
IBRO Neuroscience Reports 10 (2021) 225–235

Available online 16 May 2021
2667-2421/© 2021 The Authors. Published by Elsevier Ltd on behalf of International Brain Research Organization. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Comparison of effect of crush or transection peripheral nerve lesion on 
lumbar spinal cord synaptic plasticity and microglial dynamics 

Raquel M.P. Campos a, Maria Carolina Barbosa-Silva a, Victor T. Ribeiro-Resende a,b,* 
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A B S T R A C T   

In an injury to the peripheral nervous system, the spinal cord and brain structure reorganize connections to 
optimize the function of the remaining parts. Many cell events are triggered in the spinal cord to support changes 
in the synaptic connections around motoneurons, where old connections are removed, and new ones created. 
Microglial cells are primitive macrophages that invade the central nervous system in early stages of neuro-
development and have several functions, such as eliminating synapses. We investigated the synaptic plasticity 
after different types of peripheral (sciatic) nerve injury (crush or total transection), as well as the behavior of 
microglial cells for 2 weeks after a peripheral lesion. As expected, sciatic-nerve injury reduced motor perfor-
mance in mice, but crushed animals regained partial motor control. Because of sciatic-nerve injury, pre-synaptic 
inputs decreased around the motoneurons in the ventro-lateral horn, while microglial cells increased around 
these cells. Microglial cells also exhibited altered morphology in both types of peripheral lesion, indicating a 
similar underlying mechanism of plasticity. To investigate the involvement of microglia in this scenario, 
microglial activation was modulated by daily administration of minocycline. The minocycline treatment directly 
affected the microglial response and impacted the synapse rearrangement in the spinal cord. Together, these 
results demonstrate that microglia cells are involved in synaptic plasticity in the lumbar spinal cord in both 
nerve-injury scenarios. 
Summary of statement: Here, we demonstrated that acute plasticity in the lumbar spinal cord (LSC) did not differ 
between crush and transection of peripheral nerve, and that microglial reactivity in the LSC was important after 
both injury types.   

1. Introduction 

Peripheral Nervous System (PNS) injury leads to a homeostatic 
change in the Central Nervous System (CNS), as observed through 
different approaches (Emirandetti et al., 2006, 2010; Spejo et al., 2013; 
Tyzack et al., 2014; Arbat-Plana et al., 2015). Among the sequence of 
cell processes triggered after axonal disruption, synaptic rearrangement 
at the spinal cord level and reduction of synaptic inputs to motoneurons 
are prominent (Blinzinger and Kreutzberg, 1968). This rearrangement 
can be explained as an attempt to promote neural viability, axon 
regeneration, and target reinnervation (Wolpaw and Carp, 2006; Emir-
andetti et al., 2010; Spejo et al., 2013; Arbat-Plana et al., 2015). 

In a case of axon regeneration and target reinnervation, as occurs 
after axonotmesis, there is a second wave of synaptic rearrangement, 

with partial recovery of previous connections, a consequence of reinte-
gration of the member in the somatotopic representation (Seddon, 1943; 
Sunderland, 1951; Wall et al., 1984, 1986; Alvarez et al., 2011; Schultz 
et al., 2017). Knowledge of how and when the second wave of plasticity 
occurs is important, especially for therapeutic purposes, since restora-
tion of motor and sensory functions of limbs after peripheral nerve lesion 
depends not only on reinnervating the target but also on the CNS 
adapting to motor and sensory feedback (Wall et al., 1984, 1986). 

Part of the CNS plasticity mechanisms involves pruning of synapses. 
This pruning is organized by glial cells in several contexts, including in 
the CNS after PNS insult (Emirandetti et al., 2006, 2010). Recent studies 
have found that the mechanisms underlying this plasticity also include 
microglial cells, with their phagocytic capacity. Microglia are myeloid 
cells that originate in the yolk sac and infiltrate the CNS during 
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embryogenesis (Ginhoux et al., 2010). For several decades, the only 
function attributed to microglial cells was immunological, to protect the 
CNS by eliminating pathogens (Prinz et al., 2011). New functions have 
recently been attributed to these cells, since they are sensors of the 
environment and important players in CNS homeostasis (Gomez-Nicola 
and Perry, 2015; Jones and Lynch, 2015; Xavier et al., 2014; Orihuela 
et al., 2016). These cells have an important role in the refinement of 
synaptic circuits during the development and post-natal periods, as 
observed in the dorsal lateral geniculate nucleus (dLGN) (Stevens et al., 
2007). Synapse elimination, or pruning, in different CNS regions can 
also occur in adulthood and include participation by microglial cells 
(Wake et al., 2009; Emirandetti et al., 2010; Hundeshagen et al., 2013; 
Arbat-Plana et al., 2015; Li et al., 2016). 

