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A B S T R A C T   

Chondroitin sulfate proteoglycans (CSPGs) consist of core proteins and glycosaminoglycan side chains. Tenas-
cins, and hyaluronan and proteoglycan link protein 1 (HAPLN), link CSPGs with a hyaluronan backbone to 
constitute perineuronal nets (PNNs), which ensheath preferentially highly active neurons to maintain architec-
ture and stabilize synapses, but restrict repair plasticity. Spinal cord injury increases CSPG core protein levels in 
the lesion proximity, limiting permissiveness of the extracellular milieu for fiber regrowth, however regulation of 
PNNs structure in the vicinity of distant α-motoneurons (MNs) in the course of degeneration and reorganization 
of their inputs requires research. Here, we examined early and late changes in CSPGs, HAPLN1, tenascin-R, and 
glial activation along the spinal cord in male rats with complete spinal cord transection (Th10), and their impact 
on PNNs ensheathing lumbar MNs innervating ankle extensor and flexor muscles, which are in different loading 
states in paraplegic rats. We show that (1) distance from the lesion site and time after injury (2–5 weeks) 
differentiate degree of changes in transcription rates (measured with RT-qPCR) of PNNs proteins with increased 
CSPGs and decreased HAPLN1 transcripts, suggesting long-term PNN destabilization in majority of spinal seg-
ments, (2) in lumbar segments PNN composition is not MN-class (extensor vs flexor) specific, both showing early 
decrease and late upregulation of Wisteria floribunda agglutinin (WFA) labeling in vicinity of synaptic boutons on 
MNs, (3) long-term locomotor training tends to reduce WFA(+) PNNs, but not their protein components 
(immunofluorescence measurements) around MNs. Our results suggest that training-induced regulation may 
target glycan structures of CSPGs.   

1. Introduction 

In the brain and spinal cord, extracellular matrix components may be 
both dispersed and well organized in a form of lattice-like neuronal 
envelopes called perineuronal nets (PNNs). Functionally, PNNs provide 
neuroprotection and stabilize neuronal connections, but also restrict 
plasticity in the adult nervous system. PNNs are composed of a hyalur-
onan backbone and aggregating chondroitin sulfate proteoglycans 

(CSPGs), tenascins and hyaluronan and proteoglycan link protein 1 
(HAPLN1) essential for the formation and stabilization of PNN struc-
tures (Brauer et al., 1982; Okamoto et al., 1994; Celio et al., 1998; 
Yamaguchi, 2000; Carulli et al., 2010). In the spinal cord, PNNs 
encapsulate α-motoneurons (MNs) by ensheathing the soma and prox-
imal regions of dendrites (Brückner et al., 1993; Celio et al., 1998; 
Takahashi-Iwanaga et al., 1998; Irvine and Kwok, 2018). That “peri-
synaptic barrier” controls neural communication and may be of essential 
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importance in conditions of prolonged, self-sustained activity that 
characterize MNs which exhibit bistable behavior (Schwindt and Crill, 
1980; Lee and Heckman, 1998). 

Spinal cord trauma stimulates CSPG expression at the site of injury 
within days, with their overexpression developing through the subacute 
phase and maintained for weeks in parenchyma surrounding the lesion 
site (McKeon et al., 1999; Jones et al., 2002; Jones et al., 2003; Tang 
et al., 2003). CSPGs in the scar can inhibit fiber regeneration, locally, 
suppressing functional recovery (Fitch and Silver, 1997; Lemons et al., 
1999); however, their impact on PNN structure, and relevance to syn-
aptic terminals reorganization in remote spinal areas remains unclear. 
Synaptic inputs to hindlimb MNs undergo extensive plasticity after 
complete transection of the spinal cord (SCT) in neonatal (Ichiyama 
et al., 2011) and adult (Macias et al., 2009; Skup et al., 2012; Grycz 
et al., 2019) rats. Both we and others have reported that after SCT at the 
thoracic Th10 level the number of boutons on L3–5 lumbar MN peri-
karya decrease (Macias et al., 2009; Ichiyama et al., 2011; Grycz et al., 
2019). A significant loss of excitatory inputs occurs with late (5–6 
weeks) decrease in cholinergic and glutamatergic Ia proprioceptive in-
puts to MNs innervating the extensor, but not to MNs innervating the 
flexor muscles of the ankle joint (Macias et al., 2009; Skup et al., 2012; 
Gajewska-Woźniak, 2017; Grycz et al., 2019). These changes undergo 
modulation by training the spinal rats on the running treadmill; after 
five weeks of training improvement of locomotor functions is associated 
with an increase of the synaptic inputs to MNs in the L4 lumbar motor 
nuclei, including inputs to MNs innervating extensor muscles (Macias 
et al., 2009; Skup et al., 2012). Based on these observations we sought to 
expand the insight into the importance of the state of spinal PNNs for 
retraction and reorganization of afferents abutting lumbar flexor and 
extensor MNs perikarya after spinalization. Because these MN groups 
differ in vulnerability to pathology, dependent on their firing rates and 
fatigue resistance (Kanning et al., 2010), and differ in loading states in 
paraplegic animals, we could analyze if MN functional state shapes 
CSPGs expression and the steady-state structure of PNNs insulating 
them. 

Evidence strongly suggests that PNNs are associated with activity- 
dependent synaptic plasticity in the brain during development (Pizzor-
usso et al., 2002). Following closure of the critical period in visual 
cortex, adult forms of PNNs develop and may change through maturity 
in the activity-dependent manner (McRae et al., 2007; Myers et al., 
2012). Those observations indicate a critical role of PNNs in consoli-
dating functional circuits during development but also in adjusting the 
number of connections to adapt to altered excitation/inhibition in 
maturity. 

Our assumption was that a distance from the lesion site and time 
postlesion differentiate damage- and inflammation- associated 
segmental dysfunction of neuronal circuits affecting their excitation/ 
inhibition state (Cantoria et al., 2011; Sadlaoud et al., 2010; Ziemlinska 
et al., 2014), CSPGs expression, and activation of glial cells, with the 
latter contributing markedly to the synthesis of three CSPGs core pro-
teins: neurocan (Ncan), phosphacan (Pho), and brevican (Bcan) 
(McKeon et al., 1999; Matsui et al., 2002; Jones et. al., 2003; Andrews 
et al., 2012; Platek et al., 2020). To verify that assumption, we investi-
gated temporal changes (2 and 5 weeks) in expression of 3 groups of 
proteins: (1) Ncan, Pho, Bcan and tenascin-R (Tn-R) crosslinking protein 
(of neuro-glial origin), (2) aggrecan (Acan) and HAPLN1 link protein 
(both of purely neuronal origin in rats), and (3) Neuron-glial antigen 2 
(Ng2; of oligodendroglial and microglial origin), proximal and distal 
from the site of damage, with special attention paid to the vicinity of 
synaptic boutons on perikarya of lumbar MNs. Moreover, we attempted 
to stimulate the network for fiber growth and reorganization in vivo 
with long-term locomotor training assuming that if the treatment 
induced PNN breakdown then the level and distribution of CSPG core 
and link proteins would reflect this. We hypothesized that training 
downregulates CSPG proteins and PNNs enwrapping MNs after SCT, 
facilitating fiber rearrangement and synapse reestablishment, shown 

previously (Macias et al., 2009; Skup et al., 2012). 
We document that SCT at the Th10 segment in adult rats causes 

multi-segmental changes in the transcriptional profiles of CSPG core 
proteins and the PNN linking proteins HAPLN1 and TnR, resulting in 
region-specific patterns of their disturbances along the spinal cord. In 
particular, in L3–6 MNs innervating extensor and flexor muscles of the 
ankle joint, a reduced signaling from synaptic inputs caused an early 
decrease of the transcription rate of majority of transcripts except for 
Acan, which were accompanied by different levels of their proteins in 
the vicinity of synaptic inputs to MN perikarya.A concomitant decrease 
of WFA(+) PNNs in these areas, followed by late upregulation, which 
was comparable around ankle extensor and flexor MNs, speak for 
common PNN destabilization early postlesion with subsequent PNNs 
reinforcement at the chronic phase. Locomotor training tended to 
reduce SCT-upregulated PNNs density, but not HAPLN1 link protein; 
whether targets of facilitatory mechanism are PNN core proteins or 
glycan structures of CSPGs requires further studies. 

2. Materials and methods 

2.1. Animals 

Ninety-one male Wistar rats (260–360 g, 10–12 weeks old at the 
beginning of the experiment) were the subjects of the study. Rats were 
outbred and purchased from the Medical University of Białystok 
(Białystok, Poland). During the experiments, rats were housed under 
standard humidity and temperature conditions with a 12 h light/dark 
cycle and provided free access to food and water. Rats were housed in 
groups of 4–6 prior to surgery, and individually after surgery. Experi-
mental protocols involving animals, their surgery, and care, were in 
compliance with the guidelines of the European Community Council 
Directive of November 24, 1986 (86/609/EEC), September 22, 2010 
(2010/63/EU), the Animal Protection Act of Poland (2017) on the 
protection of animals used for scientific purposes, and were approved by 
the First Local Ethics Committee in Warsaw, Poland. All efforts were 
made to minimize the number of animals used and their suffering. 

2.2. Experimental design 

To investigate spatial and temporal CSPG gene and protein expres-
sion, and PNN distribution and density after complete SCT at the Th10 
segment, rats were divided into 3 subacute (1–2 weeks survival) and 3 
chronic (5–6 weeks survival) groups (Fig. 1A), which received: SCT only 
(groups 2 and 3, n = 14), intramuscular (IM) injections of MN tracers +
SCT (group 1 and 5, n = 24), IM injections of MN tracers + electrode 
implantation + SCT (group 4, n = 6), IM injections of MN tracers + SCT 
+ 5 weeks of treadmill locomotor training (group 6, n = 14). Group no 4 
was prepared for our previous experiments which showed that in the 
second week after SCT the number and volume of excitatory terminals 
formed by glutamatergic Ia sensory afferents and by the cholinergic 
input originating from V0c—interneurons are markedly reduced on MNs 
which innervate functionally different muscles operating at the ankle 
joint (Grycz et al., 2019). Therefore the same material was explored here 
to verify whether CSPGs and PNNs reorganize in the synaptic bouton 
vicinity of MNs perikarya at the time when loss and shrinkage of the 
remaining terminals proceeds. Because rats from this group were 
implanted 2 weeks prior to SCT with cuff electrodes on the TA nerve, the 
minor effect of implantation on MN innervation shown for shams 
(Gajewska-Wozniak et al., 2016) could have contributed to denervation 
responses. 

