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Abstract 

Perineuronal nets (PNN) are a promising candidate to harness neural plasticity, favoring the 

stabilization of circuits at expenses of plasticity. Interestingly, physical activity reduces encephalic PNN, 

enhancing plasticity, but it increases spinal PNN. Due to the relevance of rehabilitation treatments 

after spinal cord injuries (SCI), it is important to better understand how spinal PNN are affected in 

these injuries and their impact on spinal circuits. Thus, this work aims to describe PNN alterations after 

thoracic SCI in mice, followed by different types of activity-dependent therapies: enriched 

environment, voluntary wheel and forced treadmill running. We found that the contusion provoked 

thermal hyperalgesia, hyperreflexia and locomotor impairment as measured by thermal plantar test, 

H wave recordings and the BMS score of locomotion, respectively. SCI reduced the density of PNN 

around lumbar motoneurons. In contrast, activity-based therapies increased motoneuron activity and 

reversed lumbar PNN decrease after SCI. Interestingly, the voluntary wheel group showed full 

preservation of PNN which also correlated with reduced hyperreflexia and a better locomotor 

recovery. Furthermore, both voluntary wheel and treadmill running reduced hyperalgesia, but this 

finding was independent of lumbar PNN levels. The results of the present study highlight the impact 

of SCI on decreasing PNN at caudal segments of the spinal cord and the potential of physical activity-

based therapies to reverse PNN disaggregation and to improve functional recovery. Altogether, since 

modulating plasticity is crucial for restoring the function of the damaged neural circuits, regulating 

PNN by activity is an encouraging target to improve the outcome after injury. 

 

Keywords: spinal cord injury, perineuronal nets, motoneurons, physical activity, hyperreflexia, 

neuropathic pain. 
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Introduction 
One of the hallmarks of the central nervous system (CNS) is its potential to maintain the right balance 

between plasticity and stability. While plasticity prevails during development, stability predominates 

in the adult nervous system (1). This fine plastic control is mediated, in part, by perineuronal nets 

(PNN). PNN are an aggregation of extracellular matrix molecules, among them chondroitin sulphate 

proteoglycans (CSPG), with open gaps that regulate synaptic contacts (2). Their appearance temporally 

correlates with the maturation of the central synaptic circuitry and determines the end of the critical 

periods (3). As a dynamic structure, these nets are subjected to an activity-dependent modulation. 

Hence, physical activity increases plasticity by means of reducing cerebellar (4) and cortical PNN (5). 

On the contrary, recent studies have pointed out that activity increases PNN around spinal 

motoneurons (5,6) and thus, it jeopardizes the statement that activity always increases plasticity in 

the nervous system. Therefore, activity seems to differently modulate PNN depending on the 

anatomical localization (5). Understanding how physical activity or exercise regulates spinal PNN can 

have a huge impact, especially on spinal cord injury (SCI) models, since physical rehabilitation is 

currently one of the cornerstones for the treatment of SCI in humans.  

SCI leads to devastating and non-reversible functional deficits due to the limited ability of central 

neurons to regenerate after injury. One main factor contributing to this regenerative failure is the 

upregulation of CSPGs (7). In fact, the application of chondroitinase ABC (chABC), an enzyme that 

degrades proteoglycans, at the injury site (8) or in distal regions where proteoglycans were also 

overexpressed (9,10), promoted functional recovery. Despite an apparent contradiction, the 

combination of ChABC treatment with specific rehabilitation further enhances functional recovery 

after injury, even if the applied rehabilitation increases the density of PNN (11,12). Thus, although 

spinal proteoglycan degradation is a potential strategy to boost plasticity, any approach must be 

mindful of plasticity-stability trade-off. In fact, maladaptive plastic changes can lead to the appearance 

of neuropathic pain and spasticity after SCI. Interestingly, physical exercise can attenuate both 

phenomena in experimental models of SCI (13,14). 

In the spinal cord, PNN are mainly found around lower motoneurons (15). Therefore, it is important to 

specifically evaluate the fate of spinal PNN after SCI, besides the generalized increase of proteoglycans 

related to reactive astrocytes (7). It is also worth pointing that despite their mesh-like appearance and 

their inhibitory role, their negatively charged net generates a microenvironment around neurons that 

contributes to the fine-tuning of neuron function regulating ionic buffering, neuroprotection, synaptic 

stabilization and neuronal development and plasticity (reviewed in (16,17)).  