As is well understood, microglia cells have a spectrum of activation; 
each phenotype has different characteristics, such as morphology and 
the molecules that it expresses (Biber et al., 2007; Mecha et al., 2016; 
Bastien and Lacroix, 2014; Stratoulias et al., 2019). This spectrum in-
cludes microglia involved in pro-inflammation that secrete several 
molecules, such as tumor necrosis factor alpha (TNF-α), interleukin 6 
(IL-6), and inducible nitric-oxide synthase (iNOS) (Trapp et al., 2007; 
Jones and Lynch, 2015; Li et al., 2016; Lisi et al., 2017; Xu et al., 2017). 
Another phenotype, involved in repair and neuroprotection, releases 
anti-inflammatory mediators such as IL-4, IL-13, arginase, and TNF, and 
neurotrophic factors such as BDNF (Jones and Lynch, 2015; Xavier et al., 
2014; Xu et al., 2017). The morphology of microglial cells can vary 
across the CNS structure, but the repair phenotype has been described as 
more ramified compared to when these cells are compromised in a 
pro-inflammatory state (Walker et al., 2014; Jones and Lynch, 2015; 
Mecha et al., 2016; Li et al., 2016; Spittau, 2017). 

Emirandetti and collaborators (2010) observed an increased number 
of microglial cells positive for iNOS in the spinal cord after sciatic 
transection at the same time-point, where synaptophysin was decreased 
in the same field. In mice lacking iNOS, the authors found that a reduced 
rate of synapse pruning was correlated with high percentages of resting 
microglial cells. Therefore, microglial cells and pro-inflammatory cyto-
kines have been associated with the synaptic plasticity following pe-
ripheral nerve injury (Hundeshagen et al., 2013; Spejo et al., 2013; 
Arbat-Plana et al., 2015; Li et al., 2016). 

Here, we investigated whether different types of peripheral nerve 
injury, i.e., crush or total transection, could affect the synaptic plasticity 
in the lumbar spinal cord (LSC) and the microglial response in acute 
periods following sciatic nerve injury. We also investigated whether 
changes in the microglial phenotype would regulate synaptic plasticity 
in the spinal cord, and the consequences for hindlimb motor function. 

2. Experimental procedures 

2.1. Animals 

All experiments were performed following the National Institutes of 
Health Guidelines for the Care and Use of Laboratory Animals and were 
approved by the Ethics Committee for the Use of Animals in Research 
from the Universidade Federal do Rio de Janeiro (CEUA IBCCF protocol 
#175-018). For this study, two- to three-month-old male C57Bl6 mice 
(n = 155) were used, as in previous studies (Emirandetti et al., 2006, 
2010; Hundeshagen et al., 2013; Yamada and Jinno, 2013; Tyzack et al., 
2014; Li et al., 2016). The animals were bred at our institution’s rodent 
facility and housed with free access to food and water. The mice were 
divided into 3 main groups: Control (unlesioned) (n = 13), Crush (n =
40), and Transection (n = 36). 

2.2. Sciatic-nerve injury 

Mice from the Crush and Transection groups were anesthetized by 
intraperitoneal administration of ketamine (20 mg/kg) and xylazine (15 
mg/kg). The hind paw was shaved, an incision parallel to the femur was 

made with a scalpel, and the right sciatic nerve was exposed with the 
help of surgical tweezers. For the Crush group, the sciatic was crushed 
for 15 s with a pair of jeweler’s forceps (#4). Transected mice had a 0.3- 
mm section from the nerve removed with micro-scissors. The muscles 
and skin incision were sutured using 0.3 surgical nylon thread. The mice 
received no analgesic after surgery. 

2.3. Pharmacology 

Minocycline powder (Sigma Catalog #M9511) was diluted in sterile 
phosphate buffer every 2 days. Mice received minocycline intraperito-
neally, 45 mg/kg once a day, with 24 h between doses (Nikodemova 
et al., 2007; Scholz et al., 2015; Wang et al., 2015; Ahmed et al., 2017), 
starting 6 h before the sciatic-nerve injury until the day of their eutha-
nasia (Fig. 1). The animals treated with minocycline were separated into 
groups: Control+Minocycline (n = 10), Crush+Minocycline (n = 28) 
and Transection+Minocycline (n = 28). 

2.4. Sciatic functional index 

Motor performance was evaluated using the CatWalk apparatus 
(Noldus). All mice walked over a platform with pressure sensors twice a 
day, and were evaluated 1, 4, 7, and 14 days after lesion. The internal 
toe spread, and the lengths of both hind paws were measured, and the 
Sciatic Functional Index (SFI) was calculated as described by Inserra and 
colleagues (1998). 