Rats without spinal cord injury with IM injections of tracers (n = 27), 
and naive, non-operated rats (n = 5), served as controls for the SCT 
groups. 
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2.3. Surgery 

2.3.1. Retrograde labeling MNs 
Rats were anesthetized with isoflurane (1–2.5% in oxygen; Aerrane, 

Baxter, US, Lessines, Belgium) via a stereotaxic anesthesia mask 
following premedication with Butomidor (Butorfanolum, 1.5 mg/300 g, 
s.c., Richter Pharma, Wels, Austria). The skin of the hindlimb was 
shaved, disinfected with 3% hydrogen peroxide, and cut. The biceps 
femoris fascia was incised and the underlying gastrocnemius lateralis 
(GL), tibialis anterior (TA), and soleus (Sol) muscles were then exposed. 
Fluorescence tracers, including cholera toxin conjugated with Alexa 
Fluor 555 or Alexa Fluor 488 (0.1% solution in phosphate buffered sa-
line [PBS], Molecular Probes, US) and Fast Blue (1% aqueous solution, 
Dr. Illing Plastics GmbH, Germany) were injected intramuscularly. Each 
muscle was injected with one tracer in the following volumes: GL (20 μl), 
TA (20 μl), and Sol (5 μl). Injections were done manually with a Ham-
ilton microsyringe with a 22-gauge needle attached. Tracers were 
injected at the one third and two-third of the belly length, in the central 
and both lateral parts, for 30 s each, except for the Sol muscle, which 
received injections only in the middle of the belly length. After a 5 min 
delivery of the tracer, the needle was kept in the muscle for at least 3 min 
to avoid leakage of the dye and was then slowly withdrawn. The 

injection site was cleaned with warm 0.9% NaCl solution, and the biceps 
femoris muscle and skin were sutured. Following surgery, the rats were 
placed into warm cages and were inspected until they fully awakened. If 
needed, plastic collars (Harvard Apparatus, Holliston, Massachusetts, 
US) were put on animals to protect their wounds from licking, and the 
rats were placed in individual cages. After the IM injection of tracers, the 
antibiotic Baytril (Enrofloxacinum 5 mg/kg; Bayer GmbH, Leverkusen, 
Germany) and the analgesic Tolfedine (Tolfenamic acid 4%, 4 mg/kg, s. 
c., Vetoquinol S.A., Lure Cedex, France) were administered daily for the 
first five postoperative days. 

2.3.2. SCT 
Approximately two weeks after IM injection of tracers animals were 

anesthetized and a complete SCT was performed at the Th10 level, as 
described previously (Macias et al., 2009; Skup et al., 2012). Briefly, the 
caudal thoracic vertebrae were exposed by incision of the skin and 
muscles with a scalpel. A laminectomy was performed at the level of the 
Th8/9 vertebrae. The dura was opened and lignocainum hydrochloricum 
(2% solution; Polfa Warszawa S.A., Poland) was applied to the surface of 
the spinal cord. The spinal cord was then completely transected using 
surgical scissors and the gap between the rostral and caudal stumps was 
enlarged by aspiration to approximately 1 mm. The area was then 

Fig. 1. A. Flow chart of the animal treatment procedures. Tracer injections to the muscles, spinal cord transection, and locomotor training were carried out. 
Postmortem assays of gene (RT-qPCR) and protein (ELISA, IF) expression, and PNN distribution (WFA labeling) followed. LMD – Laser microdissection. B. Example of 
the typical location of MNs innervating the TA muscle in the lumbar (L4) spinal segment. The grey matter border is outlined in yellow. Retrogradely traced MNs 
(framed) identified with Cholera toxin subunit B injected to the muscle belly are shown enlarged. C. Spinal cord sampling for transcript (RT-qPCR) and protein 
(ELISA) concentration measurement. Each segment was cut transversely into sections to collect material for RT-qPCR and ELISA, or longitudinally for the purpose of 
MN LMD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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washed with 0.9% NaCl and dried with absorbable cellulose. After 
careful inspection of the lesion area by means of a surgical microscope 
(Seiler Colposcope 955 Seiler Precision Microscopes, St. Louis MO, US), 
the surrounding tissues and skin were sutured. After the surgery, about 
5 ml of 0.9% NaCl solution was injected subcutaneously. The antibiotic 
Sultridin (24% Sulfadiazine + Trimethoprim, 30 mg/kg, Norbrook, 
Ireland) was administered over five days and the analgesic Vetaflunix 
(Flunixin meglumine, 2.5 mg/kg, VET AGRO, Poland) for three days. 
The bladder was manually emptied until the second week after surgery, 
when spontaneous micturition usually returned. The animals had no 
health problems for weeks after spinalization, except for occasional 
bladder bleeding during the initial post-surgery days. 

2.3.3. Locomotor training 
The procedures for moderate locomotor training of spinal rats were 

the same as those described previously (Skup et al., 2012). After one 
week of recovery, rats were gradually accustomed to treadmill walking 
with the two forelimbs placed on a platform located 1 cm above the belt 
and the hindlimbs placed on the running treadmill. The experimenter 
assisted rats by holding and pressing the tail in order to trigger loco-
motor movements, and optimizing the positioning of the hindlimbs for 
weight support. Under these conditions, stepping-like movements 
returned after 4–5 days. Locomotor training was carried out for 5 weeks, 
5 days a week. The daily training consisted of six or seven walking 
sessions, lasting approximately 3 min each, separated by approximately 
30 min of rest in the home cage. 

2.4. Tissue processing for RT-qPCR and ELISA 

Rats were deeply anesthetized with a lethal dose of Morbital 
(pentobarbital 120 mg/kg, Biowet Puławy Sp. z o.o., Poland) and 
perfused transcardially with 250 ml of ice-cold 0.01 M PBS ([in mM] 154 
NaCl, 1.3 Na2HPO4, 2.5 NaH2PO4, pH 7.4). Spinal cords were immedi-
ately dissected in the cold room and divided into five consecutive seg-
ments to analyze the cranio-caudal distribution of gene transcripts and 
proteins, and to examine the kinetics of their changes in relation to the 
distance from the lesion site: (1) the thoracic Th8–9 segment, (2) the 
Th10 segment including the lesion site, (3) the thoracic Th11–13 
segment, (4) the upper lumbar L1-L2 and (5) the lower lumbar L3-L6 
segments (Fig. 1B,C). Segments were cut into transverse 0.8 mm sec-
tions, which were alternatively collected for transcript (RT-qPCR) and 
protein (ELISA) expression measurement. Collected samples were frozen 
on dry ice and stored at − 80 ◦C until use. 

2.5. RNA isolation from spinal cord segments and transcription to cDNA 

Total RNA was isolated from homogenates of spinal cord samples 
from spinalized (2 and 5 weeks after SCT) and control rats using the 
Gene MATRIX Universal RNA Purification Kit E3598 (EURx Sp. z o.o., 
Gdansk, Poland), following the manufacturer's protocol. Crude tissue 
homogenates (4% w/v) were prepared in buffer provided by the 
manufacturer, using an Ultraturrax T8 tissue disperser (IKA-Werke 
GmbH & Co. KG, Staufen, Germany; 2 × 30 s; 5 s intervals for cooling). 
Genomic DNA was degraded by DNase I treatment. The isolated RNA 
samples were stored at − 80 ◦C until analysis. One μg of total RNA from 
each sample was reverse transcribed to cDNA using a Transcriptor First 
Strand cDNA Synthesis Kit (Roche Applied Science, Penzberg, 
Germany). 

2.6. Tissue preparation and isolation of extensor and flexor MNs using 
laser microdissection (LMD) 

Microdissection procedures were the same as those described pre-
viously (Grycz et al., 2019). Lumbar spinal cord L3–6 segments [where 
Gastrocnemius Lateralis (GL) MNs, from mid-L4 to caudal L6, and Tibialis 
Anterior MNs (TA), from mid- L3 to the rostral part of L5 are located] 

from spinal and control rats were dissected immediately after animal 
perfusion with ice-cold saline. Segments were surrounded by Jung 
tissue-freezing medium (Leica, Nussloch, Germany), frozen, and cut into 
20 or 25 μm thick longitudinal, horizontal sections using a cryostat 
(Leica CM1850) at − 20 ◦C. Sections were mounted onto RNase-free PET- 
Membrane Frame Slides (Leica, cat. no 11505190), which were imme-
diately placed in a dry ice-precooled box and stored at − 80 ◦C until 
processing (up to several weeks). Prior to LMD, sections were dehy-
drated in a series of ethanol solutions (in ascending concentration up to 
100%) and xylene. A Leica Laser Microdissection system (LMD7000) 
was used to extract GL and TA MNs labeled with tracers. Single slides 
were placed in the LMD system and MNs were identified, selected, and 
then microdissected with a UV laser under the microscope (objectives 
x10, 0.32 NA and x63, 0.7 NA). The dissected MNs were dropped via 
gravity into RNase-free tubes filled with extraction buffer. To limit RNA 
degradation, samples were collected for up to 60 min per slide. Collected 
MNs were incubated with extraction buffer for 30 min at 42 ◦C to lyse 
the cells. The lysates were then centrifuged, frozen, and stored at 
− 80 ◦C. The total RNA from GL and TA MNs was isolated using an 
Arcturus PicoPure™ RNA Isolation Kit (Applied Biosystems, Thermo 
Fisher Scientific) according to the manufacturer's protocol. RNA was 
then pre-amplified and reverse-transcribed using a QuantiTect® Whole 
Transcriptome kit (Qiagen). The concentration of the cDNA was deter-
mined using a Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher 
Scientific). 

2.7. RT-qPCR 

Duplex RT-qPCR was conducted for each target transcript (FAM-495) 
in parallel with reference transcript (Cy3–555) using a LightCycler 96 
Real-Time PCR System (Roche Applied Science, Penzberg, Germany) 
with Universal Probe Library (UPL) probes and a LightCycler 480 Probes 
Master kit (Roche Applied Science, Penzberg, Germany). Repeated pair- 
wise correlation analysis with the Bestkeeper tool was performed on the 
sample data, and showed very high and comparable stability of 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and actin beta 
(Actb) reference genes. Gapdh was slightly more stable in material 
extracted from the MN samples (r = 0.92 vs. 0.89 for Actb), therefore it 
was selected for further assays. Gene-specific probes and forward and 
reverse primers (Table 1) were designed using Universal Probe Library 
Assay Design Center software (Roche Applied Science, Penzberg, 
Germany). 

