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a Instituto de Cîencias da Saúde, Universidade Federal do Par�a, Bel�em, Par�a, Brazil
b Instituto de Ciências Biol�ogicas, Universidade Federal do Par�a, Bel�em, Par�a, Brazil
c Departamento de Patologia, Universidade do Estado do Par�a, Bel�em, Par�a, Brazil
d Núcleo de Medicina Tropical, Universidade Federal do Par�a, Bel�em, Par�a, Brazil
A R T I C L E I N F O

Keywords:
Achilles tendon
Tendon injury
Astrocyte reactivity
Gait
Mechanical sensitivity
* Corresponding author.
E-mail address: sualessandra@yahoo.com.br (S.A

https://doi.org/10.1016/j.heliyon.2021.e06845
Received 2 July 2020; Received in revised form 29
2405-8440/© 2021 Published by Elsevier Ltd. This
A B S T R A C T

Astrocyte reactivity in the spinal cord may occur after peripheral neural damage. However, there is no data to
report such reactivity after Achilles tendon injury. We investigate whether changes occur in the spinal cord,
mechanical sensitivity and gait in two phases of repair after Achilles tendon injury. Wistar rats were divided into
groups: control (CTRL, without rupture), 2 days post-injury (RUP2) and 21 days post-injury (RUP21). Functional
and mechanical sensitivity tests were performed at 2 and 21 days post-injury (dpi). The spinal cords were pro-
cessed, cryosectioned and activated astrocytes were immunostained by GFAP at 21 dpi. Astrocyte reactivity was
observed in the L5 segment of the spinal cord with predominance in the white matter regions and decrease in the
mechanical threshold of the ipsilateral paw only in RUP2. However, there was gait impairment in both RUP2 and
RUP21. We conclude that during the acute phase of Achilles tendon repairment, there was astrocyte reactivity in
the spinal cord and impairment of mechanical sensitivity and gait, whereas in the chronic phase only gait remains
compromised.
1. Introduction

Achilles tendon injury restrains the limbs impaired due to pain,
swelling and functional limitation, impacting negatively on locomotor
activity (de Cesar Netto et al., 2018; Li and Hua, 2016). Much of the
knowledge about Achilles tendon physiopathology comes from studies in
animal models, characterizing its relevance to understanding physio-
logical and motor behavioral changes (Murrell et al., 1992).

Among the motor behavioral changes, impairment on gait pattern is
observed especially in the acute phase of tendinous injury and is
considered indicative of functional limitation (Coulthard et al., 2003).
Concerning quadrupeds, rat gait shows similarities to the pattern of
human gait. Alternance and dissociation between the anterior and pos-
terior limbs are important for balance and coordination during locomo-
tion (Liang et al., 2012; Yu et al., 2001).
.S. de Moraes).
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Previous studies showed that models of peripheral neural injury
result in the intensification of responses to painful stimuli and greater
activity in the spinal cord glial cells (Clark et al., 2013; Li et al., 2019;
Samad et al., 2001). Glial reactivity occurs in response to central or pe-
ripheral injuries and is characterized by morphological, physiological
and molecular changes in glial cells (Hansen and Malcangio, 2013;
McMahon and Malcangio, 2009).

It is not yet clear whether this activation is beneficial or harmful.
Beneficial changes include formation of glial scars and their contribution
in tissue reorganization, as well as the release of many neuroprotective
and neurotrophic factors (Pekny et al., 2014; Pekny and Pekna, 2014).
However, records in the literature indicate that glial reactivity is also
associated with neuron neuroplasticity and with increased synthesis and
release of substances involved in hyperalgesia (Ghilardi et al., 2004;
Larsson and Broman, 2011; Longo et al., 2009; Wang et al., 2009).
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Figure 1. Analysis of ankle articular angle on acute (RUP2) and chronic (RUP21) phase of tendon repair in rats submitted to surgical tenotomy of right Achilles
tendon. (A) Articular angle on pre-swing phase. (B) Articular angle on mid-stance phase. The animals were analyzed on day 0, 2, and 21 after rupture. N � 4, Mean �
SD. One-way ANOVA: (A) ****p < 0.0001, F ¼ 63.78 RUP2 and RUP21 vs. CTRL; RUP2 vs. RUP21. (B) *p ¼ 0.0001, F ¼ 24.68 RUP2 and RUP21 vs. CTRL.
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As far as we know, there is no data about occurrence of such reactivity
in the spinal cord after tendon rupture nor in which repair period this
event could occur, although it has already been described that the con-
sequences of rupture involve pain associated with loss of function, neu-
roinflammatory events and proliferation of local nerve branches
(Danielson, 2009).

