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Abstract
Purpose  To investigate the temporal sequence of vascular, neural, and extracellular matrix (ECM) changes during the 
progression of collagenase-induced patellar tendinopathy and to test the hypothesis that early angiogenesis initiates 
a cascade leading to neural remodeling and tendon degeneration.

Methods  A collagenase-induced rat patellar tendinopathy model was established in 40 male Sprague–Dawley 
rats. Animals were divided into one control group (PBS injection, n = 8, sacrificed at 12 weeks) and four experimental 
groups (collagenase type I injection, n = 8 each, sacrificed at 2, 4, 8, and 12 weeks post-injection). Histological 
evaluation (H&E and Masson’s trichrome staining), immunohistochemistry, immunofluorescence (CD31, α-SMA, 
CGRP), and RT-qPCR for Col1a1, Col3a1, decorin (Dcn), and tenascin C (Tnc) were performed. Semi-quantitative 
scoring of cellularity, fibrosis, and vascularity was applied. Statistical analysis was conducted using ANOVA.

Results  Histology revealed progressive hypercellularity, fibrosis, and calcification, with significant increases in 
cellularity from week 8 and in vascularity from week 4. Immunofluorescence showed CD31-positive cells increasing 
significantly at week 4, followed by α-SMA-positive and CGRP-positive cells at week 8. mRNA analysis demonstrated 
early peaks of Col3a1, Dcn, and Tnc expression at 2 weeks, while Col1a1 expression peaked at 8 weeks and declined 
sharply by week 12. The Col1a1/Col3a1 ratio was significantly elevated at 8 weeks before decreasing at 12 weeks.

Conclusion  This study demonstrates a sequential progression in collagenase-induced patellar tendinopathy, where 
early angiogenesis precedes neural remodeling and ECM turnover. These findings suggest that vascular remodeling 
may be associated with subsequent neural and structural changes during tendinopathy progression.
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​​Introduction
Patellar tendinopathy is a prevalent chronic overuse 
tendon disorder characterized by anterior knee pain, 
impaired function, and histopathological tendon degen-
eration [1]. The condition commonly affects athletes par-
ticipating in repetitive jumping and loading activities, 
and remains a clinically challenging disorder because 
symptoms may persist for prolonged periods and sig-
nificantly impair return to sport [2–6]. Histologically, 
tendinopathy is marked by collagen fiber disorganiza-
tion, hypercellularity, fibrosis, neovascularization, and, 
in advanced stages, calcification and ossification [7–10]. 
Several mechanisms have been proposed to explain the 
pathogenesis of patellar tendinopathy, including repeti-
tive mechanical overload, failed healing responses, vas-
cular ingrowth, and neuronal mechanisms associated 
with pain generation; however, the temporal relation-
ship among these biological events remains incompletely 
understood [4, 11].

Animal studies using collagenase-induced models have 
significantly contributed to the understanding of the 
pathophysiology of tendinopathy. These models repro-
duce key features observed in human disease, includ-
ing ECM disruption, angiogenesis, and sensory nerve 
ingrowth [12, 13]. Importantly, recent findings suggest 
that vascular changes occur early in the disease process, 
potentially preceding neural remodeling, and may act as 
a trigger for subsequent degenerative and nociceptive 
changes [14, 15]. However, most existing studies have 
focused on isolated aspects, such as histopathology or 
molecular alterations at single time points, without fully 
integrating sequential vascular, neural, and molecular 
events across disease progression [8, 12, 16, 17]. More-
over, although ECM proteins such as type I and III colla-
gens, Dcn, and Tnc are known to regulate tendon healing 
and remodeling, their temporal expression patterns in 
relation to vascular and neural changes remain poorly 
defined [18–21]. Despite extensive clinical investigation 
and various therapeutic efforts, the biological mecha-
nisms governing the initiation and progression of patel-
lar tendinopathy remain incompletely understood [6, 
22–24]. Understanding these sequential events is essen-
tial because aberrant vascularization and sensory nerve 
ingrowth are closely linked to pain and impaired tendon 
healing in chronic tendinopathy.