The 2-ΔΔCt method has been used as a relative quantification 
strategy for data analysis based on the target and reference genes' Ct 
(cycle threshold) value (i.e., the cycle number at which the amplification 
curve reaches the threshold line). 

2.8. ELISA of CSPGs and HAPLN1 concentration 

Tissue samples were homogenized using an IKA Ultraturrax T8 tissue 
disperser in 20 vol of PBS (20 mM, pH 7.0–7.2) for a minimum of 1 min. 
The homogenates were frozen on dry ice, thawed twice, and then 
centrifuged for 15 min at 10,000 x g at 4 ◦C. The collected supernatants 
were stored at − 80 ◦C until analysis. 

Ncan concentration was measured with a rat ELISA Sandwich Kit 
(MBS2704259, MyBioSource, San Diego, US), according to the manu-
facturer's instructions. Bcan and HAPLN1 concentrations were measured 
with a rat ELISA competitive kit (Bcan - MBS732282; HAPLN1 - 
MBS7233968, MyBioSource, San Diego, US), following the manufac-
turer's protocols. The sample dilution was adjusted so that the absor-
bance readings corresponded to values in the middle of the standard 
curve. Samples were run in duplicate. Absorbance was measured by 
means of a Sunrise spectrophotometer (Tecan Group Ltd., Mannedorf, 
Germany). Results were calculated by subtracting the absorbance of a 
blank sample (450 nm) and of plastic wells (570 nm) from the absor-
bance of test samples (450 nm). 
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Protein concentration was determined on plates by the modified 
Bradford method (Bradford, 1976) using a Bradford Protein Assay (Bio- 
Rad, Munich, Germany) with bovine serum albumin (BSA) as a standard. 
Briefly, 0.15 ml of BSA solution containing 1.25–20 pg protein and 
diluted test samples were pipetted into the plate in duplicate. An equal 
volume of the Bradford reagent was added to each well. Absorbance at 
595 nm was measured with a Sunrise spectrophotometer (Tecan Group 
Ltd., Mannedorf, Germany). A standard curve was prepared and a 
regression coefficient was calculated to determine the linearity of the 
curve. The absorbance of each experimental sample was compared with 
values from the standard curve and total protein concentration in each 
sample was calculated. 

2.9. Tissue processing and immunostaining of CSPGs and HAPLN1 link 
protein 

Rats were terminally anesthetized with Morbital (pentobarbital 120 
mg / kg, i.p., Biowet Puławy Sp. z o.o. Poland) and transcardially 
perfused with 250 ml of ice-cold 0.01 M PBS, followed by 500 ml of 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Spinal cords 
were dissected and postfixed at 4 ◦C in PFA for 1–2 h. Next, spinal cords 
were cut into segments, cryoprotected stepwise in 10%, 20% and 30% 
sucrose in 0.1 M PB, and stored at 4 ◦C until use. 

For sectioning, the segments were surrounded by Jung tissue- 
freezing medium (Leica, Nussloch, Germany), snap-frozen at − 80 ◦C, 
and cut into 25 μm thick transverse sections using a Leica CM1850 
cryostat. Sections were kept free-floating in anti-freeze cryoprotectant 
solution (300 ml glycerol, 500 ml 0.05 M PB pH 7.4, supplemented with 
150 g sucrose and 90 mg thimerosal [Sigma-Aldrich, St. Louis, MO, US]) 
and stored at − 18 ◦C until immunostaining. Immunofluorescence (IF) 
labeling was carried out on sections containing retrogradely-traced MNs 
and on sections with no traced MNs located in L3–L6 segments. Sections 
were washed (3 × 5 min) in PBS and then incubated for 45 min with 5% 
normal goat, donkey, or rabbit serum (see Table 2) to block non-specific 
staining. Next, sections were incubated overnight at 4 ◦C with primary 
antibodies in 0.2% Triton X-100 in PBS (PBST). 

The following day, spinal cord sections were washed with PBST and 

incubated with the appropriate secondary antibodies for 1 h at room 
temperature. Next, sections were washed 4 times in PBS, mounted onto 
glass slides, air-dried, and coverslipped with Mowiol 4–88 medium. 

2.10. WFA fluorescence staining of PNNs 

Staining was carried out on free-floating sections containing traced 
MNs, prepared as for the CSPGs and HAPLN1 link protein staining. 
Sections were washed 3 times in PBS and then blocked for 45 min with 
5% normal goat serum followed by incubation with biotinylated Wisteria 
floribunda agglutinin (WFA; Vector B–1355-2, Burlingame, US; 1:1000) 
in PBST overnight at 4 ◦C. The next day, sections were washed 3 times in 
PBS and incubated with the AF488-conjugated Streptavidin for 1 h at 
room temperature. After washing 3 times, 5 min each in PBS, sections 
were mounted onto glass slides, air-dried, and coverslipped with Mowiol 
4–88 medium. 

Table 1 
List of probes and primers.  

Gene UPL Probe Accession 
number 

Primers 5′- > 3′

(F- forward, R- reverse) 

Gapdh Reference probe: 
tttggcatcgtg 

NM_017008.4 F: ctgcaccaccaactgcttag 
R: tgatggcatggactgtgg 

Actb 
Reference probe: 
accgtgaaaagatgacccag NM_031144.3 

F: aggcccctctgaacccta 
R: ggggtgttgaaggtctcaaa 

HAPLN1 # 65 ctggagga NM_019189.2 
F: tccctgatcatcacagatctca 
R: 
gaaagtaagggaacaccacacc 

Bcan # 113 ctggagga NM_012916.2 F: aagcagaaccgcttcaatgt 
R: ctggaggcctcagagaagg 

Ncan # 67 ctccagca NM_031653.2 
F: ctcccctacgtctgcaagaa 
R: gtacttgaccttgcgcacac 

Pho # 125 cttggagc U04998.1 

F: 
caaatgggtttattagccagatg 
R: 
gcacacatctgtattctaggttgc 

Acan # 56 ggacagca NM_022190.1 F: tggctgcaggaccagact 
R: cgccataggtcctgactcc 

Ng2 # 82 ctcctctg NM_031022.1 
F: cccacctcaaagtcccctat 
R: tcaggtaaggcaggtcaagg 

Tn-R # 107 gcccagca NM_013045.1 

F: 
ttctagctttacagggtgagagc 
R: 
gcaagagaaaacaagggttca 

Gfap # 64 cagcctgg NM_017009.2 F: tttctccaacctccagatcc 
R: tcttgaggtggccttctgac 

Iba1 # 107 gcccagca D82069.1 
F: tccgaggagacgttcagttac 
R: 
gaatcattctcaagatggcaga  

Table 2 
Antibodies and sera used in IF labeling experiments.  

Primary antibody (1◦Ab) 

Antigen/catalog no. Host Dilution Company 

Ncan (1F6) Mouse 1:500 
Developmental Studies Hybridoma 
Bank; University of Iowa, US; 
RRID: AB_2149837 

Pho (P8874) Mouse 1:5000 Sigma- Aldrich, Saint Louis, US; 
RRID: AB_796162 

Bcan (610894) Mouse 1:200 
BD Biosciences, England; RRID: 
AB_398211 

Acan (MAB5284) Mouse 1:500 
Sigma- Aldrich, Saint Louis, US; 
RRID: AB_2219944 

HAPLN1 (AF2608) Goat 1:100 Bio-Techne - R&D Systems, 
England; RRID: AB_2116135 

NG2 (AB5320) Rabbit 1:500 Merck Millipore, Billerica, US; 
RRID: AB_91789 

GFAP (Z0334) Rabbit 1:500 
Dako Cytomation, Denmark; RRID: 
AB_10013382 

Iba1 (ab5076) Goat 1:500 
Abcam, Cambridge, MA, US; RRID: 
AB_2224402  

Secondary antibody (2◦Ab) fluorochrome conjugated 
Fluorochrome +

antigen /catalog no. 
Host Dilution Company 

Alexa Fluor 594 anti- 
mouse (A-11032) Goat 1:500 

Invitrogen, Carlsbad, CA, US; 
RRID: AB_2534091 

Alexa Fluor 568 anti- 
mouse (A-11019) Goat 1:500 

Invitrogen, Carlsbad, CA, US; 
RRID: AB_143162 

Alexa Fluor 488 anti- 
mouse (715–545- 
150) 

Donkey 1:500 
Jackson Immuno-Research Lab. 
Inc. West Grove, PA, US; RRID: 
AB_2340846 

Alexa Fluor 594 anti- 
rabbit (711–585- 
152) 

Donkey 1:500 
Jackson Immuno-Research Lab. 
Inc. West Grove, PA, US; RRID: 
AB_2340621 

Alexa Fluor 647 anti- 
rabbit (A-31573) Donkey 1:500 

Invitrogen, Carlsbad, CA, US; 
RRID: AB_2536183 

Alexa Fluor 488 anti- 
goat (705–545-003) Donkey 1:500 

Jackson Immuno-Research Lab. 
Inc. West Grove, PA, US; RRID: 
AB_2340428 

Alexa Fluor 594 anti- 
goat (A-11080) Rabbit 1:500 

Invitrogen, Carlsbad, CA, US; 
RRID: AB_2534124  

Serum 
Biological source Catalog no. Company 
Normal Donkey 

Serum, NDS 
(ab7475) 

Abcam plc, Cambridge, GB; RRID: 
AB_2885042 

Normal Goat Serum, 
NGS 

(S-1000-20) Vector Laboratories, Burlingame, 
CA, US; RRID: AB_2336615 

Normal Rabbit Serum, 
NRS (S-5000-20) 

Vector Laboratories, Burlingame, 
CA, US; RRID: AB_2336619  
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2.11. Image acquisition and analysis of IF signal distribution around MNs 

2.11.1. Image acquisition 
Wide field images were acquired with a Nikon Eclipse 80i micro-

scope using 10× (0.30 N.A. DIC L/N1), 20× (0.50 N.A. DIC M/N2) and 
40× (0.75 N.A. DIC M/N2) objectives, and captured with a mono-
chromatic CCD camera model Evolution VF (Media Cybernetics, Inc. 
Silver Spring, MD). High-resolution images were captured by a Zeiss 
LSM 780 inverted confocal microscope (Carl Zeiss, Jena, Germany) with 
a 40× oil-immersion objective (NA 1.40 DIC; a resolution of 2700 ×
2700 pixels). At least 15 optical sections with voxel dimensions 0.065 
μm × 0.065 μm × 0.21 μm (XYZ axes) were acquired for each MN. 
Acquisition parameters were adjusted to maintain fluorescence intensity 
below saturation values, and imaging parameters were kept constant 
across control and experimental samples. 