Thus, the aim of this study is to investigate, in two different repair
phases, whether total Achilles tendon injury leads to astrocyte activation
in the spinal cord and its relation to changes on gait pattern and me-
chanical sensitivity.

2. Material and methods

2.1. Animals

Fifteen Male Wistar rats (200–300g) were obtained from the bio-
terium of the Universidade Federal do Par�a. Animals were housed in
polypropylene cages under a 12/12-h light-dark cycle at 23 �C, with free
access to standard rat food and water. Use and care of animals was
approved by the ethics committee in research with experimental animals
(CEUA-UFPA/114-13) and performed following the Guide for the Care
and Use of Laboratory Animals by the National Institutes of Health.
2.2. Experimental groups

The study included two experimental groups: a control and a rupture
group. The control group (CTRL, n ¼ 5) was constituted by uninjured
animals, while rupture group was subdivided in animals submitted to
experimental tenotomy and euthanized after 2 dpi (RUP2, n ¼ 5) or 21
dpi (RUP21, n¼ 5) as representative times of acute and chronic phases of
tendon repair, respectively.
Figure 2. Analysis of mechanical sensitivity before tendon injury and on acute (RU
tenotomy of right Achilles tendon. Mechanical sensitivity was measured in the left (A
vs. CTRL and RUP21.
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2.3. Tendon injury model

Rats were intraperitoneally anesthetized with 10% ketamine hydro-
chloride (80 mg/kg) and 2% xylazine (12 mg/kg). Experimental tenot-
omy was performed in the right hind limb under aseptic conditions as
previously described (Moraes et al., 2013). Tendon was exposed through
a posterior midline skin incision at the ankle. Afterwards, the tendon was
totally transected from 0.5 cm above the calcaneal insertion followed by
tendon suture in accordance to the Kessler method and simple skin suture
(Barmakian et al., 1994). No immobilization, movement restriction or
analgesy was utilized. After 2 or 21 days post-injury, all animals were
euthanized by transcardiac perfusion with 4% PFA and the spinal cord
was dissected, carefully removed and immediately post fixed in 4% PFA.
The spinal cords segment L5 was used to histological analysis due they
relation with motor and sensorial control of ankle.
2.4. Gait analysis

For gait analysis, the articular angle test was used (Liang et al., 2012).
The animals had the right ankle, knee and hip joints identified and
marked with a permanent ink to facilitate the articular angle analysis.
The test consisted of filming (Sony, Japan) the animal gait in straight line
on a rectangular apparatus (10� 60� 20 cm) followed by analysis of the
articular ankle on pre-swing and mid-stance gait phases by the software
Image J (National Institute of Mental Health, USA) utilizing the tool
“angle”.
2.5. Mechanical sensitivity

Paw withdrawal threshold (PWT) was determined before surgery
(baseline) and once daily on days 2 and 21 after surgery using von Frey
P2) and chronic phase (RUP21) of tendon repair in rats submitted to surgical
) and right (B) hind paws. N � 4, Mean � SD. Kruskal-Wallis, *p ¼ 0.0003 RUP2



Figure 3. Immunofluorescent staining to GFAP (green) and nuclear staining
with DAPI (blue) in transversal sections of spinal cord at the L5 segment of
control (CTRL) group, which was comprised by uninjured rats. Immunofluo-
rescence detection was performed on a confocal microscope using a 10x
objective lens.