Therefore, we utilized a collagenase-induced rat patel-
lar tendinopathy model to examine time-dependent 
changes in histopathology, vascularization, sensory nerve 
remodeling, and expression of key extracellular matrix 
components, hypothesizing that early angiogenesis initi-
ates a cascade leading to subsequent neural remodeling 
and progressive tendon degeneration.

Materials and methods
Animal
The rat study protocol (2024-0372A) was reviewed and 
approved by the Animal Experiments Ethics Committee 
of Hanyang University Institutional Animal Care and Use 
Committee. Sprague–Dawley (SD) rats were purchased 
from KOATECH (Pyeongtaek, Republic of Korea). Only 
specific pathogen-free animals were included, and any 
rats exhibiting abnormalities or signs of illness during 
the acclimation period preceding the experiment were 
excluded. Forty 10-week-old male rats were used in this 
study. Excluding the control group (n = 8), the experi-
mental animals received an injection of collagenase type 
I (Gibco; 0.015  g/ml) in the patellar tendon and were 
subsequently randomly allocated into four experimen-
tal groups based on time after treatment (n = 8 rats per 
group). Animals were euthanised using a carbon dioxide 
(CO₂) chamber. CO₂ was gradually introduced into the 
chamber at a controlled flow rate to induce unconscious-
ness, followed by continued exposure to ensure death. 
Death was confirmed by the absence of respiration and 
heartbeat prior to tissue harvesting. This method was 
selected in accordance with institutional animal care 
and use committee (IACUC) guidelines and established 
humane endpoints for laboratory rodents.

Study design
In this study, a patellar tendinopathy model was induced 
in male SD rats (11 weeks old, average body weight 250 g) 
to evaluate time-dependent changes. Ten-week-old rats 
were purchased and acclimated for 1 week prior to exper-
imentation. The animals were anesthetized using inhaled 
isoflurane at concentrations of 2–4% (4% for induction 
and 2% for maintenance). After shaving the knee area and 
positioning the limb at a 90° angle to expose the patellar 
tendon, 20 μl of 1.5% type I collagenase solution (0.015 g/
ml in 1 × PBS) was injected into the patellar tendon using 
a 31-gauge needle. Animals were sacrificed at 2, 4, 8, and 
12 weeks after collagenase injection, with n = 8 per time 
point for RNA and histological analyses. The entire PBS-
injected control group was sacrificed at 12  weeks for 
comparison (Fig. 1A, B). The work has been reported in 
line with the ARRIVE guidelines 2.0

Histology
For histological evaluation, hematoxylin and eosin (H&E) 
staining and Masson’s trichrome (MT) staining were per-
formed following standard procedures. For H&E stain-
ing, tissue sections were deparaffinized, rehydrated, 
stained with hematoxylin for 3 min, rinsed in running tap 
water, counterstained with eosin for 1  min, dehydrated, 
and mounted. For MT staining, sections were treated 
according to the manufacturer’s instructions to visualize 
total collagen content. All stained slides were mounted 
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using a permanent mounting medium. Four samples 
per group were analyzed. Histological images were cap-
tured at × 40 and × 100 magnifications, focusing on both 
the PT middle 1/3 and PT proximal 1/3 regions. Histo-
logical evaluation of the rat infrapatellar fat pad was per-
formed using a previously established semi-quantitative 
scoring system based on three parameters: cellularity, 
fibrosis, and vascularity. Each parameter was graded on 
a scale from 0 to 3. Cellularity was assessed based on the 
distribution and density of cells. A score of 0 indicated 
scattered cells, 1 indicated focal clustering, 2 indicated a 
diffuse increase in cellularity, and 3 represented a severe 
diffuse increase. Fibrosis was evaluated as the percent-
age of fibrotic tissue within the image area. A score of 0 
indicated absence of fibrosis (< 10% of the image area), 1 
indicated mild fibrosis (10–30%), 2 indicated moderate 
fibrosis (30–60%), and 3 indicated severe fibrosis (> 60%). 
Vascularity was scored according to the number of blood 
vessels observed in each field. A score of 0 represented 
no vessels present, 1 indicated 1–2 vessels, 2 indicated 
3–4 vessels, and 3 indicated five or more vessels. Scor-
ing was performed on H&E-stained sections at × 40 
magnification.