Image-Pro Plus 7.0, 10.0 software was used for editing, assembling, 
and quantification analysis of the protein signal from the digital mi-
crophotographs. Fiji software (Schindelin et al., 2012) was used for 
tiling, merging, and assembling the images. 

2.11.2. Analysis of CSPGs and HAPLN1 IF labeling in rims around MNs 
Analysis no. 1 was aimed at comparing overall CSPG IF intensity in 

rims around extensor and flexor MNs (Table 3), as described previously 
(Wieckowska et al., 2018). Profiles of MN perikarya were outlined. The 
outline was dilated by 1.8 μm and the fluorescence intensity of CSPGs 
and HAPLN1 were measured in this area. The resulting rim covered the 
zone occupied by synaptic inputs, which was also location of the most 
intense IF signal, as sampled in the majority of MNs. 

Analysis no. 2 aimed to establish the spatial relation of the Ncan and 
HAPLN1 labeling area (each parameter measured in 4–6 MNs/group) to 
overall PNN labeling around lumbar MNs. Z-stacks of confocal images 
were subjected to a deconvolution procedure using Huygens Profes-
sional software (Scientific Volume Imaging, Hilversum, Netherlands) to 
reduce the image distortion arising from light scattering. The CSPG, 
HAPLN1 and PNN signals were measured based on the line profiles built 
across a cell from the start of rising to the end of falling of the peak, as 
shown in Fig. 2. 

2.11.3. Analysis of PNN WFA labeling in rims around MNs 
An analysis of thresholded vs. total signal intensity was performed to 

differentiate between changes in the condensed and dispersed compo-
nents of the PNNs. The more intensive staining of WFA was described in 
the literature as a more mature component and less intense as the ju-
venile part of PNN (Cabungcal et al., 2013; Chen et al., 2015; Foscarin 
et al., 2011). We hypothesized that some dynamics in these two com-
ponents can be seen after spinal injury with subsequent locomotor 
training. A more condensed structure could help preserve synaptic 
connections, and dispersed one facilitates synaptic plasticity. After 
standard analysis we knew the general direction of changes, but the 
contribution of each component was unknown. The limit value was 
chosen by the experimenter after a careful analysis of several images 
from each group by subjectively setting the threshold to reflect the 
dispersed and condensed components of the net in the best possible way. 
The average value of 23 was chosen to use in the entire analysis. 

Sixteen to 32 cells per animal from the L4–5 segments hosting Sol, GL 
and TA MNs, in the subacute group (second week; 2 W) and 27–44 cells 
in the chronic group (6 weeks; 6 W) were analyzed. The process of 
analysis was similar to the one described for CSPGs and HAPLN1 where 
dilated MN's outlines were applied as a mask to the original image. 
Additionally, for groups sacrificed at 6 W after injury, MNs were imaged 
with the use of a confocal microscope and a signal in 1.8, 3.6 and 5.4 μm 
wide rims was examined. Because the preliminary analysis done on 12 
cells showed negligible differences among 6 sequential confocal optical 
sections (0.21 μm width in Z axis each) from the region of the widest cell 
diameter, a single optical slice/animal, representing the widest diameter 
of visualized cell, was taken for further analysis. 

2.11.4. Statistical analysis and data presentation 
The Shapiro-Wilk test was used to verify the normality of the data 

distribution. To assess the influence of the post-lesion time and origin 
(spinal region) of the sample on the investigated markers, and to 
compare temporal effects within each spinal segment examined, we used 
two-way ANOVA followed by Tukey's post-hoc tests. If the normality of 
the data distribution was violated in sets of data, the Kruskal-Wallis test 
with Dunn's post hoc test, or the non-parametric Mann-Whitney U test 
was used in these cases. The relationships between pairs of variables 
revealing transcript expression in the same spinal cord segment was 
analyzed with Pearson's correlation of the variables expressed as percent 
of control. To search for patterns and relationships between the 
measured mRNA levels, principal component analysis (PCA), a dimen-
sion reduction method with varimax rotation, was applied (prcomp 
function). The aim of the transformation is to maximize the variance in 
data in such a way that PCs are mutually orthogonal (obtained by 
diagonalization of the covariance matrix), which can be understood as 
the independence of target PC variables. These linear combinations of 
the observed variables are useful to visualize and group the measured 
samples. PCA allowed for the detection of the major sources of variation 
and to determine correlations in a multidimensional data set. For visu-
alization of this data set an R software (ggplot2, ggfortify, cluster, tidyr 
and statix) interface was used. 

All quantitative results are shown as mean ± standard error of the 
mean. Box-and-whiskers plots are defined such that the boxes extend 
from the lower to upper quartile values of the data, with a thick line at 
the median. In Supplementary Figure 1 individual data points are 
overlaid on the boxes. Statistical tests were performed using R and Prism 
v.8 (GraphPad) software. Figures were generated using ImageJ and 
CorelDraw v.19 software. 

3. Results 

3.1. Gene expression of PNN protein constituents and their distribution in 
the rat spinal cord 

In the spinal cord, the regional gene expression and coexistence of 
protein moieties of major constituents of PNNs have received limited 
attention (Galtrey et al., 2008; Jager et al., 2013). We aimed at first to 
characterize the distribution of their transcripts in a cranio-caudal 
dimension in the spinal cord and found that each of the PNN 

Table 3 
The number of MNs (and rats) selected for measurements of IF signal in the area of synaptic boutons abuting MN perikarya.  

Group Time 
Post-SCT 

LG MN Sol MN TA MN Non-traced MNs 

Ncan HAPLN1 Ncan HAPLN1 Ncan HAPLN1 Bcan 

Control 9 days 15 (4) 21 (6) – – 22 (4) 45 (5) 40 (7) 
SCT 5 (3) 10 (6) – – 6 (2) 16 (4) 42 (7) 
Control 6 weeks 20 (5) 9 (5) 26 (5) 15 (5) 28 (5) 14 (5) 20 (5) 
SCT 43 (7) 31 (7) 44 (7) 44 (7) 31 (7) 26 (7) 17 (6) 
SCT + 5 W Loc* 34 (7) 20 (7) 30 (7) 30 (7) 36 (7) 41 (7) – 

*Loc– locomotor training; LG – Gastrocnemius lateralis; Sol – Soleus; TA – Tibialis anterior. 
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components, including Ncan, Pho, Bcan, Acan, Tn-R, and HAPLN1 tran-
scripts, express at comparable levels in thoracic (Th8–13) and lumbar 
(L1–6) segments (Fig. 3), despite the anatomical (segment-specific 
neuronal nuclei and inputs) and neurochemical heterogeneity of spinal 
tissue. In contrast, at each level there were marked quantitative differ-
ences between these constituents. The Bcan mRNA level exceeded 
tenfold the level of Ncan mRNA, and was even higher than the expres-
sion level of the remaining constituents. The microdissected MNs 
located in L3–6 segments showed lower expression of CSPGs and 
HAPLN1 genes (except for Pho, data not shown) than tissue from the 
whole segments, but the prevalence of Bcan and Ncan expression over 
other genes characterized these cells as well (Figs. 7, 8). 

3.2. Spatio-temporal changes in gene expression of CSPGs and linking 
proteins after SCT 

After complete transection of the spinal cord (SCT), expression of all 
genes encoding the examined PNN proteins was altered (Fig. 3). Two- 
way ANOVA revealed that both (1) time after transection and (2) spi-
nal cord region constituted significant main factors that influenced 
changes in mRNA levels among all but one (Acan) of the investigated 
transcripts (for particular F and p values see Repository). Post-hoc 
analysis revealed that significant differences in mRNA levels between 
the subacute (2nd week; 2 W) and chronic (5 weeks; 5 W) postlesion 
phases occurred at the (1) lesion site (for the Ncan, Acan and Ng2), (2) at 
Th11–13 segments (Pho), and (3) in L1-L2 lumbar segments (Pho and Tn- 
R), indicating that extensive changes in these components developed or 
continued between 2 and 5 W postlesion, reaching lower lumbar 
regions. 

3.2.1. Site of transection 
At the injury site, gene responses varied from increases in the 

expression of Ncan, Bcan and Ng2 (proteins of mixed neuro-glial origin) 
to decreases in the expression of Acan and HAPLN1 (proteins of purely 
neuronal origin in rats) (Fig. 3). In the subacute phase, Ncan mRNA 
levels increased almost five-fold in relation to its level in non-operated 
rats (p < 0.0001), and was accompanied by a 70% increase in Bcan 
mRNA levels (p = 0.013). By contrast, HAPLN1 transcript decreased 

over seven-fold (p = 0.002). 
At 5 W postlesion, the Ncan transcript levels decreased compared to 

2 W levels (Ncan 2 W vs. 5 W: p = 0.006), whereas Ng2 transcript levels 
increased over five-fold (p < 0.0001 vs. control). At this phase, HAPLN1 
transcript levels were maintained at 10% of the control level (p = 0.002 
vs. control; 2 W vs. 5 W: ns), accompanied by a late drop in Acan levels to 
23% of control (p = 0.0004 vs. control; 2 W vs. 5 W: p < 0.0001). 

3.2.2. Thoracic segments rostral to the lesion site 
At middle thoracic segments (Th8–9) in the subacute phase Ncan 

expression was increased less than at the lesion site (2.5-fold increase 
above control level, p = 0.011) with no change in Bcan Pho, Tn-R and 
Ng2 transcripts and a decrease by 70% of the HAPLN1 gene (p = 0.027). 
In the chronic phase, a trend for increased Ncan expression (p < 0.0001 
vs. control; 2 W vs. 5 W: p = 0.13) and Ng2 (2 W vs. 5 W: p = 0.20) was 
observed, with no further change in HAPLN1 mRNA levels (p = 0.039 vs. 
control; 2 W vs. 5 W: ns) and Acan (ns). 

3.2.3. Thoracic segments caudal to the lesion site 
In Th11–13 segments, the levels of Ncan, Pho, Bcan and Tn-R tran-

scripts were markedly increased. The kinetics of these increases varied 
between the genes with a 3.5-fold Ncan increase at 2 W (p < 0.0001), 
followed by marked Bcan, Pho, Tn-R and Ng2 increases at 5 W (p =
0.025, 0.0018, 0.019 and 0.026, respectively). There was a trend to a 
50% increase in Acan transcript levels in the chronic phase (p = 0.087 vs. 
control; Fig. 3). This profile characterized all transcripts except the 
HAPLN1 mRNA level. 