Therefore, an optimal understanding of how spinal PNN are modulated after SCI and which is the 

influence of activity-dependent therapies on these nets is still needed. The present study aims to 
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evaluate the changes that lumbar PNN surrounding spinal motoneurons suffer after a thoracic SCI, and 

also its effects on PNN of the dorsal column nuclei in the brainstem. We hypothesized that reduced 

physical activity after a thoracic SCI would decrease PNN thickness around lumbar motoneurons, 

facilitating the disorganization of the circuitry, whereas the opposite effect would be observed in PNN 

of the sensory brain stem nuclei. Activity-dependent therapies might reverse those effects on PNN, 

through activating sensory and motor output and segmental reflexes such as the stretch reflex. To 

address these hypotheses, we used a contusion SCI in mice that were subjected to three different 

types of physical activities: an enriched environment, a voluntary and a forced exercise (Figure 1).  
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RESULTS 

Voluntary wheel running enhances functional recovery after SCI 

Locomotor function, evaluated as the Basso Mouse Scale (BMS) score, is shown in Figure 2A. All injured 

animals presented impaired hindlimb locomotion just after the injury and then, a gradual recovery 

during the following weeks. Only mice that voluntary run on the wheel (WR) showed significant 

improvement of BMS score at 28 and 35 dpi compared to the sedentary (SED) group or to the group 

of animals forced to run in a treadmill (TR) (WR: 4.43 ± 0.13 vs. SED: 3.30 ± 0.12 (p<0.001) and TR: 3.60 

± 0.19 (p<0.05) at 28 dpi, WR: 4.64 ± 0.09 vs. SED: 3.4 ± 0.19 (p<0.001) and TR: 3.6 ± 0.19 at 35 dpi 

(p<0.01)). In the WR group, the improvements of BMS score over time were also statistically significant 

(p<0.001). Despite the enriched environment (EE) group slightly increased the BMS score and a trend 

over time was observed, they did not reach statistical significance (EE: 3.71 ± 0.29 at 28dpi and 4 ± 

0.18 at 35 dpi). 

The results of the thermal algesimetry tests (Figure 2B) indicated that all SCI groups developed thermal 

hyperalgesia at 14 dpi as shown by a significant decrease in the withdrawal latency compared to the 

control intact group (SED 0.62 ± 0.07 (p<0.001); EE 0.67 ± 0.14 (p<0.01); WR 0.69 ± 0.10 (p<0.01); TR 

0.75 ± 0.05 (p<0.05) vs. CTRL 1.03 ± 0.05). At later time points, whereas the SED and EE groups 

maintained low threshold (SED 0.62 ± 0.08 (p<0.01); EE 0.57 ± 0.08 (p<0.001) vs. CTRL), the WR and TR 

groups increased their withdrawal latency towards control values (WR 0.765 ± 0.096; TR 0.871 ± 

0.068). Figure 2C shows that the percentage of animals with thermal hyperalgesia at 28 dpi was 

considerably higher in the SED group than in the activity-treated groups (SED: 87.5%; EE: 66.67%; WR: 

42.86%; TR: 37.5%).  

The electrophysiological tests performed before SCI showed that motor evoked potentials (MEPs) 

elicited by brain stimulation were present in all mice (data not shown). Contrarily, six days after 

contusion, MEPs were abolished in the hindlimb muscles of all injured animals (Figure 2D). MEPs 

reappeared during the follow-up, but recovery was different in the three tested muscles. In the plantar 

and tibialis anterior muscles, the WR and EE groups presented a percentage of recovery higher than 

the SED and TR groups at the end of the experiment (Plantar muscle: EE: 36.56 ± 10.95; vs SED: 7.02 ± 

6.37 (p<0.05) and TR: 9.52 ± 5.65 (p<0.05); WR: 42.33 ± 13.53 vs SED (p<0.01) and TR (p<0.01); Tibialis 

anterior muscle: EE: 68.40 ± 12.71 vs SED: 27.79 ± 9.24 (p<0.001); TR: 25.43 ± 5.21 (p<0.001) and WR: 

54.77 ± 2.08 vs SED (p<0.01) and TR (p<0.001)). However, in the gastrocnemius muscle, this increased 

recovery was only observed in the EE group compared to the rest of groups (EE: 43.1 ± 7.15 vs WR: 

26.57 ± 2.81 (p<0.01), TR: 34.82 ± 5.43 (p<0.05), SED: 17.81 ± 3.4 (p<0.001)). Altogether, these results 

indicate that the EE and WR groups presented a higher recuperation of supraspinal connections during 

the follow-up. However, we did not find increased white matter preservation in 1.2 mm around the 

epicenter of the injury in the EE nor WR groups as compared to the rest (Figure Suppl2).  
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Regarding the H reflex (Figure 2E), control animals did not show noticeable changes in their Hmax/Mmax 

ratio during the follow-up (CTRL: 0.18 ± 0.01, 0.17 ± 0.02 and 0.19 ± 0.01 at 6, 21 and 32 dpi 

respectively), whereas the SCI produced hyperreflexia in 72% of the animals at 6 dpi (data not shown). 