Immunohistochemistry
Immunohistochemical staining was conducted accord-
ing to standard procedures. Briefly, tissue slides were 
deparaffinized using Neoclear and rehydrated through 
a graded series of ethanol solutions (100% to 70%), fol-
lowed by rinsing in distilled water. Following three 
washes with 1 × PBS, slides were permeabilized with 
0.3% Triton X-100 in PBS for 10  min. Antigen retrieval 
was then performed by incubating the slides with Pro-
teinase K at 37  °C for 10 min, followed by an additional 
10  min at room temperature. Slides were subsequently 
washed three times with 1 × PBS, and nonspecific bind-
ing was blocked using a commercial blocking reagent 
for 30 min at room temperature. Slides were then incu-
bated with primary antibodies (CGRP and collagen I), 
diluted in antibody diluent for 1 h at room temperature 

and then in a secondary antibody for 30  min, followed 
by staining and visualization using an ABC kit and DAB 
substrate kit. Slides were counterstained with hematoxy-
lin for 10 s, dehydrated through a graded ethanol series 
(50–100%), and mounted with a permanent mounting 
medium. Images were acquired using a Nikon Eclipse 
Ti-U microscope at × 200 magnification. For each group, 
four samples were analyzed. CGRP-positive cells were 
semi-quantitatively evaluated by counting the number of 
positively-stained cells in images.

Immunofluorescence
Immunofluorescence staining was performed according 
to standard protocols. Briefly, paraffin-embedded tissue 
slides were deparaffinized using Neoclear and rehydrated 
through a graded ethanol series (100 to 70%), followed by 
rinsing in distilled water. After three washes with 1 × PBS, 
slides were permeabilized with 0.3% Triton X-100 in PBS 
for 10  min. Antigen retrieval was performed by incu-
bating the slides with Proteinase K at 37  °C for 10 min, 
followed by an additional 10  min at room tempera-
ture. Slides were subsequently washed three times with 
1 × PBS. Non-specific binding was blocked using a com-
mercial blocking reagent for 30 min at room temperature. 
Slides were incubated overnight at 4  °C with primary 
antibodies against CD31 (green), α-SMA (red), and 
CGRP (yellow), all diluted in antibody diluent. Following 
primary antibody incubation, slides were washed three 
times with 1 × PBST. The sections were then incubated 
for 1 h at room temperature with fluorophore-conjugated 
secondary antibodies: Alexa Fluor 488-conjugated don-
key anti-goat IgG for CD31, Alexa Fluor 555-conjugated 
donkey anti-mouse IgG for α-SMA, and Alexa Fluor 
647-conjugated donkey anti-rabbit IgG for CGRP. DAPI 
(blue) was included in the secondary antibody solution 
for nuclear counterstaining. After secondary antibody 
incubation, slides were again washed three times with 
1 × PBST. Finally, the stained slides were mounted using 
a fluorescence-compatible mounting medium and cov-
erslipped to preserve signal and prevent photobleaching. 

Fig. 1  A Schematic of the animal experimental protocol. B Distribution of animals per group used for histology and mRNA analysis
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(p < 0.05), vascularity at 4  weeks (p < 0.05), and the total 
grade from 8 weeks (p < 0.01) (Fig. 2C).

Analysis of angiogenic and neural proteins
Given that histological analyses demonstrated an early 
increase in vascularity beginning at week 4 during dis-
ease progression (Fig.  2), we next examined sensory 
nerve remodeling using CGRP, a well-established marker 
for nociceptive nerve activity. As the disease progressed, 
CGRP expression increased (Fig.  3A), with a significant 
(p < 0.01) increase in the number of CGRP-positive cells 
observed beginning at week 8 (Fig.  3B). Immunofluo-
rescence staining revealed that, as tendinopathy pro-
gressed, CD31 (vascular endothelium), α-SMA (vascular 
smooth muscle cell marker), and CGRP (sensory nerve 
fiber marker) expression increased in both the proximal 
and middle thirds of the patellar tendon (Fig.  4A, B). 
Specifically, compared with the control group, the num-
ber of CD31-positive cells increased significantly from 
week 4 (p < 0.05), whereas α-SMA-positive cells (p < 0.01) 
and CGRP-positive cells (p < 0.001) showed significant 
increases from week 8 (Fig. 4C).