3.2.4. Lumbar segments 
Fig. 3 shows that in the upper lumbar segments L1-L2, a 3-fold 

elevation of Ncan mRNA levels occurred already at 2W, with a ten-
dency toward further increases during the 3 subsequent weeks (2 W: p =
0.017; 5 W: p < 0.0001 vs. control; 2 W vs. 5 W: p = 0.071). Bcan mRNA 
levels revealed the same profile of changes, with a 40% increase at 2 W 
(p = 0.032) and 50% at 5 W (p = 0.019). Acan tended to increase at 2 W 
(p = 0.10), whereas Pho and Tn-R were increased only at 5 W (Pho: p <
0.0001; 2 W vs. 5 W: p < 0.0001; Tn-R: p = 0.019; 2 W vs. 5 W: p =
0.128). In L3-L6 segments, only tendencies to an increase of transcripts 

Fig. 2. Example of HAPLN1 IF signal distribution measured in the proximity of MNs in the lumbar segment of the spinal cord in a control rat. A. The highest IF 
intensity was observed in the rim around MNs. B. The graph presents intensity of the IF signal of HAPLN1 staining along the line profile (violet line in panel A) of a 
cross section of the lumbar segment. R- rising of the peak (P), F- falling of the peak. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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were found, with a two-fold increase in Ncan in the subacute phase (2 W: 
p = 0.22), and a 30% increase of Acan at 5 W (p = 0.090). Fig. 4A shows 
the segmental patterns of cumulated changes in gene expression of PNN 
constituents and of marker proteins of astrocytes, oligodendrocytes and 
microglial cells at 2 W and 5 W, for comparison of their response 

patterns. 

3.3. Glial response to SCT and analysis of dependencies among the data 

The existing literature indicates a mixed neuro-glial origin for Ncan, 

Fig. 3. SCT altered gene expression of CSPGs, Tn-R and HAPLN1 linking molecules, and NG2 in segments rostral and caudal to the lesion site at two (dark grey bars, 
n = 8) and five (black bars, n = 6) weeks after trauma. The light grey bars represent transcript levels control rats (n = 5). The results are means + SEM. The 
significance of intergroup differences was tested using an ANOVA with Tukey's post-hoc test (#0.05 < p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001). 
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Fig. 4. A Box plots showing cumulated changes 
in the expression of genes encoding the com-
ponents of PNNs and glial markers (GFAP, NG2 
and Iba1) between 2 weeks and 5 weeks after 
SCT. The ordinate represents ratios of gene 
expression values in spinal vs. control rats; the 
scale on the left serves all genes but Iba1a, the 
changes of which are expressed on the right 
scale. Boxes show the lower (first; Q1) and 
upper (third; Q3) quartiles of the results ob-
tained, bold black lines indicate the medians 
(Q2), whiskers denote the greatest and the least 
non-outlier data, black dots denote the average 
values, and black lines denote the trends. 
B. PCA biplots for the transcript levels in spinal 
cord regions. Biplots containing the scatter 
plots of data points after PCA transformation 
projected into the first two principal compo-
nents (PC1 and PC2) combined with the plot of 
vectors in the ellipse representing features 
contributing to unit-length PC1 and PC2. Vector 
direction indicates the influence of the variable 
on the PC1/PC2. Vector length reflects standard 
deviation. Colors of data points and of ellipses 
represent different regions. The same sample 
size was used for each spinal cord region (n =
19).   
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Bcan, Pho and Tn-R (Bartsch et al., 1993; Wintergerst et al., 1993; 
McKeon et al., 1999; Gutowski and Cuzner, 1999; Matsui et al., 2002; 
Jones et al., 2003; Andrews et al., 2012; Platek et al., 2020). Because at 
the lesion site, where a substantial loss of neurons is accompanied by 
scar formation involving non-neuronal cells, the only CSPGs which 
greatly increased their expression were Ncan and Bcan (increased also in 
the low thoracic and upper lumbar segments), we evaluated the rostro- 
caudal activation of astrocytes, OPC and microglial cells, to shed light on 
their potential contribution to the synthesis of CSPG transcripts. SCT 
caused a profound, multisegmental increase in the mRNA expression of 
glial fibrillary acidic protein (GFAP), a marker of mature and reactive 
astrocytosis, in Iba1, a microglial marker (McKeon et al., 1991; Yang and 
Wang, 2015), and in NG2, reflecting activation of the OPC (Nishiyama 
et al., 1991; Filous et al., 2014) and microglia (Yokoyama et al., 2006; 
Huang et al., 2020).The most pronounced upregulation of these genes 
occured at 5 W (Fig. 4A), with the strongest response in microglial cells, 
reaching a 50-fold increase. At 2 W, microgliosis prevailed in the 
thoracic segments caudal to the lesion site, whereas at 5 W, it was 
profound at the lesion site and in the L1–2 region, thus showing the 
development and spread of its long-term activation. 

Pearson's analysis and revealed strong correlations of early changes 
in several CSPG transcripts of mixed origin with changes in Gfap. The 
astroglial response was strongly correlated with the Bcan response at the 
lesion site (r = 0.708; p = 0.049) and caudal to the lesion site (Th11–13; 
r = 0.756; p = 0.030), but not in the lower lumbar region. This suggests a 
change in the reactive phenotype of astrocytes distal to the lesion. 
Indeed, only in the L3-L6 region, Gfap mRNA levels correlated with Ncan 
(r = 0.766, p = 0.027), and tended to correlate with Pho (r = 0.646, p =
0.117) and Tn-R (r = 0.580, p = 0.131) mRNA levels, confirming 
dissimilarity of L3-L6 to other regions in the tissue response. Ng2 mRNA 
levels marking OPC correlated in the perilesional areas with Pho mRNA 
levels only (Th8–9: r = 0.853, p = 0.066, Th11–13: r = 0.772, p =
0.024), whereas in L3–6 region it correlated exclusively with Bcan (r =
0.658, p = 0.007) and Tn-R (r = 0.760, p = 0.029) transcript levels. 

3.4. Principal Component Analysis (PCA) 

To reduce the multiple variables to smaller set of mutually inde-
pendent (uncorrelated) ones called principal components (PCs), PCA 
was carried out (Fig. 4B). Due to the ordering of PCs arranged by 
decreasing significance (i.e., decreasing contribution to the variance), 
only the first several principal components are key to the analysis. We 
focused on variables constituting the majority of PC1 and PC2. 

The PCA bi-plots allowed us to confirm correlations between some of 
the variables. The highest variances after 2 W from the SCT were 
observed within the correlated Ncan, Pho and Ng2 genes that present 
higher values, especially in the Th11–13 and L1-L2 regions. The highest 
variance after 5 W from the SCT was seen with the gene Gfap in the L3-L6 
region, and was not correlated with any other marker in that region. A 
negative correlation with other genes was found for the HAPLN1 gene. 
Because each PC is a linear combination of original features and does not 
allow one to recognize the meaning of the individual characteristic, we 
could conclude that PC1 consisted mainly of Gfap, Pho, Ng2 and Ncan 
and explained over half of the variance (52.10%). Repeated PCA anal-
ysis, restricted to variables representing PNN components revealed that 
PC1, which again consisted mainly of Pho, Ng2 and Ncan, explained 
64.9% of variance. 

3.5. Temporal changes in NCAN, BCAN and HAPLN1 protein 
concentration in selected segments 

The increase in the rates of transcription of CSPGs genes may be 
expected to lead to the increase in the levels of the corresponding pro-
teins. Some studies have noted that certain classes of genes have higher 
correlations, often those for which reasons to expect tight synchrony can 
be generated: e.g., secreted proteins (Koussounadis et al., 2015). The 

multisegmental increase in Ncan mRNA expression and the profound 
decrease in the level of the HAPLN1 transcript at the lesion site and in 
the vicinity of the lesion, progressing in time, provided a rationale for 
characterizing the level of proteins encoded by these transcripts. Also, as 
recent works strongly indicated that BCAN contributes to the regulation 
of synaptic transmission (Blosa et al., 2013; Favuzzi et al., 2017), which 
is substantially changed after SCT, we included BCAN in the analysis. We 
examined samples from thoracic segments adjacent to the lesion, and 
L3-L6 lumbar segments, where GL, Sol, and TA MN classes of our in-
terest, innervating the extensor and flexor muscles of the ankle joint are 
located (Skup et al., 2012; Gajewska-Wozniak et al., 2016; Grycz et al., 
2019). 

In control, naive rats, NCAN, BCAN and HAPLN1 showed compara-
ble IF distribution patterns in motor nuclei, with signal concentrated 
around MNs perikarya (Fig. 5). In addition, BCAN was detected in 
clusters associated with small, unidentified cells. Large differences in 
concentrations between the proteins under study were found. The NCAN 
concentration was three orders of magnitude higher than the BCAN and 
HAPLN1 concentrations (Fig. 5); their ratios were comparable between 
Th11–13 and L3-L6 segments. There was a striking relation between 
Bcan and BCAN in these segments, indicating that, in the spinal cord, a 
rich pool of Bcan transcripts is maintained to serve the synthesis of BCAN 
and support its dynamic turnover in association with the regulation of 
synaptic events (Favuzzi et al., 2017). 

SCT caused a nearly two-fold increase in the NCAN concentration in 
the Th11–13 region at 2 W postlesion, which remained at a similar level 
at 5 W (NCAN concentrations: 200 μg/mg in control samples, 364 μg/mg 
and 328 μg/mg in 2 W/5 W SCT samples, respectively) indicating that 
the increased transcriptional activity was accompanied by increased 
Ncan translation in this region. A 1.5-fold increase in the HAPLN1 and 
BCAN was detected at 5 W (Fig. 5A), suggestive of late increase in their 
translation. 

By contrast, in the lumbar segments L3-L6, no changes in the con-
centration of NCAN were observed as compared to the control group. 
The concentration of BCAN showed a slight tendency to increase above 
control between the 2 W and 5 W after injury (Fig. 5A), and at the same 
period HAPLN1 concentration, decreased at 2W by 26% of control (p <
0.01) fully recovered. This sequence of changes indicates that in L3–6 
segments a weakening of the PNN network structure develops in at the 
subacute phase, followed by normalization in the later period after the 
injury. 

One can consider that at the L3–6 level, the region of synaptic inputs 
to MN perikarya, which is an area of fiber reorganization in response to 
SCT and changed activity (Kitzman, 2007; Macias et al., 2009; Skup 
et al., 2012; Gajewska-Wozniak et al., 2016; Grycz et al., 2019), is the 
most prone to changes in the density and organization of PNNs. There-
fore, we focused on local changes in CSPGs and HAPLN1 transcripts in 
MNs and their protein products in areas of their synaptic inputs. 