At 21 and 32 dpi, Hmax/Mmax ratio was maintained at similar levels than at 6dpi in all the injured groups 

except the WR group, in which presented a significant decrease over time (WR: 0.53 ± 0.04, 0.41 ± 0.03 

and 0.35 ± 0.04 at 6, 21 (p<0.05) and 32 dpi (p<0.001), respectively). However, the values obtained at 

the end of the experiment were similar between groups.  

The rate-dependent depression (RDD) of the H reflex (Figure 2F) showed that while control animals 

had complete depression of their H wave after 10 consecutive stimuli at 5Hz, the SCI animals had less 

reduction. The area under the curve (Figure 2H) obtained from the depression profile of the plantar 

muscle (Figure 2G) showed that the SED, EE and TR groups area was significantly higher compared to 

control animals (SED 149.02 ± 14.99 (p<0.01), EE: 170.82 ± 12.36 (p<0.001); TR: 145.04 ± 16.09 (p<0.05) 

vs CTRL: 90.91 ± 6.86), indicating marked reduction of the H wave RDD due to the interruption of 

descending spinal pathways. In contrast, the WR group showed a slight reduction of the area under 

the curve at the end of the experiment, with values not significantly difference with respect to control 

animals (WR: 123.93 ± 18.26). 

We further questioned whether the locomotor improvement observed in the WR group was 

influenced by the reduction of hyperreflexia. To answer that question, we correlated the locomotion 

scores of animals from the groups with higher MEPs (EE and WR), as this parameter could also 

influence motor recovery, with their Hmax/Mmax ratio at 32 dpi. As shown in Figure 2I, there was a strong 

correlation between the H wave modulation and the BMS score (R=-0.75, p=0.0034), indicating that a 

better modulation of the spinal reflexes may be associated with improved locomotion in SCI mice 

subjected to voluntary wheel running. 

 

Activity-based therapies contribute to maintain spinal PNN after SCI 

To analyze changes in spinal cord PNN after SCI and the possible modulation by activity-based 

therapies, we evaluated the intensity of aggrecan labeling (Figure 3A, 3B). Aggrecan is a chondroitin-

sulfate proteoglycan (CSPG) and the main constituent of PNN (18). In fact, it labels more PNN than the 

marker Wisteria floribunda agglutinin (WFA) in the spinal cord (15). Aggrecan immunostaining (Figure 

3B) of the lumbar spinal cord revealed that PNN around motoneurons were significantly reduced 5 

weeks after SCI in the injured-SED group (48.2 ± 3.6% of reduction (p<0.001) vs intact CTRL). In 

contrast, we found that WR and TR significantly prevented PNN reduction (WR: 0 ± 4.9% and TR: 22.8 

± 4.3% reduction), whereas the EE group did not (EE: 29.4 ± 6.3% reduction, (p<0.05) vs CTRL). 

Comparatively, PNN preservation was greater in the WR group than the rest of the treated groups (WR 

vs EE p<0.05). This effect seems related to the amount of physical activity since the WR group run 
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much more than the TR group during the 4 weeks of follow-up (p<0.001; Figure 3C). In addition, within 

the WR group, there were also differences in the distance run per day, which positively correlated 

(R=0.79) with PNN preservation.  

Next, we assessed the proprioceptive contacts on the lumbar motoneurons using the VGlut1 marker, 

which is specific for Ia sensory afferents from the muscle spindle (19) (Figure 3A, 3E). We found that 

all activity-treated groups presented increased VGlut1 staining compared to sedentary animals (EE: 

1.264± 0.17, WR: 1.29 ± 0.05, TR: 1.27 ± 0.05 vs SED: 0.85 ± 0.04, p<0.01 in all groups), but only the 

WR group presented more VGlut1 staining than control mice (WR vs CTRL: 1 ± 0.03, p<0.05). 

Lastly, to examine the progression of PNN and VGlut1 preservation over time, a second experiment 

was conducted with two SCI groups which were followed-up for 11 weeks and one of them was 

submitted to the treadmill protocol (Suppl Figure 1B). At 10 weeks after the injury, no significant 

differences were observed neither in PNN integrity (CTRL: 1 ± 0.11; SED: 0.77± 0.1, TR: 0.89± 0.13) nor 

in VGlut1 staining (CTRL: 1 ± 0.08; SED: 0.92 ± 0.07; TR: 1.12 ± 0.16).  