Gene expression of collagen and tendon regeneration 
markers
mRNA expression analysis revealed a significant 
(p < 0.001) increase in type I collagen gene expression at 
8 weeks, reaching its peak level at this time point. Nota-
bly, the expression level sharply declined by 12  weeks. 
In contrast, type III collagen gene expression was sig-
nificantly (p < 0.05) elevated at the early time point of 
2  weeks, peaked at this stage, and gradually decreased 
until 12  weeks. Similarly, Dcn (p < 0.001) and Tnc 
(p < 0.01), both known to be involved in the early phase 
of tendon regeneration, exhibited significantly increased 
expression at 2 weeks, which subsequently declined over 
the course of the study period (Fig.  5A). Moreover, the 
ratio of type I collagen to type III collagen gene expres-
sion was significantly (p < 0.001) increased at 8 weeks and 
markedly decreased by 12 weeks (Fig. 5B).

Discussion
In the present study, we identified a distinct tempo-
ral sequence in the progression of collagenase-induced 
patellar tendinopathy. Angiogenesis was observed as 
early as 4  weeks, preceding the onset of sensory nerve 
remodeling at 8 weeks. In parallel, the expression of the 
ECM markers type III collagen, Dcn, and Tnc signifi-
cantly increased at 2  weeks before gradually declining, 
whereas type I collagen expression peaked at 8  weeks 
and then sharply decreased by 12  weeks. These results 
suggest that vascular remodeling serves as an early ini-
tiating event, followed by neural infiltration and matrix 

Fluorescent images were acquired at × 1000 magnifica-
tion using a Stellaris 5 LIA confocal microscope.

RT-qPCR
For mRNA analysis, rat patellar tendon tissues were care-
fully dissected and finely chopped using sterile scissors. 
The chopped tissue was then processed using a tissue 
homogenizer. The resulting homogenates were incubated 
with TRIzol reagent for 1  h at room temperature on a 
tube rotator to ensure thorough mixing and complete 
cell lysis. Total RNA was subsequently isolated using a 
TRIzol-based extraction method, following standard pro-
tocols. A total of 500 ng of RNA was used for complemen-
tary DNA (cDNA) synthesis using reverse transcriptase. 
The synthesized cDNA was then used as the template for 
real-time quantitative PCR (RT-qPCR). The following 
primer sequences were used: Col1a1 forward, 5’-​T​G​A​C​T​
G​G​A​A​G​A​G​C​G​G​A​G​A​G​T​A-3’; Col1a1 reverse, 5’-​C​A​T​G​
C​T​T​C​T​T​C​T​C​C​T​T​G​G​G​G​T-3’; Col3a1 forward, 5’-​A​A​T​
A​A​T​G​G​C​A​G​T​C​C​T​G​G​T​G​G​G-3’; Col3a1 reverse, 5’-​G​C​
T​C​T​C​C​C​T​T​T​G​C​T​C​C​A​T​T​C​T-3’; Dcn forward, 5’-​C​C​T​
T​A​C​G​A​C​C​C​T​G​A​C​A​A​T​C​C​C-3’; Dcn reverse, 5’-​C​C​A​G​
G​G​T​A​C​T​T​T​G​T​C​C​A​G​A​C​C-3’; Tnc forward, 5’-​T​G​A​A​C​
G​A​A​C​T​G​C​C​C​A​C​A​T​C​T​C-3’; Tnc reverse, 5’-​C​T​T​C​C​G​G​
T​T​C​A​G​C​T​T​C​T​G​T​G​G-3’; Gapdh forward, 5’-​T​G​G​G​T​G​
T​G​A​A​C​C​A​C​G​A​G​A​A​A​T-3’; Gapdh reverse, 5’-​C​A​C​A​G​T​
C​T​T​C​T​G​A​G​T​G​G​C​A​G​T-3’. The ratio of collagen I to col-
lagen III, which is commonly used as a marker for con-
nective tissue maturation, was calculated based on their 
mRNA expression levels using fold change values.