3.6. Changes in CSPGs and HAPLN1 transcription rate in the lumbar 
MNs and their protein distribution in area of synaptic boutons abuting MN 
perikarya after SCT 

Previous work suggested the existence of a functional relationship 
between the electrophysiological properties of fast-firing neurons and 
the need for a highly anionic microenvironment provided by GAG chains 
of PNNs (Brückner et al., 1993; Brückner et al., 1996; Spicer et al., 1996; 
Härtig et al., 1999; Carulli et al., 2006). A good correlation exists be-
tween PNNs labeled for CS-GAGs and a high concentration of the Kv3.1b 
subunit of the potassium channel (Vitellaro-Zuccarello et al., 2007), a 
marker of fast-firing neurons. Based on these data and on our previous 
observations showing that early and late postlesion (Skup et al., 2012; 
Gajewska-Woźniak, 2017) a class of fast-firing neurons innervating TA 
flexor muscle, containing predominantly fast motor units, maintains 
different percentage of inputs after SCT than two classes of extensors: 
fast-firing GL MNs containing low percentage (9%) of slow motor units 
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and slow-firing MNs innervating Sol extensor muscle containing high 
percentage of slow motor units (80%) (Gillespie et al., 1986), we 
examined whether the potential of flexor and extensor MNs to synthe-
size CSPGs and HAPLN1 differs in normal and spinal, paraplegic rats, 
when each group of muscles is in different loading states. 

3.6.1. A decrease of transcript pools is differentiated in L3–5 extensor and 
flexor MNs in the subacute phase 

To quantify the level of CSPG and HAPLN1 transcripts in the popu-
lation of MNs innervating the extensor and flexor muscles of the ankle 
joint, mRNA was isolated from GL and TA MNs identified by tracers 
retrogradely transported from respective muscles and excised from 
sections using the LMD method (see Figs. 1,6,7). 

Relative to control values, Ncan expression decreased in GL and TA 
MNs by 86% (p < 0.01) (Fig. 6A, left panels), whereas HAPLN1 (Fig. 6B, 
left panels), Bcan (Fig. 7A) and Pho expression (not illustrated) 
decreased less in GL MNs than in TA MNs (by 65/82%, 28/65%, and 68/ 
75%) respectively. Acan transcript level in both classes of MNs was close 
to the control level (not shown). 

NCAN and HAPLN1 proteins in area of synaptic boutons abuting peri-
karya of L3–5 MNs are not changed and BCAN is elevated in the subacute 

phase. 
Contrary to the decrease of transcripts in GL and TA MNs, we did not 

detect changes in NCAN or HAPLN1 IF intensity in MNs input areas 
either at 2 W (Fig. 6) or at 6 W groups (not shown). BCAN IF intensity 
changed in time: a two-fold increase of BCAN signal around MNs at 2 W 
(a sample included traced and non-traced MNs to increase cell number 
in the analysis (Table 3), returned in majority of MNs to control levels at 
6 W (Fig. 7C). ACAN, considered to be an essential component of the 
PNNs in the brain, which together with NCAN and BCAN is tightly 
bound to PNNs (Deepa et al., 2006), could not be studied, since a 
satisfactory labeling with several anti-aggrecan antibodies in use was 
not achieved. 

The collected data showed, that changes in the rate of transcription 
of the CSPG genes at the second week postlesion are advanced, except 
for Acan, both in GL extensor and TA flexor MNs. A decrease in MN 
HAPLN1, Ncan and Bcan gene transcripts did not translate into reduced 
levels of the corresponding proteins in an area occupied by MN synaptic 
inputs (Fig. 6, 7C). If we assumed, that majority of these proteins in the 
area of synaptic boutons abuting perikarya of L3–5 MNs results from 
secretion by MNs, the steady-state of CSPGs and HAPLN1 transcript 
abundances revealed in our study do not predict protein abundances 

Fig. 5. A. NCAN, HAPLN1, and BCAN protein concentration in thoracic and lumbar segments of the spinal cord. A. Shown are control rats (white bars, n = 5), and 
rats with SCT at 2 W (light grey bars, n = 8) and 5 W (dark grey bars, n = 6) postlesion. The concentration of the CSPG and HapIn1 proteins measured by ELISA is 
expressed as means +/− SEM. Significant differences in BCAN and HAPLN1 levels were assessed by ANOVA and Tukey's post-hoc tests (* p < 0.05; ** p < 0.01), and 
NCAN levels by the Kruskal-Wallis test and Dunn's post-hoc test (* p < 0.05). B. The pattern of NCAN, HAPLN1, and BCAN IF localization in the lumbar ventral horn 
reveals an accumulation of the IF signal in rims surrounding MN perikarya and proximal dendrites. BCAN accumulations in neuropil are seen. Upper panel: L3 ventral 
horn, lower panel: magnification demonstrating groups of MNs in the motor nucleus of lamina IX. 
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Fig. 6. SCT caused a profound decrease in Ncan and HAPLN1 gene expression in extensor and flexor MNs but did not affect density of NCAN and HAPLN1 protein 
signal in the synaptic zones on their perikarya during the subacute postlesion phase. Levels of Ncan (A) and HAPLN1 (B) transcripts in MNs innervating GL and TA 
muscles, and NCAN and HAPLN1 protein concentration in rims around them, in control rats (white bars) and at 9 days after SCT (grey bars). High resolution imaging 
of fluorescence tracer-labeled MNs show the NCAN (A') and HAPLN1 (B′) condensed signal forming the rims. Bars represent means + SEM. The Mann-Whitney U test 
(*p < 0.05, **p < 0.01) was used to assess differences in gene expression and protein level between groups. 
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(Vogel and Marcotte, 2012), implicating, that posttranscriptional regu-
lation occurs. 

Despite maintenance of CSPGs and the HAPLN1 protein pools, and 
BCAN protein being transiently up-regulated, disturbances in transcript 
levels might result in slower protein synthesis, decreased degradation 
(Liu et al., 2016) and deconstruction of PNNs surrounding MNs. To 
verify that, labeling of the glycosaminoglycan moiety of nets instead of 
their protein components was applied. Wisteria floribunda (WFA) lectin 
binds to the N-acetylgalactosamine component of the chondroitin sul-
fate chains and represents a reliable tool to detect molecularly heter-
ogenous PNNs (Nakagawa et al., 1986; Härtig et al., 1992; Brückner 
et al., 1993; Härtig et al., 1994; Celio et al., 1998; Pantazopoulos et al., 
2006) and a substantial fraction of associated ACAN (Miyata et al., 
2018). 

3.7. PNNs surrounding lumbar MNs in rats with SCT are reduced in the 
subacute phase and increased in the chronic phase 

The well-defined PNN structure identified with WFA was detected 
around numerous lumbar MNs, as illustrated in the video and Fig. 8. To 
examine the effect of spinalization in time the intensity of PNNs labeling 
was quantified around MNs of spinal rats at two and six weeks after the 
lesion. At six weeks two groups of spinal rats, untrained, and those 
subjected to locomotor training on the treadmill were compared 
(Fig. 8A). Measurements were carried out in the 1.8 μm-wide rims (the 
same approach as that used for NCAN, BCAN and HAPLN1) adjacent to 
the surface of MNs, an area shown in our previous studies to fit the large 
boutons of cholinergic C-terminals and smaller glutamatergic terminals 
that abut MNs perikarya (Skup et al. 2012; Wieckowska et al., 2018; 
Grycz et al., 2019). 

In controls, comparison of the PNNs signal distribution, with that of 
NCAN IF and HAPLN1 IF, measured on the basis of the line profiles 
through the MNs showed that the NCAN and HAPLN1 occupied, 
respectively, 100% and 90% of the PNNs width, indicating their almost 
complete spatial overlap. 

Measurement of PNNs signal around MNs showed that at 2 W after 
spinalization PNN labeling was significantly weaker than in the control 
group, indicating a 20% decrease in the density of PNN in this region 
(Fig. 8A). At 6 W after lesion, the analysis showed up to a 2-fold increase 
in labeling intensity in the MN perimembrane region, indicating that 
strong PNN condensation develops around MNs at this time (Fig. 8A, B). 
The effect was comparable between groups of MNs innervating extensor 
and flexor of the ankle joint, therefore the groups were pooled for 
further analysis. To gain more insight into the structure and spatial 
range of changes during the chronic post-lesion phase, the intensity of 
labeling and the area occupied by PNN were also analyzed in 3.6 μm and 
5.4 μm-wide rims around MN on the acquired confocal images (Fig. 1S, 
Table 1S in the Supplementary material). ANOVA carried out on the 
averaged data in each group (F [2,60] = 31.938, p = 3.59e-10) revealed 
significant differences in the labeling intensity of PNNs between the 
control (C) and 6 W SCT groups. Within the 6 W SCT groups, a weak 
tendency toward higher intensity of labeling was found in the proximal 
vs. distal areas from the MN surface. There was no tendency to spatial 
differentiation in the controls. 

As we observed that the labeling through the rims was not uniform, 
to advance the analysis, in the next step the threshold of the signals was 
applied to extract the condensed component, which we defined as the 
structured, mature PNNs, and a formless component, which could reflect 
the soluble or looser component (Table 1S, Supplementary material). 
This treatment of the data allowed us to reveal that the total signal 
changed much more than the signal of the condensed component. This 
regularity was observed irrespective of the distance of the labeled area 
from the MN surface. In the “structured fraction” of the PNNs, the degree 
of between-group differences was weaker, and a tendency toward spatial 
diversification of the PNN distribution declined, suggesting higher 
contribution of dispersed component in areas more proximal to the MN 
surface. The percentage area occupied by the PNNs increased over 
twofold after SCT, with a trend to a larger area covered in the closest 
peri-membrane zone than in the more remote zones. 

This set of data indicates that the area of synaptic boutons on peri-
karya of L3–5 MNs (1.8 um rim) is the most prone to change in PNNs 
condensation after SCT. 

The early disruption of PNNs followed by an increase in PNNs den-
sity around MNs prompted us to examine whether increasing the activity 
of the network controlling hindlimb locomotion by experimental stim-
ulation would counteract PNNs thickening, and whether the level and 
distribution of CSPG core and link proteins contribute to the presumed 
effect. We used five weeks of moderate treadmill locomotor training, 
which stimulated the entire lumbar neuronal circuit and was previously 
shown to increase MN innervation (Macias et al., 2009; Skup et al., 
2012). 