 

Activity-based therapies modulate the expression of KCC2 after SCI 

In order to assess whether PNN reduction by the SCI could alter the physiological properties of lumbar 

motoneurons, we evaluated the expression of potassium chloride cotransporter KCC2, which is 

necessary to maintain the inhibitory GABAergic tone (20). We found that the SCI significantly reduced 

KCC2 staining in the ventral horn (SED: 0.52± 0.01 vs CTRL: 1± 0.06 (p<0.001), Figure 3F). We further 

observed that mice of the TR group, similar to sedentary ones, presented significantly decreased KCC2 

immunoreactivity compared to control animals (TR: 0.71± 0.04 vs CTRL; p<0.05). On the other hand, 

the EE and WR groups showed a preserved expression of KCC2 with similar values to control animals, 

and significantly higher than sedentary animals (EE: 0.86± 0.08 (p<0.05) and WR: 1.07± 0.07 (p<0.0001) 

vs SED). Interestingly, linear regression analysis showed a significant correlation between PNN and 

KCC2 expression (R= 0.7, p<0.0001, Figure 3G).  

 

Activity-based therapies modify the glial reactivity and nociceptive nonpeptidergic C-fibers after SCI  

To assess the role of activity-dependent therapies in the modulation of the inflammatory response 

after SCI, we analyzed the expression of two hallmarks of inflammation: GFAP, to label astrocytes and 

Iba1, a marker of microglia/macrophages (Figure 4A, 4B, 4C). As expected, there was a significant 

increase in astroglial reactivity in the ventral horn (Figure 4B) in all injured animals compared to control 

ones (SED: 1.94 ± 0.28 (p<0.05); EE: 2.34 ± 0.3 (p<0.001); WR: 2.01 ± 0.127 (p<0.01); TR: 2.24 ± 0.27 

(p<0.01) vs. CTRL: 1 ± 0.08), without changes in the groups receiving activity-based strategies. In 

contrast, we found that levels of Iba1 microglial marker presented a slight but not significant increase 

in SCI sedentary mice compared to control mice (SED: 1.95 ± 0.28 vs. CTRL: 1 ± 0.10). However, 
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enriched environment and voluntary wheel treatments induced a significant increase in the expression 

of Iba1 in the ventral horn (EE: 3.51 ± 0.82 (p<0.001), WR: 3.35 ± 0.22 (p<0.001) vs CTRL). This marked 

increase could be attributed to changes in microglial morphology more than an increased in the 

number of microglia. These changes were not observed in the treadmill group (2.25 ± 0.41).  

Next, we wanted to ascertain whether the differences in pain sensitivity were related to changes in 

glial reactivity in the dorsal horn at L6 (Figure 4C). The absence of differences between groups in both 

immunostainings might indicate that the inflammatory milieu generated by the thoracic injury did not 

reach level L6. In fact, only the EE group presented a significant increase of astrogliosis compared to 

the other groups (EE: 1.49 ± 0.07 vs CTRL: 1 ± 0.03 (p<0.001), SED: 1.15± 0.09 (p<0.05), WR: 1.18± 0.07 

(p<0.05)). Finally, nociceptive nonpeptidergic C-fibers were labelled by IB4 marker (Figure 4D). IB4+ 

staining was found in the lamina II of the dorsal horn, which was unaffected by the injury (SED 0.906 ± 

0.087 vs CTRL 1.052 ± 0.048). In contrast, WR and TR groups presented a significant reduction on IB4+ 

staining (WR: 0.798 ± 0.055 (p<0.05); TR: 0.708 ± 0.014 (p<0.01) vs CTRL). However, this reduction was 

not observed in the EE group (EE: 0.967 ± 0.093). 

 

PNN in the dorsal column nuclei are differently modulated by activity-dependent therapies than 

spinal PNN after SCI 

Given the importance of sensory input in regulating PNN, we hypothesized that the dorsal column 

nuclei, which receives sensory information from the hindlimbs, could present altered PNN integrity 

after SCI (Figure 5A). Considering the gracile nucleus (Figure 5B), quantitative analysis of aggrecan 

staining showed that the SCI did not produce changes in PNN expression (SED: 0.89± 0.06 vs CTRL 1.00 

± 0.07). However, some activity-dependent therapies could modulate PNN since EE (0.45± 0.03) and 

WR (0.48 ± 0.11) groups showed significantly reduced expression of PNN compared to control 

(p<0.0001) and SED groups (p<0.01 vs. EE and p<0.05 vs. WR). TR group (0.77 ± 0.10) did not show 

significant differences either between control or sedentary animals. Regarding the cuneatus nucleus 

(Figure 5C), the injury produced a slight but not significant increase in the aggrecan staining (SED: 1.25 

± 0.14 vs. CTRL 1.00 ± 0.12). Moreover, in this nucleus, all the activity-based therapies reduced the 

expression of PNN compared to the SED group (EE: 0.65± 0.04 (p<0.01), WR: 0.60± 0.07 (p<0.01), TR: 

0.84±0.08 (p<0.05) vs. SED). 
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DISCUSSION 

During the past decades, intense research has focused on overcoming the inhibitory influence of 

proteoglycans after SCI, mainly by a general application of chABC. This approach, although very 

promising, could have masked the specific role of spinal PNN after injury. Here, we wanted to evaluate 

how a SCI and different types of physical activity could affect PNN around spinal motoneurons caudal 

to the injury and thus, to further understand the role of these nets in the functionality of spinal circuits. 