Statistical analysis
Quantitative and statistical analyses of the graph data 
were performed using GraphPad Prism 7.0 software. 
Differences between the control group and each experi-
mental group at the indicated time points were assessed 
using a one-way analysis of variance (ANOVA) followed 
by Dunnett’s post hoc test for multiple comparisons. 
Data are expressed as the mean ± standard error of the 
mean (SEM) from at least four independent experiments. 
Asterisks indicate statistical significance (*p < 0.05, 
**p < 0.01, ***p < 0.001).

Results
Histological features in a rat patellar tendinopathy model
As patellar tendinopathy progressed following collage-
nase I injection, H&E and MT staining were performed 
to evaluate the infrapatellar fat pad histologically. With 
pathological progression, the cell morphology became 
rounded, hypercellularity was observed, and calcifica-
tion developed in the tendon by week 12 (Fig.  2A, B). 
Compared with the control group, cellularity increased 
significantly from 8 weeks (p < 0.01), fibrosis at 12 weeks 
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Fig. 2  A Representative H&E staining of patellar tendon at 2, 4, 8, and 12 weeks post-treatment compared with control. magnification × 40 and × 100, 
scale bar: 200 μm. B Representative Masson’s trichrome staining of patellar tendon at 2, 4, 8, and 12 weeks post-treatment compared with control. magni-
fication × 40 and × 100, scale bar: 200 μm. C Histological grading of the infrapatellar fat pad. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. Statistical 
analysis of the data was performed using a one-way analysis of variance. Data are shown as mean ± standard error of the mean (n = 4 per group)
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turnover, leading to structural degeneration and failed 
tendon healing.

Our findings align with previous clinical and experi-
mental studies reporting that neovascularization fre-
quently accompanies symptomatic tendinopathy and 
often correlates with regions of pain and tissue disor-
ganization [25–27]. Doppler ultrasound and histologi-
cal investigations have consistently shown increased 
vascularity in degenerative tendons, with the extent of 
angiogenesis paralleling symptom severity [7, 28]. The 
observation of vascular changes at 4 weeks in our model 

supports angiogenesis as one of the earliest responses 
to tendon injury. Moreover, the subsequent appearance 
of sensory nerve remodeling at 8  weeks echoes reports 
that nociceptive innervation often follows vascular pro-
liferation, potentially through shared molecular media-
tors such as vascular endothelial growth factor (VEGF), 
nerve growth factor (NGF), and substance P, which can 
promote both endothelial and neuronal growth [29, 30]. 
This temporal relationship suggests that early vascular 
changes may create a permissive microenvironment for 
later neural invasion, linking angiogenesis not only to 

Fig. 4  A Representative immunofluorescence images of the patellar tendon middle 1/3, showing CD31 (green), α-SMA (red), CGRP (yellow), and nuclei 
stained with DAPI (blue), along with merged images. Magnification × 1000, scale bar: 40 μm. B Representative immunofluorescence images of the pa-
tellar tendon proximal 1/3, showing CD31 (green), α-SMA (red), CGRP (yellow), and nuclei stained with DAPI (blue), along with merged images. Magni-
fication × 1000, scale bar: 40 μm. C Semi-quantitative analysis showing the percentage of CD31-, α-SMA -, and CGRP-positive cells. *p < 0.05; **p < 0.01; 
***p < 0.001; ns: not significant. Statistical analysis of the data was performed using a one-way analysis of variance. Data are shown as mean ± standard 
error of the mean (n = 4 per group)

 