Fig. 7. SCT caused a moderate decrease in Bcan gene expression in MNs 
accompanied by a marked increase in BCAN protein around these cells during 
the subacute postlesion phase. Levels of Bcan transcripts in MNs innervating the 
GL and TA muscles (A), the distribution of BCAN IF signal in the ventral horn 
(B), and BCAN concentration around MNs in L3-L5 (C) in control rats (white 
boxplots), at 2 W (light grey boxplots) and at 6 W (dark grey boxplots) after 
SCT. Bars represent means + SEM. Boxplots show Q1 and Q3, and medians are 
marked with a black horizontal line. High resolution imaging shows well 
defined IF rims, and an elevated staining around MNs and in the neuropil after 
the lesion. The Mann-Whitney U test (** p < 0.01, *** p < 0.001) was used to 
assess the differences in gene expression and protein levels between groups. 
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3.8. Locomotor training tends to suppress the density and distribution of 
PNNs but not of NCAN and HAPLN1 density in the vicinity of synaptic 
boutons on L3–6 MNs in rats with SCT 

The intensity of PNN staining in rims around MNs tended to decrease 
in animals subjected to five weeks of moderate locomotor training (SP- 
Loc group) compared to the SCT group, while remaining higher than in 
the control group (Fig. 8A). Measurements of the percentage area 
occupied by PNNs showed that the over two-fold increase detected after 
SCT was slightly decreased after training (Supplementary Table 1S), 
with a persisting trend to a larger area covered in the vicinity of synaptic 
boutons on MNs than in the more remote zone. Assuming that the 
revealed changes of WFA staining reflect well changes in ACAN 
component of PNNs (Miyata et al., 2018), we asked whether they are 
accompanied by changes in NCAN and HAPLN1 IF intensity. We found 
that the density of both proteins in the vicinity of synaptic boutons on 
LG, Sol, and TA MNs was comparable in control rats (Table 4). Spinal-
ization caused no change in the density of either protein in the vicinity of 

none of the MN classes. There was a weak tendency to increase of NCAN 
IF (p = 0.16) but not HAPLN1 in rims surrounding LG MNs after the 
training as compared to the SCT group. 

4. Discussion 

4.1. Hypotheses and experimental data 

Our first hypothesis was that a distance from the lesion site and time 
postlesion differentiate segmental dysfunction of neuronal circuits and 
activation of glial cells, with the latter contributing markedly to the 
synthesis of Ncan, Pho, and Bcan. We have provided evidence to support 
that view. This study is the first to document that SCT at the Th10 
segment in adult rats causes multi-segmental changes in the transcrip-
tional profiles of CSPG core proteins and the PNN linking proteins 
HAPLN1 and TnR, resulting in region-specific patterns of their distur-
bances along the spinal cord (Fig. 9). The changes were accompanied 
with profound activation of astrocytes, OPCs and microglial cells. 
Principle Component Analysis of gene expression data allowed to 

Fig. 8. Comparison of short- and long-term changes in the PNNs surrounding L3-L5 MNs in rats after SCT and locomotor training. A. Box plots represent the change 
in WFA labeling signal intensity in 1.8 μm-wide rims around MNs in rats at 2 weeks (n = 7) and 6 weeks (n = 8) after SCT, expressed as the % of respective controls (n 
= 5–6 per group). Boxes show the lower (first; Q1) and upper (third; Q3) quartiles of the results obtained, bold black lines indicate the medians (Q2), whiskers denote 
the greatest and the least non-outlier data, black dots denote the average values. The group differences were tested using the Mann-Whitney U test (*p < 0.05, ** <
0.01, *** p < 0.001). B. WFA signal distribution around MNs. The WFA signal intensity is increased in spinalized rats, accumulating in a widened rim around MNs. 

Table 4 
Comparison of the effects of spinalization (SCT) and of spinalization plus 5-week 
moderate locomotor training (SCT-Loc) on changes in NCAN and HAPLN1 IF 
signal intensity in rims surrounding LG, Sol and TA MNs.  

IF Signal intensity in 1.8 μm rim around MN (grey scale values) 

Class of MNs LG Sol TA 

Experimental group 
Number of 
rats NCAN (means ± SEM) 

Control (C) 5 57.0 ±
2.4 

63.8 ±
2.8 

55.1 ±
3.5 

Spinalized (SCT) 7 58.7 ±
7.5 

64.2 ±
8.6 

58.4 ±
7.3 

Spinalized + training (SCT- 
Loc) 7 

72.1 ±
3.1 

76.8 ±
7.9 

66.4 ±
6.6  

Experimental group 
Number of 
rats HAPLN1 (means ± SEM) 

Control (C) 5 44.4 ±
3.9 

41.2 ±
1.5 

41.1 ±
3.6 

Spinalized (SCT) 7 42.8 ±
5.7 

42.9 ±
3.9 

42.5 ±
3.4 

Spinalized + training (SCT- 
Loc) 7 

46.5 ±
3.5 

47.2 ±
3.5 

40.3 ±
2.1  

Fig. 9. Comparison of transcriptional profiles of the CSPG core proteins and 
PNNs linking proteins HAPLN1 and TnR in spinal segments and in extensor (GL) 
and flexor (TA) MNs 2 weeks after SCT. Lines indicate segmental changes; as-
terisks mark local changes in MNs in L3–6 lumbar segments. 
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identify the highest variance brought by Ncan and Pho, correlating with 
Ng2 transcripts marking OPC in the thoracolumbar segments. This 
analysis together with the studies from us on Pho transcript and protein 
upregulation at Th4-L2 at the chronic postlesion phase (Platek et al., 
2020), revealed that each region acquires a type of biochemical 
distinction with possible impact on local functions. In particular, a 
marked, early increase in Tn-R mRNA in the low thoracic region, and its 
decrease in the lower lumbar segments can be a clue to locally increased 
(Th11-l3) and decreased (L3-6) perisomatic inhibition (Saghatelyan 
et al., 2001). 

These changes, accompanied by less pronounced changes in protein 
levels, suggest an early and spreading destabilization and reorganization 
of PNNs. A tendency to late increase of the Acan transcripts speak in 
favor of developing PNNs condensation, shown in our experiment which 
examined changes in WFA labeling of PNN at six weeks postlesion. 

We propose that CSPGs and HAPLN1 protein pools detected at 2 and 
5 weeks postlesion reflect their turnover within several preceding days 
and do not contain, with high probability, the proteins synthesized prior 
to the lesion. Pulse-chase labeling studies in non-neuronal cells which 
indicated a metabolic half-life of cell-associated, [36S]sulfate-labeled 
proteoglycans of 5–6 h, are in line with that characteristic (Jacobs and 
Carson, 1991). A support for that dynamics are the steady-state studies 
showing that nearly all proteins within a human proteome are recycled 
in less than few days (Price et al., 2010; Cambridge et al., 2011; Savas 
et al., 2012), and the mean turnover value in human and rodents is 
nearly the same (2.2 vs 2.0) (Cambridge, 2019). 

Our second hypothesis proposed that PNN protein expression pro-
files and composition are MN-class specific, and that MN classes 
differentially regulate CSPGs metabolism in response to denervation. 
This view was not clearly supported by the data. Despite that MN classes 
innervating the extensor and flexor muscles of the ankle joint differ in 
their vulnerability to pathology dependent on their firing rates and fa-
tigue resistance, we found that both respond with a decrease of CSPGs 
and Hapln1 expression early postlesion, and similarly upregulate WFA 
(+) PNNs in the vicinity of the synaptic boutons on MN in the later 
phase. However, degree of attenuation of transcription rate of several 
CSPGs, slightly lower in the extensor than flexor MNs may suggest subtle 
differences between them, which may matter in particular pathological 
states. 

4.2. Segmental upregulation of CSPGs gene expression in the subacute 
phase after SCT is associated with phenotypic changes of astroglial and 
OPC cells 

We demonstrate a 2–4-fold Gfap and Ng2 upregulation, and up to a 
40-fold Iba1 upregulation in thoracolumbar regions of the spinal cord 
postlesion. Assuming that Gfap expression levels reflect an astrocyte 
phenotypic change into reactive astrocytes, an early upregulation of 
Ncan and Bcan transcripts and their correlation with Gfap suggest 
reactive astrocytes as a main source of CSPGs in the perilesion region. 
Additionally, Ng2 expression levels correlating with Pho expression, and 
with Bcan and Tn-R expression in the lumbar region at the subacute 
phase indicate the oligodendrocyte NG2+ progenitors (OPCs) activated 
early postlesion (Chang et al., 2000; Nishiyama, 2007) as the meaningful 
“shareholders” of CSPG synthesis. Early studies showed the presence of 
CSPGs in neurons and astrocytes, but not in oligodendrocytes, frac-
tionated from the normal brain (Margolis and Margolis, 1974). Later 
works revealed that oligodendrocytes and OPCs express BCAN (Zhang 
et al., 2014), peaking when mature oligodendrocytes extend processes to 
ensheath axons (Ogawa et al., 2001). Moreover, single-cell RNA 
sequencing revealed that after injury the penumbra is replete with OPCs, 
which contribute to CSPG elevation and remodeling of the lesion site 
(Lemons et al., 1999; Jones et al., 2003; Tang et al., 2003; Andrews et al., 
2012; Milich et al., 2021). These data, together with our analysis which 
suggested that activated Gfap- and Ng2- expressing cells populating 
caudal lumbar segments produce CSPGs core proteins different to those 

secreted by glia populating other spinal regions, are a strong premise 
that both astrocytes and OPC may contribute to the synthesis of CSPGs in 
a cell-specific manner in the remote spinal cord areas, affecting neuronal 
circuit plasticity and function. Our insight into how glial cells respond 
segmentally points to the need for further exploration of the regional 
specificity of glial cell contribution to CSPGs synthesis (Yokoyama et al., 
2006; Huang et al., 2020). 

By identifying the molecular signals modulating the activity of 
reactive and scar-forming astrocytes, like the Sox9 transcription factor 
(McKillop et al., 2013) and the integrin-N-cadherin pathway (Hara et al., 
2017), we might reduce the synthesis of overexpressed PNN compo-
nents. Such successful reduction of CSPGs-derived inhibition of axonal 
growth was achieved with experimental therapy using L1-CAM intra-
spinal administration to mice and rats which led to suppression of 
reactive astroglia (Chen et al., 2007; Platek et al., 2020). The current 
work identified Ncan and Pho, which are the predominant CSPGs 
expressed in humans (Zhang et al., 2016) as the potential therapeutic 
targets for suppression. 