Finally, the fate of PNN in dorsal column nuclei in the brain stem after SCI was also evaluated.  

 

Effects of SCI and activity-based therapies on lumbar PNN 

We found that the contusion on the thoracic spinal cord produced a reduction of lumbar PNN after 

the injury. The partial disappearance of PNN could be explained by a decreased activity in 

motoneurons (21) produced not only by the interruption of descending inputs but also by the reduced 

sensory input from the muscle spindles caused by the paresis of the hindlimb. Indeed, a reduction of 

aggrecan expression around motoneurons was reported after paralyzing hindlimb muscles with 

botulinus toxin A (22). Complementary, metalloproteases, the proteolytic enzymes that degrade PNN, 

become upregulated after SCI which could also contribute to PNN reduction (23). 

In contrast to our findings, a previous work pointed out that after a cervical spinal cord hemisection, 

there is a fast increase of PNN and proteoglycans around phrenic motoneurons (10). However, that 

study did not quantify the changes in PNN and mainly showed an increased immunoreactivity of 

proteoglycans in the ventral horn. In contrast, we specifically measured aggrecan intensity in PNN 

surrounding lumbar motoneurons. Moreover, it is not surprising that the hindlimb paralysis caused by 

the SCI decreased PNN in the lumbar spinal cord since previous works have already demonstrated that, 

in contrast to cortical PNN, neural activity increases lumbar spinal PNN (5,6). In our study, the 

application of the different activity-dependent therapies reverted the decrease of PNN induced by the 

injury, being the voluntary wheel running the most effective protocol preserving these nets. 

To understand the differential effect of the three types of activities is important to note that, in our 

study, the enriched environment did not favor intense physical activity, as the wheel was blocked, 

whereas the paper tissue elicited fine-motor activity to build the nest. However, the WR group 

included both an enriched environment and full access to a wheel during all the follow-up. In contrast, 

animals submitted to a forced and ruled physical activity were kept in standard cages and physical 

exercise was limited to 20 minutes per day in a treadmill, with an intensity adapted to the locomotor 

capabilities of each mice. This fact could explain the weaker effect of the TR group on spinal PNN 

compared to previous works (6). Altogether, our results suggest that the quantity and intensity of 

physical activity performed may be crucial in determining the degree of PNN modulation. In fact, 
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previous work in our laboratory already pointed out that the amount and not the type of physical 

activity is important for the maintenance of spinal PNN after neural injuries (24).  

The potential of physical rehabilitation to favor motor recovery after SCI has been related with 

increased expression of neurotrophic factors (25,26) and activation of the spinal circuits, which 

integrate sensory information to generate appropriate motor responses without supraspinal inputs 

(27). In addition, segmentary sensory inputs are crucial for the maintenance of spinal PNN mediated 

by physical activity (6). Briefly, during exercise, activation of motoneurons either by segmentary 

reflexes or spare descending motor tracts could mediate PNN formation through activation of AMPA 

receptors (AMPAr). In fact, in cortical interneurons, calcium influx via AMPAr and L-type channels is 

necessary for the activity-dependent formation of PNN (21). 

On the other hand, several works have highlighted the potential of enriching activities to modulate 

cortical (28–30) and cerebellar PNN (4). However, to our knowledge, there are no previous studies 

analyzing the impact of enriching stimuli on spinal PNN. Regardless of the anatomical location, 

enriched stimuli produce epigenetic changes in the neuron transcription machinery affecting genes 

involved in synaptic signaling and plasticity (31,32). These changes in chromatin remodeling are tightly 

related to PNN since were first described in the visual cortex during the critical period (33). Exposure 

to an enriched environment, with free access to a wheel, had beneficials effects on the sensorimotor 

functions of adult mice, with improved equilibrium, motor coordination and muscular strength (34). In 

a recent study, it enhanced the activity of proprioceptive neurons and increased their regenerative 

potential in an experimental model of SCI (30). These effects were also mediated by epigenetic 

reprogramming in proprioceptive neurons. Therefore, similar to cerebellar PNN (4), regulation of 

spinal PNN could be mediated by a synergistic effect between intrinsic and extrinsic factors. 

It is important to note that the improvements of BMS score over time observed in the WR group and 

slightly shown also in EE talk in favor of a time-dependent progression that may be facilitated by these 

treatments. However, the effects of activity on PNN observed at 35 dpi were not found in the long-

term experiment, in which there were no differences in PNN levels between the studied groups. 

Probably, the spontaneous recovery and the increased locomotor activity observed after this mild 

injury, progressively provided the necessary input to increase spinal PNN and consequently neutralized 

the effect of activity-dependent therapies. 