2.5. Histology and immunofluorescence 

Mice were euthanized with I.P. administration of ketamine (40 mg/ 
kg) and xylazine (30 mg/kg), twice the dose used for surgery anesthesia, 
1, 4, 7, or 14 days after lesion (DAL). The spinal cord from L3 to S2 was 
dissected and fixed by immersion in a 4% paraformaldehyde solution 
(Millipore #158127; in 0.1 M phosphate buffer, pH 7.4) for 7 days. The 
tissue was cryoprotected with a sucrose gradient (10–30% in 0.2 M 
phosphate buffer; Sigma #S0389) and mounted using Tissue-Tek O.C.T. 
Compound (Sakura Finetechnical, Tokyo, Japan). Frozen transverse 
sections of spinal cord were sliced at 12 µm, using a cryostat (Leica CM, 
3050 s Leica Microsystems Nussloch GmbH), mounted on slides pre- 
coated with 1% gelatin, and stored at − 20 ◦C. 

For immunostaining, samples were washed 3 times for 5 min each 
with PBS containing 0.3% Triton X-100 and incubated with 5% or 20% 
NGS for 1 h at room temperature (RT), followed by incubation with 
primary antibodies overnight at 4 ◦C and 3 washes with PBS (5 min 
each). Finally, secondary antibodies were incubated in PBS containing 
10% NGF for 2 h at RT, followed by 3 washes and DAPI (nuclear stain) 
(1:1000; Sigma #32670). Samples were covered with coverslips con-
taining Vectashield (Vector). Primary antibodies used were mouse 
monoclonal anti-synaptophysin (1:100, Vector Laboratories #VP-S285) 
and rabbit polyclonal anti-Iba1 (1:200, Wako #019–19741). Secondary 
antibodies used were goat anti-mouse Alexa 594 (1:400, Thermo Fisher 
Scientific #A-31570) and goat anti-rabbit Alexa Fluor 594 (1:400, Life 
Technologies, Thermo Fisher Scientific #R37117). 

2.6. Image analysis 

Images from stained spinal cords ipsilateral to the nerve injury were 
obtained using an apotome microscope (Axio Imager M1, Zeiss, Ober-
kochen, Germany). For synaptophysin staining, 6 images from different 
sections of the ventral horn of each animal were taken with the same 
settings, using a 40 × objective and the same exposure time for DAPI 
(16 ms) and Synaptophysin (260 ms). Each photomicrograph included 3 
or 4 motoneurons, which were identified by the large cell body and faint 
DAPI staining compared to the other cells in the image. A pool of 
18–24 motoneurons were analyzed per animal. The photomicrographs 
were analyzed as described by Emirandetti et al. (2010). ImageJ 
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software (version 1.29, National Institutes of Health, USA) was used to 
measure the integrated density in pixels of 8 regions, with the perimeter 
close to 5 µm around each motoneuron cell body (Arbat-Plana et al., 
2015). A mean of synaptic density in each neuron was calculated, and 
then the mean of the spinal cord from each animal.For quantitative 
analysis of microglial cell density, images of the complete LSC were 
taken using the mosaic mode and a 40 × objective. Four sections from 
each animal, stained with 2 different immunohistochemistry proced-
ures, were used for the quantification and morphological analysis. The 
total number of Iba1 + cells on the ipsilateral side was calculated per 
area, using Zen software (Zeiss, Germany). The morphology of 
Iba-1 + cells of the ventral horn of the spinal cord ipsilateral to the 
sciatic lesion was analyzed using apotome-coupled fluorescence micro-
scopy, at 400× magnification. Using the Maximum Intensity Projection 
tool, 3D images were converted to 2D. The photomicrograph was 
exported in TIFF format and morphological parameters were analyzed in 
ImageJ as described by Young and Morrison (2018), using a skeleton 
plugin, and in FIJI for Sholl analysis, as used by Rotterman et al. (2019) 
(Supplementary Figure 2). The morphology of a mean of 10 microglia 
per animal was analyzed. All analyses were done blinded, where one 
person acquired and coded the photomicrographs, and another person 
conducted the counting and analyses. 