Fig. 3  A Representative IHC staining showing CGRP protein expression in patellar tendon tissues. magnification × 200, scale bar: 200 μm. B Semi-quanti-
tative analysis of CGRP-positive cells per field in the corresponding tendon sections. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. Statistical analysis 
of the data was performed using a one-way analysis of variance. Data are shown as mean ± standard error of the mean (n = 4 per group)
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structural degeneration but also to pain development in 
tendinopathy. Mechanistically, the observed temporal 
sequence of angiogenesis followed by neural remodeling 
may be explained by shared regulatory pathways involved 
in vascular-neural interactions. VEGF, a key mediator 
of angiogenesis, has also been implicated in promoting 
sensory nerve ingrowth, while NGF contributes to both 
nociceptive signaling and neurovascular coupling. These 
factors may contribute to a microenvironment that facili-
tates the coordinated progression of vascular and neural 
changes observed in tendinopathy. Importantly, similar 
pathological features have been reported in human patel-
lar tendinopathy, including increased neovascularization, 
sensory nerve ingrowth, and altered extracellular matrix 
composition. Clinical imaging studies, such as Doppler 
ultrasound, have demonstrated a correlation between 
neovascularization and pain, supporting the relevance 
of vascular–neural interactions in symptomatic tendi-
nopathy. While these similarities support the relevance 
of our findings, important differences should be con-
sidered. In particular, human tendinopathy is typically 
a chronic, multifactorial condition influenced by long-
term mechanical loading and systemic factors, whereas 
the present model represents an acute, enzyme-induced 
injury. These differences may affect the progression 
and underlying mechanisms of the disease and should 
be taken into account when interpreting the transla-
tional significance of our results. The early and transient 
upregulation of type III collagen observed in our study is 
consistent with the well-established paradigm of tendon 
healing in which type III collagen predominates during 
the initial proliferative phase before being replaced by 
type I collagen to restore tensile strength [31, 32]. How-
ever, persistent type III collagen expression or an elevated 
type III to type I collagen ratio has been associated with 
mechanically inferior scar tissue and chronic tendon dys-
function [33, 34]. The early peaks of Dcn and Tnc expres-
sion similarly reflect their roles in collagen fibrillogenesis, 
cell–matrix interactions, and modulation of growth fac-
tor signaling during the early stages of repair [21, 35, 36]. 
These findings collectively indicate that tendon healing 

initially attempts to recapitulate developmental programs 
characterized by ECM deposition and vascular invasion, 
but that dysregulation of this sequence may underlie the 
transition from acute injury to chronic degeneration.

Taken together, these findings indicate a temporal 
association among angiogenesis, neural remodeling, and 
ECM turnover in tendinopathy progression. While this 
temporal pattern provides insight into disease mecha-
nisms, several limitations should be acknowledged. This 
study was conducted using only male Sprague–Dawley 
rats, which may limit the generalizability of the find-
ings, as sex-related differences may influence disease 
progression. In addition, differences between rodent and 
human tendon biology may restrict direct clinical trans-
lation. Furthermore, this study focused on histological 
and molecular analyses without functional assessments 
such as biomechanical testing or pain-related behav-
ioral evaluation. The present study was designed to 
primarily elucidate the temporal sequence of pathologi-
cal changes rather than to assess functional outcomes. 
Although a temporal sequence was identified, causality 
between angiogenesis and subsequent changes was not 
established. This limitation is particularly important, as 
the current findings are based on temporal associations 
rather than direct mechanistic evidence. Therefore, it 
cannot be concluded that angiogenesis directly drives 
neural remodeling or ECM degeneration. In addition, 
the small sample size and the use of semi-quantitative 
analytical methods may limit the robustness of the 
findings. Future studies incorporating functional out-
comes and interventional approaches will be necessary 
to further validate these findings and clarify underlying 
mechanisms.

Conclusions
In summary, our study demonstrates that early angiogen-
esis precedes neural remodeling and extracellular matrix 
changes during the progression of collagenase-induced 
patellar tendinopathy, suggesting that vascular remodel-
ing may contribute to subsequent neural and structural 
alterations leading to tendon degeneration.

Fig. 5  A Quantitative PCR analysis of mRNA expression levels of Col1a1, Col3a1, Dcn, and Tnc in patellar tendon tissues. B Ratio of Col1a1/Col3a1 mRNA 
expression. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. Statistical analysis of the data was performed using a one-way analysis of variance. Data 
are shown as mean ± standard error of the mean (n = 4 per group)
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