 

Effects of activity-based therapies on functional and electrophysiological outcomes after SCI  

SCI does not only lead to loss of motor and sensory function but also facilitates the appearance of 

spasticity and neuropathic pain, which are related to maladaptive plasticity after the injury. We 

observed that SCI mice developed hyperreflexia and hyperalgesia. Activity-dependent therapies 

reduced them, although with variable effects depending on the type of activity applied. Voluntary 
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wheel running was able to modulate both alterations, whereas treadmill running only attenuated 

hyperalgesia after SCI. Previous works have already demonstrated that physical exercise can modulate 

both neuropathic pain and spasticity after SCI (13,14).  

The H-wave, typically altered after SCI, was recovered by bike-training in SCI animals, and these 

changes were related with normalized levels of KCC2 in the lumbar spinal cord (13), similarly to what 

we described in the WR group. In contrast, our forced exercise protocol had no effects on these 

parameters, probably due to the lower amount of activity performed compared to the WR group. In 

fact, we found a relationship between the functionality of spinal circuits and lumbar spinal PNN. 

Changes in PNN may contribute to the development of hyperreflexia by several mechanisms. First, a 

reduction of the inhibitory responses of motoneurons has been attributed to changes in the 

intracellular [Cl-] balance due to a reduction of cation-chloride cotransporters (CCC). However, recent 

work points out that proteoglycan sulfates found in PNN determine the homeostatic set point of Cl- 

and hence, neuron polarity of GABA signaling (35). Thus, the reduction of negative extracellular 

charges may modify the transmembrane Cl- gradient (36), altering the inhibitory synaptic potentials 

and impairing network excitability (35,37,38). Moreover, the reduction in the KCC2 transporter found 

in the SCI mice has been linked to the excitatory state of motoneurons and contribute to the 

development of hyperreflexia (39). Secondly, the mice submitted to wheel running had significant 

preservation of spinal PNN and, in parallel, showed electrophysiological H-reflex parameters closer to 

control animals. Besides, our findings give support to the previous suggestion that optimal neuronal 

excitability provided by PNN preservation together with modulation of stretch reflex by proprioceptive 

afferent activation may contribute to locomotion recovery (40). 

We also found that activity-based therapies significantly increased the density of glutamatergic 

VGlut1+ terminals around spinal motoneurons, even above control levels. A previous study 

demonstrated that there is a competition between proprioceptive terminals and corticospinal 

descending inputs to contact spinal motoneurons (41). Thus, the increased activity of proprioceptive 

fibers together with a reduced descending input due to the SCI, increases primary afference inputs to 

motoneurons from injured animals exposed to activity. However, besides the number of contacts, 

other factors determine the effectiveness of these synapses. In fact, similar to GABA responses, the 

effectiveness of glutamatergic signaling through AMPAr is also related to this net-like extracellular 

matrix (42,43). Hence, it is feasible that proprioceptive neurons and PNN present mutual and positive 

feedback: while proprioceptive activation might participate in the synthesis of PNN components, the 

presence of PNN potentiates the excitatory synaptic response.  

Regarding neuropathic pain, a thoracic SCI produced thermal allodynia which was reversed by 

therapies that increased physical activity, such as treadmill running or voluntary running in a wheel, 

but not when animals were just kept in an enriched environment. In the literature, different protocols 
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of exercise have been able to revert mechanical and sometimes thermal hyperalgesia after diverse SCI 

models (14,44). In our model, the reduction in neuropathic pain was not related with changes in 

microglia reaction, since we did not find microgliosis at the L5-L6 segments where nociceptive 

afferents from the hind paw enter in the spinal cord. A previous study also found that activation of 

mechanosensory afferents did not induce microglial proliferation in the dorsal horn of the spinal cord 

(45). 

Strikingly, sensorimotor activity induces structural changes in the nociceptive system, as we observed 

that those animals with reduced pain presented less IB4+ staining. During the painful state, there is a 

process mediated by IB4+ cells called hyperalgesic priming, that drives the progression of acute pain 

into a chronic state (46,47). Besides, the reduction of thermal hyperalgesia and decrease of IB4+ 

staining in the dorsal horn by physical exercise has also been observed in a SCI model of chronic 

neuropathic pain (44). 

Since enriched environment and treadmill groups presented similar levels of PNN but not similar 

latency withdrawal in the thermal test, it seems clear that PNN do not contribute to neuropathic pain 

in this model. However, our study focuses on PNN around motoneurons. It would be interesting to 

study the implications of the fewer PNN located in the dorsal horn (48), as overexpressing Sema3A, 

the inhibitory-component of PNN, in injured animals prevented pain development (49).  