2.7. Western blot analysis 

The L4–L6 regions of the spinal cord were removed and frozen in 
liquid nitrogen. The tissue was sonicated in lysis buffer (50 nM Tris base, 
2 nM EDTA, and 2% SDS) and a protease inhibitor cocktail (Sigma 
#P2714), and the total protein concentration was quantified (Lowry 
et al., 1951). Western blotting was performed after 30 μg of protein 
extract from each tissue sample was electrophoresed in 12% poly-
acrylamide gel and electrotransferred to nitrocellulose membranes (Bio- 
Rad #1620115). The membranes were blocked for 1 h with 5% nonfat 
milk in Tris buffered saline (TBS) at room temperature, with shaking. 
Mouse monoclonal anti-synaptophysin (1:1000, Vector Laboratories 

#VP-S285) and mouse anti-alpha tubulin (1:10,000 Abcam #ab184613) 
were diluted in TBS and incubated overnight at 4 ◦C. Membranes were 
washed with TBS plus 0.02% Tween and goat anti-mouse IgG antibody 
(1:5000, in TBS, Sigma-Aldrich #A0545, RRID:AB_257896, and Sigma- 
Aldrich #A5278) was added and the membranes left in the solution for 
2 h at room temperature. After the wash, the labeling was detected with 
Luminata Forte (Millipore, WBLUF0500) in a ChemiDoc imaging system 
(Bio-Rad). Band density was measured using Scion Image software. The 
ratio between synaptophysin and alpha tubulin density was calculated. 

2.8. Statistical analysis 

All data were analyzed using GraphPad Prism 5 (GraphPad Software, 
Inc.). Statistical analyses were performed using two-way analysis of 
variance (ANOVA) followed by Bonferroni post-test for comparison of 
all pairs of columns. For the comparison of branch numbers between the 
3 main experimental groups, a one-way ANOVA was performed, fol-
lowed by a multiple-comparison Kruskal-Wallis test. The confidence 
interval was 95%, and all values were expressed as mean ± standard 
error of the mean (SEM). 

3. Results 

3.1. Peripheral nerve injury leads to synapse rearrangement in the lumbar 
spinal cord and motor deficiency 

In order to evaluate the impact of peripheral injury on the pre- 
synaptic density of the LSC, we searched for general pre-synaptic in-
puts by immunofluorescence for synaptophysin. Control (uninjured) 
animals showed intense staining, especially around the motoneuron 
body (Fig. 2A, yellow arrows). Similar staining was observed 1 DAL in 
both injury models (Fig. 2C, G, K, yellow arrows), although the syn-
aptophysin intensity decreased from 4 DAL in crushed and transected 
animals (Fig. 2D, H, K, yellow arrows). Quantitative analysis of the in-
tegrated density of pixels around the motoneuron cell body revealed a 

Fig. 1. Experimental design. (A) Timeline showing days following nerve injury in mice, where the walking-track test and the time of euthanasia are indicated. (B) 
Timeline showing the experimental design of the minocycline treatment, where the first dose was administered 6 h prior to the surgical procedure, followed by a dose 
every 24 h after the injury. 
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significant decrease of synaptophysin in both injury models, starting 
from 4 DAL (Fig. 2K). We also investigated whether the reduction in 
synaptophysin after nerve transection or crush would be sustained over 
7 (Fig. 2E, I) and 14 days after nerve injury. We did not observe 
significantly modified levels between the lesioned groups at either time 
point (Fig. 2K). To correlate molecular changes with motor behavior, the 
mice were challenged in the CatWalk system and the sciatic function 
index (SFI) was calculated. All injured animals displayed a lower SFI 
score until 4 DAL (mean injured = –100, mean controls = –5.14), which 
might be correlated with paw blockade in the plantar position and the 

impossibility of supporting the body weight. This behavior was observed 
over the next 2 weeks in transected animals, but not in crush ones, which 
showed a significant improvement over the same period (Fig. 2L). 

3.2. Microglial cells increase in number in response to both types of 
peripheral injury 

Microglial cells are involved in synaptic plasticity during develop-
ment and critical ages. For that reason, we asked whether these cells 
might be related to a synaptic decrease in the LSC. Iba-1+ cells in the 

Fig. 2. Synaptophysin-staining decreases around motoneurons after sciatic injury. Images taken from LSC transverse sections (ipsilateral to the nerve injury) in the 
ventral horn immunolabeled for synaptophysin (white) and nuclei counterstained with DAPI (blue). Animals with crushed nerves (C–F) and transected nerves (G–J) 
1, 4, 7, and 14 days after lesion (DAL). Image of ventral horn from uninjured animal (control) at medium (A) and low (B) magnification (contour of spinal cord white 
matter indicated by dotted yellow line). Soma of motoneurons indicated by yellow arrows. Quantitative analysis of integrated density of pixels surrounding mo-
toneurons in all experimental conditions and DAL (K). Graph of sciatic function index (SFI) analysis obtained by walking-track test (L). Statistics: Two-way ANOVA, 
Tukey’s post-test. *p < 0.05 and **p < 0.005. For synaptophysin analysis, Control n = 7, Crush n = 4/DAL (total 16), Transection n = 4/DAL (total 16). For walking 
track, Control n = 4, Crush n = 5/DAL (total 20), Transection n = 5/DAL (total 20). Scale bars: A, C–J = 50 µm; B = 100 µm. 
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spinal cord ipsilateral to the nerve lesion were counted to determine the 
final cell number after sciatic nerve lesion. The expression of Iba-1 and 
the number of Iba-1-positive cells gradually increased over the time 
points up to day 7 (Fig. 3A–P). Microglial cells concentrated mainly in 

