACLT followed by transection of the medial meniscus (MNCT). Groups were sacrificed 3, 7 or 14 days post 
surgery. Data represent mean ± sem of cartilage thickness (µm) using scanning electron microscope (SEM) images (9/group), compared using 
Student’s “t” test
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model sacrificed after 14 days (P < 0.05), as compared to 
animals of the ACLT group, at the same time (Fig. 1b).

Femoral cartilage roughness
Figure  2 illustrates measurements of femoral carti-
lage roughness across various groups with a significant 
and remarkable increase in the MNCT group starting 
as early as 3  days post surgery, as compared to animals 
subjected to ACLT and sham groups, at the same time 
point (Fig. 2a). The increase in cartilage roughness is sig-
nificantly sustained at 7 and 14 days post surgery in the 
MNCT group, as compared to both sham and ACLT 
groups. Representative illustrations of SEM imaging of 
the femoral cartilage are shown in Fig. 2b–d and h–j with 
their corresponding surface plot profiles for analysis of 
thickness shown in Fig. 2e–g, k–m.

Tibial cartilage roughness
Similar to what was shown in the femoral cartilage, Fig. 3a 
shows a significant increase in roughness ot the tibia car-
tilage as early as 3 days following MNCT. That increased 
roughness in the tibia cartilage is sustained in mice of the 
MNCT group sacrificed 7 or 14 days post surgery. Also, 
tibial roughness of the ACLT group sacrified at 14 days is 
also significantly increased, as compared to sham (Fig. 3a). 
Representative illustrations of SEM imaging of the tibial 
cartilage are shown in Fig. 3b–d and h–j and their corre-
sponding surface plot profiles in Fig. 3e–g and k–m.

Cartilage damage
Evaluation of the cartilage damage index (see above) 
revealed no significant changes in both femoral and tibial 
extremities of all groups measured both at 3 and 7 days 
post surgery. Samples from the sham group showed 
a smooth cartilage surface, rendering a grade 0 for this 
group. Exposure of collagenous fibers with marked loss 
of ground substance, partly detached fibers and promi-
nent lamellae into the joint space were observed in mice 
of both ACLT and MNCT groups sacrificed 14 days post-
surgery, being significantly different from sham (Table 1).

Discussion
In the present study, we used SEM imaging to detect very 
early changes in the surface of the cartilage of the knee 
of mice subjected to posttraumatic experimental OA. 

Alterations were quantitative, reproducible, starting as 
early as 3 days and sustained until 14 days post surgery. 
In addition to be clearly different from control joints, 
quantitative evaluation of SEM data allowed discrimina-
tion between animals subjected to the less severe ACLT 
model from those subjected to the more severe MNCT 
model that includes damage to the medial meniscus 
(MNCT) [10].

Animal models remain a major tool to study the patho-
genesis and evaluation of novel interventions to treat OA. 
Despite some drawbacks, alterations observed in OA 
models reproduce changes found in human OA, particu-
larly following trauma [7]. In the present study, evalua-
tion using optical histopathology showed a mild synovitis 
as early as 3  days following surgery that was similar in 
ACLT and MNCT models. We believe surgical trauma is 
very likely responsible for this early and mild synovitis. 
However, as expected, the histopathological analysis did 
not reveal relevant cartilage changes until 14  days post 
surgery. We have previously shown that mice subjected 
to ACLT have milder nociception and less joint damage 
as compared to animals subjected to the MNCT model 
[10]. It was also shown that mice subjected to the menis-
cus destabilization model of knee OA exhibit alterations 
of the expression of genes involved in matrix remodeling 
as early as 2 weeks following surgery [14]. Our data show 
that cartilage morphology evaluated using SEM imaging 
not only discriminate OA and control groups at a very 
early stage, but also allows evaluating disease severity. 
Thus, it might well be that SEM imaging data can be used 
as a surrogate for late damage at least in these OA models 
(Table 2).

Cartilage roughness, the earliest modification detected 
in our study, has already been used as a parameter of joint 
damage both in experimental and human OA [15, 16]. 
Accordingly, rats subjected to the ACLT model devel-
oped alterations in thickness, thinning and roughness of 
the cartilage overlying the femoral condyles and the tibial 
plateau, measured with contrast-enhanced micro-com-
puted tomography (µCT). In that study, roughness varia-
tion was determined against a defined cartilage thickness 
whereas we compared roughness in a damaged cartilage 
to the image of a normal, smooth cartilage surface [16]. 
In humans, nuclear magnetic resonance (NMR) imaging 
showed a higher index of surface roughness of the femoral 