4.3. Altered signaling and loss of inputs to lumbar MNs cause selective 
downregulation of CSPGs core proteins and HAPLN1 transcripts in the 
subacute phase after SCT 

The early decrease of the majority of transcripts in MNs argues that 
the primary regulatory mechanism of their expression depends on, and 
is positively correlated, with MN activation state. In our experimental 
conditions activation state was reduced by spinal shock resulting in a 
temporary depression of spinal reflex activity caudal to the injury, and 
by the reduced number of inputs (Grycz et al., 2019). Moreover, at 2 
weeks after SCT, MNs in the L3–6 spinal segments may reveal reduced 
receptor-mediated signal transduction as indicate the reduced rate of 
transcription of the majority of glutamatergic and GABAergic receptor 
subunits (Ji et al., 2019), reduced rate of transcription of muscarinic 
ACh receptors, and decreased ligand binding properties (Wieckowska 
et al., 2018), albeit the net effect of these changes on MN excitability at 
this postlesion phase is unclear. In the extracellular space of MNs, the 
potential of intraspinal neurons to maintain neurotransmitter synthesis 
and to grow new connections also decreases with time (Ziemlinska et al., 
2014; Platek et al., 2020). 

Several lines of observations support the proposed view. A link be-
tween the amount of activity and PNN formation has been seen in the 
visual cortex and barrel cortex, and around motoneurons, with reduced 
PNN formation upon reduced activity (Kalb and Hockfield, 1988; 
Guimarães et al., 1990; Kind et al., 1995; Lander et al., 1997; Sur et al., 
1998; Pizzorusso et al., 2002; McRae et al., 2007). After the spinal 
contusion in mice, ACAN was reduced around MNs (Sánchez-Ventura 
et al., 2021). More distant research showed that suppression of neuronal 
activity by blockade of voltage-gated sodium channels with tetrodotoxin 
clearly inhibited PNNs formation (Reimers et al., 2007). On the other 
hand, electrical activity generated within the neuromuscular unit in 
early postnatal life influence the acquisition of ACAN by mature MNs 
(Kalb and Hockfield, 1994). Evidence from brain slice cultures indicates 
that the differentiation of PNNs is regulated by calcium-dependent 
signaling and by chronic depolarization imposed by potassium ions 
(Brückner and Grosche, 2001). Our work indicates that loss of contacts 
and reduced neurotransmission to MNs are associated with down- 
regulation of gene expression of link protein and several CSPGs, lead-
ing to PNNs structure attenuation in the subacute phase. 

4.4. Does degree of changes in MN synaptic inputs correlate with 
condensation of CSPGs and PNNs levels? 

With reduced formation of PNNs, fiber retraction and reorganization 
is likely to be temporarily facilitated, as shown in models of the spinal 
cord injury with the use of chondroitinase ABC, which cleaves CSPGs 
side chains promoting functional sprouting (Bradbury et al., 2002; 
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Massey et al., 2006). In our study the degree of PNNs thinning in single 
subjects at early postlesion phase did not correlate with loss of VGluT1 
and VAChT inputs to MNs characterized in the same rats (Grycz et al., 
2019). We explain that lack of correlation by small contribution of 
VGluT1 and VAChT inputs (1–2%) to the whole number of afferents on 
MN perikarya. To identify a particular level of PNN loosening which 
may initiate and promote the process of fiber detachment, together with 
other factors like synaptic stripping, will be a difficult task. In the same 
model of SCT a negative correlation between CSPG expression in the 
spinal grey and changes in putative synapses around L5 MNs was 
described in vivo at two months postlesion (Al'joboori et al., 2020). 
However, the same study shows that within first three weeks the 
changes in the number of putative synapses on MN perikarya occurred 
despite PNNs in the area remained unaltered. This work may indicate 
that the relationship concerns more the phase of PNN restoration, than 
the initial phase of dynamic fiber retraction. 

Surprisingly, in the MN perisynaptic zone, the density of immuno-
labeled NCAN and HAPLN1 deposits was not changed and BCAN was 
increased when PNNs degradation was detected. Possibly, simultaneous 
decrease in transcript levels causes a slowed protein turnover leading to 
formation of immature PNNs structures with less CS glycan chains, 
which weakened WFA labeling. What makes the interpretation of that 
set of data difficult, is a maintenance of Acan transcript turnover at the 
levels close to controls. It speaks against but does not exclude the pos-
sibility that ACAN protein might be reduced after SCT, which would also 
influence PNNs detection with WFA. We could not collect the reliable, 
quantitative data on ACAN protein changes around MNs at early phase, 
leaving that question unanswered. PNN formation and function are 
diminished by the deletion of the Acan gene both in vitro and in vivo, 
indicating that aggrecan is an essential component of PNNs (Matthews 
et al., 2002; Giamanco et al., 2010; Rowlands et al., 2018). Since 
aggrecan is present in the majority of PNNs, whereas other CSPGs are 
only found in subpopulations (Matsui et al., 1998; Galtrey et al., 2008; 
Dauth et al., 2016; Yamada and Jinno, 2017), the increased degradation 
of ACAN might broadly affect PNN function. 

BCAN got our special attention. In our study BCAN was distinguished 
by its high transcript levels and transcript/protein ratios in controls. Its 
mild decrease, smaller in extensor MNs as compared to flexor MNs, and 
increased density around MNs at 2 W indicated separate from other 
CSPGs controlling mechanisms supporting its maintenance and a high 
synthesis rate. The latter is possibly associated with reorganization of 
the preserved synaptic contacts, sealed with BCAN to prevent trans-
mitter spillover (Blosa et al., 2013), the mechanism providing control to 
synaptic transmission (Favuzzi et al., 2017). 

4.5. Five week locomotor training tends to reduce excessive PNNs density 
in the perisynaptic zone of lumbar MNs, but NCAN and HAPLN1 densities 
are not affected 

Over the weeks after injury, MNs recover from denervation, exhib-
iting large persistent calcium currents (Ca PICs) that help with func-
tional recovery but contribute to uncontrolled muscle spasms. Because 
of a general loss of inhibition over sensory transmission (Barbeau and 
Rossignol, 1987; Li et al., 2004) and a decrease of function of gluta-
matergic and GABAergic interneurons (Ziemlinska et al., 2014), these 
deficits lead to unusually large and prolonged excitatory postsynaptic 
potentials in MNs (Baker and Chandler, 1987; Bennett et al., 2004; Li 
et al., 2004). Persistent Inward Currents (PICs) are facilitated by sero-
toninergic 5-HT(2B) and 5-HT(2C) receptors on MNs, which become 
constitutively active after injury (Murray et al., 2011; Murray et al., 
2010), paralleled by increased mACh receptor density and its synaptic 
enrichment (Wieckowska et al., 2018). The resulting hyperexcitability 
might underline the late accumulation of PNNs around MNs with 
normalized BCAN, NCAN, and HAPLN1 detected in the study. 

We demonstrate here that moderate, long-term treadmill training 
tended to reduce the density of PNNs in the synaptic bouton vicinity on 

L3–6 MNs perikarya at 6 weeks postlesion. This result indicates that an 
appropriate stimulation of the spinal network in rats with SCT, 
instructing the process of refinement of connections, strengthening 
appropriate and removing inappropriate ones, also influences the 
mechanisms which weaken PNNs around MNs. This stimulation para-
digm was shown to drive neurotrophin support and improve motor 
functions (Macias et al., 2009; Skup et al., 2012; Gajewska-Wozniak 
et al., 2013). Surprisingly, the observations made in a cervical SCI model 
that ablates dorsal CSTs and parts of the dorsal column, where reha-
bilitation of skilled paw function introduced with one month delay was 
carried on for 14 weeks, showed increased levels of HAPLN1 and PNN 
density in the lesion vicinity beyond that observed in the post-injury 
group without rehabilitation (Wang et al., 2011). Our observation is 
opposite of the one describing the increased expression of CSPGs in the 
lumbar spinal cord of exercised, neurologically intact rats compared to 
sedentary rats (Smith et al., 2015). It is plausible, that much higher 
peripheral activity provided by the exercise in the intact rats with 
maintained MN inputs and in rats with partial denervation, than the 
activity adjusted to stepping ability of spinal animals is a decisive factor. 
Also the cited study by Al’joboori and coworkers (Al'joboori et al., 2020) 
argues against the promoting role of exercise-driven activity in thick-
ening and developing of PNNs long-term in spinal animals. Namely, in 
conditions comparable to our long lasting training, but enriched with 
epidural electrical stimulation of the lumbar spinal cord, neither was 
there a change in a density of PNNs in the ventral horn, nor the number 
of MNs surrounded by PNNs in Lamina IX was increased as compared to 
the non-trained group. 

Still, the relations between the modality and pattern of rehabilita-
tion, the severity of an injury and responses of PNNs components in the 
spinal cord require further studies. Recently described effects of four- 
week voluntary or imposed physical activity on ACAN accumulation 
around MNs in adult, female mice with spinal contusion, point to the 
quantity or intensity of activity as important factors in determining the 
degree of ACAN deposition (Sánchez-Ventura et al., 2021). Provided 
that training-induced activity imposed in our study was insufficient to 
change CSPGs and HAPLN1 synthesis and their secretion from MNs, a 
tendency to decrease of elevated PNNs might result from silencing of 
reactive astrocytes by the exercise (Latimer et al., 2011; Lundquist et al., 
2019). Considering that CSPGs experience posttranslational modifica-
tions with complex glycosaminoglycan chains differing in sulfation 
patterns and length (Margolis and Margolis, 1994), training-induced 
PNNs regulation may bypass the protein core, addressing glycosami-
noglycan modifying enzymes as targets. 

In summary, our results have a value of identifying a short thera-
peutic window for postinjury intervention to prevent PNN subsequent 
accumulation. That is pointed by data on early, significant changes in 
PNNs components with a leading overexpression of Ncan, Pho and Acan 
in lumbar regions after spinalization. Whether it is favorable to inter-
vene with the drugs (e.g. RNA interference-based therapeutics) to slow 
down and allow proper reconstruction and then control the nets must be 
verified experimentally. Our results further indicate that the molecular 
strategies for restoring function after SCT should not be limited to their 
use at the site of damage. Multisegmental regulation of PNNs in com-
bination with physical training may be a promising approach in the 
repair of spinal cord circuits, in particular in the L1–2 segments where 
circuits generating locomotor patterns are located. An early, multi-
segmental change in the transcriptional profile of PNNs components, 
with the largest overexpression of Ncan and Pho, which predominate in 
humans, point to these proteins as the first candidates for targeted 
therapies. 
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