the dorsal spinal cord (Fig. 3A–H and Q) and around motoneuron cell 
bodies (Fig. 3I–Q, yellow arrows). This can be correlated with the 
functions of neurons from the dorsal and ventromedial horn to receive 
information and to project axons toward the spinal nerve, respectively. 

Fig. 3. Microglia recruitment in dorsal and ventral spinal cord horns after nerve injury. Images obtained by apotome microscopy of transverse sections from LSC 
ipsilateral to nerve injury, immunolabeled for Iba-1 (red) and counterstained with DAPI (white) in dorsal and ventral horns from crush (A–D, I–L) and transected 
(E–H, M–P) groups 1, 4, 7, and 14 days after lesion (DAL). Low magnification (20×) of LSC ipsilateral to lesion stained for Iba-1 (red) and DAPI (blue) (Q). Histogram 
of quantitative analysis comparing microglia density in all LSC ipsilateral to nerve injury (Iba-1+) (R). Control n = 4, Crush n = 4/DAL (total 16), Transection n = 4/ 
DAL (total 16). Statistics: Two-way ANOVA, **p < 0.005 and ***p < 0.001. Scale bars: A–P = 50 µm; Q = 100 µm. 
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One day after lesion (crush or transection animals), there were no sig-
nificant differences compared to the control (Fig. 3R). Microglial cells 
increased significantly in the LSC, but especially in the dorsal and 
ventral horns, 4–7 days after lesion in both crushed and transection mice 
compared to the control mice (Fig. 3B,C,F,G,J,K,N,O,R). On day 14, the 

number of Iba-1 + cells decreased, although remaining above the 
number of control animals (Fig. 3D,H,L,P,R). 

Fig. 4. Microglia recruitment in acute periods after nerve injury is reversed by minocycline in both injury types. Quantitative analysis of Iba-1-positive cells by 
images taken with apotome microscopy of LSC ipsilateral to nerve injury following minocycline treatment in Crushed (A) and Transected (B) animals. Images taken 
by apotome at high magnification of LSC transverse sections in ventral horn, of Iba-1-positive microglial cells (red) of uninjured (Control, C), Crush (D), Transection 
(E), Crush + minocycline (F), and Transection + minocycline (G) animals 7DAL. Nuclei in white were counterstained with DAPI (white). 3D branching reconstruction 
using ImageJ, from uninjured (Control, H), Crush (I), Transection (J), Crush plus minocycline (K), and Transection plus minocycline (L) animals. Histograms of 
quantitative analysis comparing the number of microglial branches (M,N). For microglia quantification: Control n = 4, Control+Mino n = 4; Crush n = 4/DAL (total 
16), Crush+Mino n = 4/DAL (total 16); Transection n = 4/DAL (total 16), Transection+Mino n = 4/DAL (total 16). For morphological analysis: Control n = 4, 
Control+Mino n = 4; Crush n = 4, Crush+Mino n = 4; Transection n = 4, Transection+Mino n = 4. Statistics: Two-way ANOVA, *p < 0.05 and **p < 0.005 for 
graphs A and B; One-way ANOVA, *p < 0.05 for graphs M and N. Scale bars: C–G = 10 µm. 
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3.3. Microglial cell density and morphology are attenuated by 
minocycline treatment in acute periods 