(See figure on next page.)
Fig. 2  Assessment of roughness of femoral cartilage. Mice were subjected to a sham procedure or transection of the medial collateral and anterior 
cruciate ligaments (ACLT) or ACLT followed by transection of the medial meniscus (MNCT). Groups were sacrificed 7 or 14 days post surgery. a Data 
represent mean ± sem of cartilage roughness (µm) using scanning electron microscope (SEM) images (9/group), compared using Student’s “t” test. 
Representative SEM imaging and roughness plots of the femoral cartilage of animals of the sham [b, e and h, k], ACLT [c, f and i, l], and MNCT [d, g 
and j, m] groups sacrificed at 7 or 14 days post surgery, respectively
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Fig. 2  (See legend on previous page.)
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condyles and tibial plateau that was associated to increased 
severity grade assessed using plain radiography. Addition-
ally, cartilage roughness distinguished patients with mild 
and severe disease [15]. We also constructed 2D models 
in order to obtain quantitative and reproducible data for 
validation as well as to facilitate visualization. We are not 
aware of previous studies using SEM to quantitate very 
early cartilage damage in OA models. Cartilage and sub-
chondral bone changes were shown using equilibrium par-
titioning of an ionic contrast agent µCT occurring 2 weeks 
after induction of an OA model in rodents [17]. Increase 
in cartilage roughness was shown in rats subjected to 
transection of the medial meniscus using µCT as early as 
1 week following surgery that was sustained and increased 
at 3  weeks. Those changes were associated with cartilage 
fibrillation seen at histopathology [5]. It was also previously 
shown that rats subjected to a meniscus destabilization OA 
model display alterations of the cartilage of the medial tibia 
coupled to disruption and decreased density of collagen 
fibers. That was linked to areas of subchondral bone per-
foration seen at various methods including SEM evaluated 
4 weeks following surgery [18].

Histopathology is a traditional tool to study OA, provid-
ing consistent, reproducible, semiquantitative data [19]. 
However, techniques with higher resolution may pro-
vide reproducible, fast, consistently reliable data that also 
allow quantitative analysis in earlier time points. Electron 
microscopy offers the possibility of evaluating components 
of the extracellular matrix as well as intracellular structures 
such as alterations of the collagen network demonstrated 
in damaged (OA) human cartilage [20]. Structural dam-
age follows biochemical changes happening in cells of the 
cartilage as well as in the extracellular matrix. Indeed, we 
have recently shown that glycosaminoglycans extracted 
from OA cartilage have increase in the molar mass with 
a decrease in sulfate content and the correspondent zeta 
potential, as compared to non-OA samples [21]. Those 
changes mirror data with SEM imaging showing morpho-
logical changes of proteoglycans and alterations of collagen 
fibers [20].

There was a decrease in cartilage thickness as early as 
7  days following induction of the OA model, which was 
sustained up to one week later. Actually, cartilage thick-
ness in the tibial plateau was further reduced at 14  days 

in animals subjected to the MNCT, as compared to those 
subjected to the milder ACLT model. Accordingly, early 
degenerative changes associated to alterations of com-
ponents of the extracellular cartilage matrix were shown 
using NMR imaging in both rabbit and equine OA mod-
els [22, 23]. Also, chondrocyte death was demonstrated as 
early as one week following initiation of the ACLT model 
in rats [12].

Definition of early biomarkers is an unmet need in 
human OA. Significant increased cartilage roughness 
occurred as early as 3 days in both the femoral and tibial 
extremities indicating that changes occur randomly and 
simultaneously in the whole joint. We believe our data add 
to the concept that OA is the result of a joint failure [24], in 
this case following a trauma insult.

Our study has some limitations, which include the fact 
that electron microscopy includes a destructive protocol 
that precludes further analysis of the same material. Addi-
tionally, artifacts may be generated due to preparation 
requirements including fixation, coating, and dehydrat-
ing steps [20]. Although well standardized, the dehydra-
tion process may provoke artifacts due to shrinking of the 
sample, producing undulations, fissures, and humps [25]. 
Measurements made in randomly selected areas, using the 
arithmetic means, intended to overcome focal sampling 
issues. High resolution images do not allow an overview of 
the damage to the whole joint, which is also a limitation. 
However, electron microscopy may document alterations 
in cells of the cartilage and subchondral bone as well as in 
extracellular matrix components, such as proteoglycans 
and collagen [20]. In this regard, high resolution imaging 
serves as a complementary tool, rather than a substitute for 
other methods aiming to obtain structural data [26].

Conclusion
Our present data show that ultrastructural changes occur 
in the cartilage as early as 3  days following induction of 
experimental OA. High resolution SEM imaging pro-
vides quantitative, reproducible data to measure changes 
in experimental OA being able to discriminate severity of 
joint damage. Analysis of the cartilage with SEM may well 
turn out to be a surrogate for later cartilage damage in 
posttraumatic OA.

Fig. 3  Assessment of roughness of tibial cartilage. Mice were subjected to a sham procedure or transection of the medial collateral and anterior 
cruciate ligaments (ACLT) or ACLT followed by transection of the medial meniscus (MNCT). Groups were sacrificed 7 or 14 days post surgery. a Data 
represent mean ± sem of cartilage roughness (µm) using scanning electron microscope (SEM) images (9/group), compared using Student’s “t” test. 
Representative SEM imaging and roughness plots of the tibial cartilage of animals of the sham [b, h and e, q], ACLT [c, i and f, l], and MNCT [d, j and 
g, m] groups sacrificed at 7 or 14 days post surgery, respectively

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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