 

Differential effects of SCI and activity-based therapies on PNN in spinal cord and brainstem 

A current challenge in the PNN field is to understand why PNN are differently regulated by activity 

depending on the anatomical localization. In this study, we also evaluated how SCI affected PNN in the 

dorsal column nuclei, the brainstem centers that process limb sensory information (50). The gracile 

nucleus is classically considered the sensory relay of fine sensation from the hindlimb, being the 

cuneate nucleus the equivalent for the forelimb (51). However, recent work points out that while the 

gracile nucleus only processes the hindlimb fine tactile information, cuneate nucleus integrates the 

forelimb fine tactile and the fore and hindlimb proprioceptive information (52). Therefore, we 

analyzed PNN of both nuclei. On the one hand, Massey et al (2006). had already shown that a cervical 

SCI increased PNN in the cuneatus nucleus, although no quantification was presented in the paper (9). 

Contrarily, we only observed a non-significant increase of PNN. Being the relay of proprioceptive inputs 

also from the forelimb, our thoracic injury induced only partial denervation of cuneatus’ neurons, that 

could mask the effects of the injury on their PNN. On the other hand, the injury did not affect PNN in 

the gracile nucleus, relay of tactile inputs from the hindlimb.  

Considering the effect of activity on both brain stem nuclei, we could observe a clear reduction of PNN 

by the enriched environment and voluntary exercise, whereas the treadmill protocol only reduced PNN 

in the cuneate nucleus. Probably, the maintenance of PNN on these nuclei could be also mediated by 
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descending inputs from higher somatosensory centers (51) and not just by direct projections from 

peripheral neurons. In fact, several works have already demonstrated that enriching activities reduces 

PNN from sensory cortices (34, 36). Therefore, since proprioceptive afferents are key neurons 

mediating activity-dependent plasticity (30), all type of activities modulated PNN in the cuneate nuclei. 

In contrast, activation of tactile afferents could be more important in the context of enriched 

environments. 

 

In conclusion, the present study evidences that SCI has a direct impact on PNN around spinal 

motoneurons caudal to the injury, and that different types of activity can modulate the expression of 

PNN, together with beneficial effects on functional outcome after the injury. We propose that these 

PNN have a relevant influence on motoneuron excitability and synaptic connectivity. The modulation 

of PNN expression emerges as a versatile target to treat neuronal disorders that either need to boost 

plasticity or protect synaptic integrity.  
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Experimental procedures 

Experimental groups 

All experimental procedures were conducted in accordance with the Universitat Autònoma de 

Barcelona Experimentation Ethical Committee (CEEAH 1188R3-DMAH 6131) and followed the 

European Communities Council Directive 2010/63/EU. A total of 54 adult female mice (18-25g; 8 

weeks, C57BL/6J, Charles River Laboratories) were housed at room temperature of 22r 2 ºC and on a 

12h light/dark cycle. Food and water were provided ab libitum.  

Two sets of experiments were performed in this study for characterizing functional and histological 

outcomes produced at 5 weeks (Experiment 1) and at 11 weeks (Experiment 2) after the injury (Figure 

1). The first experiment had five groups of mice. Initially, animals were divided in control (uninjured; 

n=5) or SCI (n=23) groups. Seven days after the injury, injured mice were further divided into four 

different treatment groups, a sedentary group (SED, n=5), and three groups submitted to activity-

dependent therapies: enriched environment (EE, n=6), voluntary wheel (WR, n=7) and forced treadmill 

running (TR, n=5). The second experiment had three experimental groups: control (CRTL, n=10), SCI + 

sedentary (SED, n=8) and SCI + forced treadmill running (TR, n=8). All injured animals were randomly 

divided into the different experimental groups. In case unbalanced groups were generated, it was 

corrected using their tissue displacement and their Basso Mouse Scale (BMS) score at 7 dpi (days post-

injury).  

 

Spinal cord injury 

Surgical procedures were performed under general anesthesia using an intraperitoneal injection (i.p.) 

of ketamine (90 mg/kg) and xylazine (10 mg/kg) in saline solution. After laminectomy, a moderate 

spinal cord contusion was performed at T11 using a force-controlled spinal cord impactor (Infinite 

Horizon Impactor Device). The applied force was set to 50 KDyn, which induced a tissue displacement 

around 300-490 Pm. After surgery, animals received 1mL of saline subcutaneously to prevent 

dehydration. Postoperative care consisted of subcutaneous injections of buprenorphine (0.1 mg/kg) 

for three days and manual bladder voiding twice a day until voiding reflex returned.  

 

Activity-based therapies protocol 

Enriched environment (EE) 

The enriched environment consisted of social housing (6 animals) in a cage (364 × 258 x 350mm3; 

Activity Wheel Cage System for mice, Tecniplast, Buguggiate, Italy) equipped with the wheel blocked 

and with tissue paper added as naturalistic bedding that stimulates fine-motor activity.  