As described above, the injured animals showed a significant in-
crease in microglial cell number 4 and 7 days after a crush or transection 
lesion (Fig. 3R). We also investigated whether minocycline treatment 
could change the microglial density profile in the LSC after nerve lesion. 
In injured mice (both crushed and transected) treated with minocycline, 
the microglial cell number did not increase at 4 and 7 DAL, compared to 
injured animals not treated with the drug (Fig. 4 A and B; Supplementary 
Figure 1 A–P). Also, the use of minocycline only did not lead to changes 
in microglial density, since there was no statistical difference between 
the Control and Control+Mino groups (Fig. 4A and B; Supplementary 
Figure 1 Q and R). Microglial cells are able to sense a disturbance in the 
microenvironment, due to the reduced connectivity of the neurons to the 
peripheral targets after an axonal cut. This is often shown by changes in 
their morphology. Since the most significant change in microglial cell 
number was found 7 days after lesion, we analyzed the changes in the 
microglial phenotype in the LSC ventral horn at this time point. Injured 
animals showed a highly ramified morphology, in contrast to the 
microglial cells of uninjured animals (Fig. 4C–E; H–J and M). Since 
microglial density increases significantly after nerve lesion, we asked 
whether these observations could be correlated with a reduction in 
synaptophysin staining. However, first we asked whether daily treat-
ment of mice with minocycline could reverse the ramified morphology 
induced by nerve lesion. On day 7, we found significant morphological 
differences between microglial cells in Crush+Mino and Trans-
ection+Mino, especially in the number of branches (Fig. 4D–G; I–L). 
Quantitative analysis confirmed that Crush+Mino and Trans-
ection+Mino animals had significantly fewer branches compared to the 
respective untreated groups (Fig. 4N). Microglial morphological 
changes after injury and minocycline administration were confirmed by 
Sholl analysis (Supplementary Fig. 2), where both crushed and trans-
ected animals showed significantly more ramified microglia in LSC, 
especially 10–12.5 µm from the cell body. Also, minocycline signifi-
cantly reduced ramification in a range of 10 µm starting at 7.5 µm from 
the cell body. Taken together, these morphological observations 
demonstrated that both nerve-injury models can modify microglial 
reactivity in the LSC, and that this reactivity can be attenuated by 
minocycline treatment. 

3.4. Changes in microglial response are correlated with changes in 
synaptic density 

The correlation between microglia cell activity and synapse pruning 
is well understood; however, the effects of different types of nerve injury 
on this process remain unclear. Based on the experimental models 
described above, in this set we analyzed a transverse section of the LSC, 
aiming to correlate the microglial response and synaptic density after 
nerve crush or transection under minocycline administration. Over a 
two-week period after lesion, we observed a significant decrease in 
synaptophysin immunostaining surrounding the motoneurons in both 
types of nerve lesion. Quantitative analysis of fluorescent dots confirmed 
these observations (Fig. 5A and B). Curiously, minocycline treatment did 
not modify the synaptic density surrounding motoneurons at all time 
points investigated. Also, administration of minocycline itself did not 
change the expression of synaptophysin, since there was no statistically 
significant difference between the Control and Control+Mino animals 
(Fig. 5A and B). 

To analyze the synaptic density in the whole LSC tissue, we inves-
tigated the synaptophysin levels in L4–L6 tissue samples by western 
blotting (Fig. 5C, D). Under the same experimental conditions, the 
quantitative analysis demonstrated that on day 4 in both injury types, as 
well as on day 7 in transected nerves, minocycline was correlated with 
high levels of synaptophysin. These high levels were absent in the un-
treated group (Fig. 5E, F). There was no significant difference between 

control mice treated or not with minocycline, reinforcing that the dif-
ference in levels of synaptophysin between the injured groups was not 
directly caused by this drug. 

Despite the differences observed in pre-synapse element staining, we 
found no correlation with motor performance in the CatWalk apparatus. 
Minocycline-treated mice did not perform better (as assessed by the SFI) 
than the untreated group, despite a slight visual difference. The marked 
motor deficits in the transected mice compared to the crushed mice were 
maintained on day 14, even after treatment with minocycline (Fig. 5G). 
Taken together, these observations suggest that the synaptic pruning 
associated with microglia activity is not locally modified with minocy-
cline treatment. Instead, systemic microglia blockage seems to raise 
regional synapse levels (L4–L6), but not locally as could be expected. 

4. Discussion 

Peripheral nerve injuries lead to homeostatic disturbances in the 
central nervous system (CNS) (Wolpaw and Carp, 2006; Navarro et al., 
2007). Muscle and skin deafferentation induce a modified somatotopic 
representation in the cerebral cortex as well as in the spinal cord (Jones, 
2000). Similar patterns are observed when axons regenerate and locate 
their original targets after a PNS injury, leading to a second wave of 
synaptic plasticity in the CNS (Wall et al., 1984). The different expres-
sion of adhesion molecules and neuroligins in the spinal cord after crush 
or transection nerve lesion has also been described (Thornton et al., 
2008; Zelano et al., 2009), although the description of the glial or 
microglial reaction has not been evaluated. We therefore asked whether 
different PNS lesions would cause different degrees of synaptic plasticity 
in the LSC. We compared two types of sciatic injury, crush and tran-
section. Crush injury has been described previously, as a model in which 
axons can regrow by 7 days after injury (Ribeiro-Resende et al., 2007, 
2014). The transection model, involving removal of a 4-mm section of 
nerve, prevents regeneration through the distal stump and also prevents 
reinnervation (Aldskogius and Kozlova, 1998; Emirandetti et al., 2006). 
We confirmed this description, observing that crushed mice partially 
regained their motor abilities, as assessed by walking-track analysis, by 
the first and second weeks after sciatic injury, whereas the transected 
mice did not. These observations supported the validity of our experi-
mental models and allowed us to investigate possible homeostatic 
changes in the LSC. 