Figure 4. Immunofluorescent staining to GFAP (green) and nuclear staining
with DAPI (blue) in transversal sections of spinal cord at the L5 segment of acute
(RUP2) group, which was comprised by rats submitted to experimental tenot-
omy of right Achilles tendon and euthanized after 2 dpi. Immunofluorescence
detection was performed on a confocal microscope using a 10x objective lens.
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filaments (SORRI-BAURU, Brazil) applied in ascending order of bending
force to the plantar surface. Each rat was placed for 30 min to habituation
in a transparent plastic dome with a plastic mesh floor, allowing access to
the plantar surface of the hind paw. The time between tests was of 5 min
and each trial was repeated 3 times. A von Frey filament was pressed
perpendicular to the plantar surface of each left hind paw with sufficient
force to cause slight bending, and was held for approximately 3 s. The
PWT was the lowest weight of monofilament that elicited a withdrawal
reflex, characterized as licking or shaking of the paw (Abaei et al., 2016).
All behavioral tests were performed by an examiner blinded to the
treatment groups.

2.6. Immunofluorescence and nuclei cell staining

The spinal cord segment L5 was first cryoprotected by immersion in
10%, 20%, and 30% sucrose batteries for three days. The specimens were
then sectioned at 20 μm by a cryostat (Leica CM3050 S; Leica, Germany)
and collected on glass slides. Indirect immunofluorescence staining was
performed as described previously (Previtali et al., 2003) to glial fibril-
lary acidic protein (GFAP) using a rabbit anti-GFAP polyclonal antibody
(1:500; Santa Cruz, USA). After overnight incubation with primary an-
tibodies, samples were incubated with Alexa Fluor 488-conjugated goat
anti-rabbit IgG (1:1000; Molecular Probes, USA). Nuclei were stained
with 1:10,000 DAPI (Sigma, USA) for 3 min and briefly mounted on glass
slides. The section was analyzed with the confocal laser scanning mi-
croscope LSM 510 META (Carl Zeiss, Germany) using a 10x objective
with numerical aperture of 0.30 controlled by the software ZEN 2011
(Carl Zeiss, Germany). Intensity of GFAP staining was quantified from the
photomicrographs as published elsewhere (Magni et al., 2019), with
some modifications. Briefly, the mean values of pixel intensity for GFAP
staining were automatically evaluated using the software ImageJ 1.53e
(National Institutes of Health, USA) and expressed as ratios to the mean
values of pixel intensity for DAPI staining to normalize as to the number
of cells in each spinal cord quadrant. Finally, variations between condi-
tions were referred to as percentages relative to the mean of all four
quadrants.

2.7. Statistical analysis

Data are reported as mean � SD. Comparison between two means of
different groups was performed by the Student t test. Multiple compari-
sons were made using Kruskal–Wallis or one-way ANOVA, and p values
less than 0.05 were considered statistically significant. All statistical
analyses were performed using the software Prism 6 (GraphPad, USA).

3. Results

Our group investigated the impact of Achilles tendon injury on gait
pattern in acute or chronic repair phases in rats. In Figure 1, the kine-
matic of pre-swing and mid-stance phase of ankle articular angle are
shown. On the pre-swing phase, we observed a significant decrease of
articular angle in both RUP2 and RUP21 when compared to CTRL and in
RUP2 when compared to RUP21 (F ¼ 63.78, p < 0.0001). In this way, at
both time points the ankle angle was impaired and led to a worsening of
function.

Similar to pre-swing, in the mid-stance phase the differences between
the CTRL and RUP2 and RUP21 were highly significant (F ¼ 24.68, p ¼
0.0001). However, there was no difference between RUP2 and RUP21,
suggesting that both were equally impaired. Since we inferred that the
decrease of the joint angle could be related to pain, we next investigate
whether Achilles tendon injury led to mechanical sensory impairment at
the time points analyzed.

In Figure 2, the result of hind paw withdrawal threshold is presented.
In the CTRL group, the von Frey hair stimulus used to evoke withdrawal
at day 0 (baseline) was 4.8 � 2.86 and 4.4 � 3.1 on right and left paws,
respectively. However, in the RUP2 group, these values were 0.7� 1.3 in
3

the right and 4.6 � 2.9 in the left side, and, in the RUP21 group, the paw
withdrawal threshold obtained was 5.0� 3.2 on the right and 4.8� 3.67
on the left side. Only the right side of RUP2 was significantly different
compared to paw withdrawal value obtained from the CTRL and RUP21
groups (p¼ 0.0003). The right hind paw withdrawal threshold increased
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on day 21 to CTRL values, with no significant difference between CTRL
and RUP21. There was also no difference between groups for hind paw
withdrawal threshold on the left side (p ¼ 0.9211).