Synaptic changes in the spinal cord after PNS nerve lesion involved 
shrinkage of synaptic inputs, especially around motoneurons, as 
frequently observed. The reason for these observations might be corre-
lated with a loss of function and degeneration of disrupted axons 
(Navarro et al., 2007; Svensson and Aldskogius, 1993). We also observed 
a marked decrease in the synaptic inputs around motoneuron cell bodies 
in both types of lesions. The beginning of this process seemed to be 
conserved in both crush and transection on day 4 after lesion; this agrees 
with previous data showing reduced levels of synaptophysin, synapsin, 
VGLUT1, and GAD65 a few days after sciatic injury (Emirandetti et al., 
2010; Spejo et al., 2013; Arbat-Plana et al., 2015). The hypothesis that 
different pre-synapse reorganizations occur after different types of nerve 
lesion was not confirmed. This was supported by our observation of 
synaptophysin levels and distribution (Fig. 2). Indeed, in the acute 
period after injury, the nerve regeneration represented by Wallerian 
degeneration was similar. This might be explained by a massive axonal 
disruption, not only from the transection itself but also after a strong and 
maintained compressive nerve lesion (Seddon, 1943; Sunderland, 
1951). 

It is well established that synaptic rearrangement in the spinal cord is 
accompanied by reactive gliosis. In this scenario, microglial cells drive 
their phenotype toward proinflammatory cells (Aldskogius and Kozlova, 
1998; Aldskogius, 2011; Tyzack et al., 2014; Terayama et al., 2016). 

In both models of sciatic injury, the number of microglial cells 
increased in the LSC ipsilateral from the nerve injury from 4 to 7 DAL, 
which can be correlated with a reduction of pre-synaptic elements. 
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Fig. 5. Minocycline treatment alters synaptophysin expression in LSC after crush and transection sciatic-nerve lesion. Histograms of quantitative analysis of syn-
aptophysin in an integrated density of pixels surrounding motoneurons from groups treated or not with minocycline (A–B). Immunoblots for synaptophysin (38kD) 
and alpha tubulin (42kD) from LSC tissue dissected from L4–L6 region. Membrane with LSC samples of unlesioned, after nerve crush, and nerve crush + minocycline 
groups (C) 1, 4, 7, and 14 days after lesion. Membrane with LSC samples of unlesioned, after nerve transection, and nerve transection + minocycline groups (D) 1, 4, 
7, and 14 days after lesion. M indicates minocycline treatment in C and D. Histograms of quantitative analysis of synaptophysin:alpha-tubulin density ratio measured 
by immunoblots, represented in arbitrary units for crushed nerves (E), transected nerves (F), and treated or not with minocycline. Graph of sciatic-function index 
(SFI) scores of injured animals treated or not with minocycline (G). For synaptophysin immunofluorescence analysis, Control n = 7, Control+Mino n = 5; Crush 
n = 4/DAL (total 16), Crush+Mino n = 4/DAL (total 16); Transection n = 4/DAL (total 16), Transection+Mino n = 4/DAL (total 16). For synaptophysin western- 
blotting analysis, Control n = 5, Control+Mino n = 4; Crush n = 4/DAL (total 16), Crush+Mino n = 6/DAL (total 24); Transection n = 5/DAL (total 20), Trans-
ection+Mino n = 4/DAL (total 16). For walking track, Crush n = 5/DAL (total 20), Crush+Mino n = 7/DAL (total 21); Transection n = 5/DAL (total 20), Trans-
ection+Mino n = 6/DAL (total 24). Statistics: Two-way ANOVA, *p < 0.05, **p < 0.005, ***p < 0.001. 
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Additionally, the location of microglial cells around motoneuron cell 
bodies matched the region where we observed the decrease of synaptic 
inputs. The physical interaction between the microglia and motoneuron 
soma provides evidence that the microglia might be involved in regu-
lating synaptophysin levels, therefore moderating the synaptic density. 
This hypothesis is supported by recent data from Rotterman and Alvarez 
(2020), who described a significant increase in lysosomes in microglial 
cells located around motoneurons, 3–14 days after sciatic transection. 

Although both types of nerve injury led to a microglial reaction in the 
spinal cord, similarly to their behavior after a direct CNS injury, we did 
not observe the characteristic ameboid morphology (data not shown). 
Calcia and colleagues (2016) reported that microglia exhibit a hyper-
trophic soma and branches in a chronic inflammatory process. This also 
correlates with the present consensus regarding the range of microglial 
phenotype and morphology, so that these cells ramify in homeostasis or 
become ameboid during an insult (Colton, 2009; Walker et al., 2014). 

We quantified the number of microglial branches. In the acute period 
after a sciatic crush or transection, the number of branches increased 
significantly compared to the number in the homeostatic spinal cord 
(control group). This profile agrees with the morphological changes 
described by Yamada and Jinno (2013), where microglial cells in the 
hypoglossal nucleus migrated and ramified after hypoglossal nerve 
axotomy. Another study that evaluated microglial morphology in the 
spinal cord after sciatic injury described the increase of hyperpolarized 
and ramified microglia 7 days after lesion, with no description of 
ameboid cells, i.e., no branching (Zhang et al., 2008). 

Based on the clear reactivity of microglial cells after sciatic-nerve 
injury, we modulated the microglial reactivity pharmacologically, 
based on previous successful protocols for spinal cord investigations 
(Yrjänheikki et al., 1998; Nikodemova et al., 2007; Li et al., 2016). Daily 
treatment with minocycline prevented the number of microglial cells in 
the spinal cord from increasing after injury, although we still observed 
Iba-1-positive cells around motoneurons (Supplementary Figure 1). The 
continuous presence of microglia in this spinal cord area may explain 
why we did not observe a difference in synaptophysin staining around 
motoneurons between injured mice treated or not with minocycline. 
Nevertheless, the effect of minocycline on the microglial response to 
injury agreed with previous observations and did not affect either the 
microglia population or the synapse protein levels in uninjured mice 
(Nikodemova et al., 2007; Popiolek-Barczyk et al., 2014; Li et al., 2016). 

Peripheral nerve injury leads to astrocyte reactivity, and this reac-
tivity participates in synapse rearrangement (Emirandetti et al., 2006; 
Tyzack et al., 2014). Also, it has been reported that not only do astro-
cytes react in a different time window than microglia, but also that they 
are not directly influenced by minocycline (Yrjänheikki et al., 1998; 
Rojewska et al., 2014; Liang et al., 2016; Terayama et al., 2016). 
Therefore, the decrease in synaptophysin labeling in the ventral horn 
area might be a consequence of the astrocyte response. 

In contrast, the quantification of synaptophysin through western 
blotting revealed significantly increased levels of this protein 4 and 7 
DAL in the injured groups treated with minocycline. Importantly, the 
histological analysis around motoneurons evaluated only a small portion 
of the spinal cord, while for the western-blot procedure we used the 
whole spinal cord from L4–L6. So, this molecular approach includes 
other active plastic areas from the LSC, such as the dorsal horn, which is 
also an area where we observed microglial reactivity (Fig. 3). The in-
crease in the size of the samples may be one of the reasons why the 
difference in synaptophysin level between the experimental groups was 
more evident. Also, as Woolf et al. (1995) and Sun et al. (2006) 
described, while there is a decrease of pre-synaptic elements in the 
ventral horn, new synapses are formed in the dorsal horn, increasing the 
expression of synaptic proteins and synaptophysin in that area. Finally, 
minocycline has been evaluated not only for its capacity to reduce Iba-1, 
but also components of the complement system such as C1q (Rojewska 
et al., 2014), which are associated with synaptic pruning. Indeed, other 
groups have demonstrated that the complement system is involved in 

the mechanisms related to synaptic pruning in the spinal cord after 
nerve injury (Berg et al., 2012). This involvement may be another 
mechanism by which minocycline could modulate synaptic pruning. 

Taken together, our observations confirmed that minocycline is a 
useful tool for modulating the microglial response, although the treat-
ment was not able to completely suppress the cell response. Our findings 
for the changes in presynaptic element staining in the LSC after a pe-
ripheral nerve lesion, and the subsequent modulation of the microglia 
reaction, will lead to further investigations of nerve regeneration by 
optimizing spinal cord stability during the nerve degenerative process. 
Another question to address in the near future is whether similar effects 
of both types of nerve injury on acute spinal plasticity in male mice 
could be reproducible in female mice. The importance of this issue is 
supported by the observations that microglial cells can behave differ-
ently in each sex and that this different behavior affects the synaptic 
(Weinhard et al., 2018; Szabo-Pardi et al., 2021). 

5. Conclusion 

Here, we demonstrated that both crush and transection of the sciatic 
nerve led to the recruitment of microglial cells in regions near moto-
neurons in the LSC, and that this was correlated with pruning of synaptic 
elements. Systemic minocycline treatment reduced the number of 
microglia and affected their morphology. These observations were 
correlated with a partial blockage of synaptic pruning at the L4–L6 
spinal cord level. 
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