As we observed divergences on gait and sensorial responses between
acute and chronic phases of Achilles tendon injury, we decided to
investigate whether during these repair phases there would be changes in
astrocyte reactivity on the spinal cord segment related to Achilles tendon.
Representative photomicrographs of the L5 spinal cord segment obtained
from CTRL, RUP2 and RUP21 groups are shown in Figures 3, 4, and 5,
respectively. After 2 days, Achilles tendon injury led to a ~70% overall
increase in GFAP labeling in this segment, markedly in its right ventral
quadrant, in comparison to CTRL group. In contrast, 21 days after tendon
injury, a sharp overall decrease of ~96% in GFAP labeling was observed
in comparison to RUP2 group (Figure 6).

4. Discussion

In this work, we have shown for the first time that the occurrence of
impairment of locomotion and mechanical sensitivity due to acute
Achilles tendon injury may be related with astrocyte reactivity in the L5
segment of spinal cord. This phenomenon was not observed in the
chronic phase, when only gait pattern was still impaired.

The increase in GFAP expression in the spinal cord is well reported in
models of peripheral nerve injury. In a model of spinal root insults, the
increase in ipsilateral reactivity occurred at 1 dpi (Rothman and Win-
kelstein, 2007), while, in a similar model, the increase of GFAP in the
ipsilateral spinal cord occurred after 3 dpi (Wang et al., 2009). Another
study with spinal nerve injury assessed GFAP expression in spinal cord at
Figure 5. Immunofluorescent staining to GFAP (green) and nuclear staining with D
(RUP21) group, which was comprised by rats submitted to experimental tenotomy of
was performed on a confocal microscope using a 10x objective lens.
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both 28 and 42 dpi and their results suggest that, by these time points,
glial activation is no longer occurring (Tawfik et al., 2007). These data
are consistent with our study, as we also found remarkable reactivity in
the acute phase and little expression at the long term, even in a different
lesion model.

Concerning the effect of damage on more distal nerve structures,
several studies showed that, after the induction of sciatic nerve injury,
there is an increase in the reactivity of ipsilateral astrocytes to injury in 7
(Cirillo et al., 2010), 10 (Cirillo et al., 2011; Gallo et al., 2015) and 14 dpi
(Taccola et al., 2016). Our group showed the increase of astrocyte
reactivity in the acute phase in both sides of the spinal cord at the L5
segment. Concerning this finding, previous studies induced a unilateral
monoarthritis in rats and observed a robust increase in glial reactivity in
both sides of the spinal dorsal horn in 1, 3 and 10 dpi (Shan et al., 2007;
Sun et al., 2008). The bilateral increase of astrocytes reactivity in the
dorsal horn was also found after 6 h of injury in a monoarthritis model,
which suggests that, in cases of peripheral inflammation, glial reactivity
occurs since the acute phase, but does not follow a pattern of ipsilateral
expression due to the possibility of activation of multiple ascending
sensory pathways, and it is may explain our findings (Bressan et al.,
2010).

Astrocytes activation can be initiated by CNS injury, microbial inva-
sion, pain states, and by the products released by activated microglia
(Sun et al., 2008; Zhang et al., 2012). Previous studies have shown that
glial modifications after peripheral nerve and spinal cord injury (Cirillo
et al., 2010; Pekny and Nilsson, 2005; Wang et al., 2009; Zhang et al.,
2012) are associated with increased stimuli by primary afferents as C and
A-δ fibers (Colangelo et al., 2008), morphological changes of the nerves
API (blue) in transversal sections of spinal cord at the L5 segment of chronic
right Achilles tendon and euthanized after 21 dpi. Immunofluorescence detection



Figure 6. Quantification of astrocyte activation in response to tendon injury.
The intensity of GFAP staining in transversal sections of spinal cord at the L5
segment of control (CTRL), acute (RUP2) and chronic (RUP21) groups was
measured as a ratio to the intensity of DAPI staining for their left ventral (blue),
right ventral (green), left dorsal (yellow) and right dorsal (red) quadrants. Gray
columns represent mean � SD of all four quadrants of the spinal cord for
each condition.
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myelination, and alterations in the architecture of the dorsal root ganglia
(Cirillo et al., 2010), thus establishing correlation between glial plasticity
and sensory alterations.

In our study, the astrocyte reactivity was associated with a decrease in
the withdrawal threshold of the injured paw at 2 dpi, therefore with a
change in mechanical sensitivity, while the reduction of reactivity was
related to sensory normalization. Several studies have also found that
ipsilateral sensory impairment was associated with increased glial reac-
tivity in various lesion models and for different time periods (Cirillo
et al., 2010; Gallo et al., 2015; Goff et al., 1997; Sun et al., 2008; Wang
et al., 2009). A study subjected animals to an adapted model of spared
nerve injury and compared those who developed painful hypersensitivity
due to injury with those who did not develop it (Taccola et al., 2016). It
was observed that animals whose increase in glial reactivity was noted
were those with hypersensitivity, suggesting that reactivity is associated
with pain.

There is evidence that increased glial reactivity induces the expres-
sion of various amino acid transporters, neurotransmitters, proin-
flammatory mediators, and receptors involved in nociceptive signaling.
In addition, close structural relationships with neurons allow astrocytes
to directly influence neuronal changes (Cirillo et al., 2011; Ghilardi et al.,
2004; Goff et al., 1997; Hansen and Malcangio, 2013).

Increase in synthesis and expression of type I interleukin (IL-1β)
stimulates the expression of cyclooxygenase type 2 (COX-2) in the CNS,
implying in decrease of the threshold of mechanical pain, intensified by
other proinflammatory cytokines (Samad et al., 2001). Other studies
showed that, after a few weeks of injury induced by injection of an
irritant agent in the paw, there is a complete recovery of the mechanical
sensitivity. Both studies corroborate our findings, associating inflam-
matory conditions in CNS with pain and showing total sensory recovery
in the later phase of a paw lesion (Goff et al., 1997; Huang et al., 2015).

Although our group verified normalization of astrocyte reactivity and
sensitivity after 21 days of injury, locomotor activity remained impaired,
which was evidenced by the reduction in the ankle joint angle, leading to
gait impairment in the middle-stance and pre-swing phases. The func-
tional analysis of gait is a very sensible method to assessing the recovery
condition of an Achilles tendon and should be realized by video-based
gait system with measures of ankle articular angles. Achilles tendon
injury with and without surgical repair impairs mid-stance and pre-swing
gait phases leading to decrease of articular angle even in 21 dpi, which
confirms our findings (Liang et al., 2012).

After tendon injury there is an increase in the duration of the double
support phase, characterizing a functional worsening associated with an
increase in the synthesis of neuropeptides involved in nociception and
leading to a change in gait pattern (Lui et al., 2010). On the other hand, in
studies whose locomotion was evaluated by footprints in animals with
lesions, the worsening in the parameter analyzed occurred in the first
5

days after the injury, with tendency to normalize between 14 and 21 dpi.
This supports the hypothesis that the joint angle is the more sensitive
parameter to evaluate functional tendon recovery (Aro et al., 2013;
Moraes et al., 2013).

After frequent pain stimulus, compensatory changes may occur in
healthy joint movement in rats with the injured paw to maintain gait
stability. All gait pattern is automatically controlled by spinal cord, and
motor control may remain altered for a long time after changes in muscle
recruitment pattern due to injury and pain (Liang et al., 2012). Signifi-
cant functional deficits are still present after 2 years of ruptured tendon in
patients regardless of whether there was surgical repair or not (Olsson
et al., 2011).

In conclusion, our study suggests that Achilles tendon injury by total
rupture followed by repairment induces astrocyte reactivity on the spinal
cord, which is associated with the development of sensorial impairment.
Furthermore, the gait impairment occurs together with this event but
persists on the long term.
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