Voluntary wheel running (WR) 
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One week after injury, injured animals were housed in a cage equipped with a free-to-access running 

wheel (364 × 258 × 350mm3; Activity Wheel Cage System for mice, Tecniplast, Buguggiate, Italy). The 

wheels were connected to a wheel revolution count to daily calculate the running distance using the 

diameter of the wheel (21 cm). In order to avoid animal isolation, animals were housed in pairs, a 

group size that also ensured that both animals could run at the same time.  

Forced treadmill running (TR) 

Four days before the surgical procedure, all mice were familiarized with the treadmill (Treadmill LE 

8706). The habituation protocol consisted of running for 15 min at a speed of 11 cm/s. The standard 

negative stimulus (a 0.1 mA low electric shock) was used. Mice started the treadmill training one week 

after SCI and were exercised 5 days/week for 4 weeks (Experiment 1) or 10 weeks (Experiment 2). After 

surgery, the negative stimulus was replaced by a gentle tapping of the tail to encourage running when 

mice stopped. The training protocol consisted of running for 5 min at a speed of 11-14 cm/s and 15 

min at an increasing velocity adapted to mice recovery. At the last training sessions, animals reached 

a maximum velocity of 24 cm/s.  
 

Functional assessment 

Basso Mouse Scale 

Motor recovery was assessed in an open field using the BMS at 3, 7, 14, 21, 28 and 35 days after the 

injury. BMS is a nine-point scale that ranges from 0 to 9, which 0 means total paralysis and 9 reflects 

normal locomotion. The analysis was performed by two researchers which followed blinding 

procedures to establish the score of each animal. The score of each animal was the average score of 

each hind paw. 

Algesimetry tests 

Neuropathic pain was evaluated carrying out thermal algesimetry test, using a Plantar algesimeter 

device (Ugo Basile). Some days before the preoperative testing and the surgery, animals were 

acclimated to the testing chamber for three days (15 minutes/day). Then, tests were performed 

preoperatively to establish baseline values, at 14 and 28 days after the injury by a blinded researcher.  

A light beam (intensity=30) was applied to the hind paw until the animal withdrew the paw (53). The 

paw withdrawal latency was recorded three times, with a resting time between trials, and averaged. 

Finally, values were normalized to those of control intact animals. To categorize animals with 

hyperalgesia, we first calculated the intra-group variability of control animals during the whole 

experiment. Then, those injured animals that presented a higher mean ± control variability compared 

to their basal value were categorized as animals with hyperalgesia.  

Electrophysiological tests 
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Electrophysiological test were performed before SCI (basal values) and at 6, 21 and 32 days after injury 

with the animals under anesthesia (ketamine 90 mg/kg and xylazine 10 mg/kg), since it has negligible 

effects on the electrophysiological recording (54). During the tests, a heating pad was used to maintain 

body temperature and a microscope was used to ensure reproducibility of needle location on all 

animals.  

Spasticity was analyzed by measuring the H wave and its RDD in the plantar muscle, assuming that the 

changes observed in that muscle are characteristic for the hindlimb musculature (55). Firstly, we 

evaluated the maximum amplitudes of the M wave (Mmax; direct muscle response) and the H wave 

(Hmax; monosynaptic reflex) of the plantar interosseus muscle. Then, we calculated the ratio Hmax/Mmax 

(56), as an index of the excitability of the Ia afferent synapse on spinal motoneurons. To assess the 

effect of activity in modulating hyperreflexia, only injured animals that presented hyperreflexia after 

the injury (6 dpi Hmax/Mmax ratio > basal Hmax/Mmax ratio) were included in the study. Then, we measured 

the changes in the H wave amplitude over consecutive stimulations, known as the rate-dependent 

depression (RDD) whose alteration is a hallmark of spastic animals (56). For both measurements, we 

initially delivered single electrical pulses of 0.02 ms (Grass S88) by a needle inserted percutaneously at 

the sciatic notch. The recorded potentials were amplified and displayed on a digital oscilloscope 

(Tektronix 450S). While Mmax was obtained with supramaximal stimulation, the Hmax was elicited after 

trying a range of increasing stimulus intensities. The stimulation intensity that gave the Hmax was then 

used for the RDD test. The RDD was measured performing trains of ten consecutive pulses at different 

frequencies (1, 5 and 10 Hz) with at least 30 seconds rest between each train. RDD values were 

expressed as the percentage of the ratio between the last (10th) and the first pulse. Then, in each 

experimental time-point, a curve expressing the % RDD (y-axis) at different frequencies (x-axis) was 

generated to further calculate the area under the curve for each animal.  

Finally, we recorded the MEP of the plantar interosseus, tibialis anterior and gastrocnemius muscles 

to evaluate descending pathways (57). MEP values were presented as the percentage (%) of recovery 

using the basal value of each animal. Stimulation was delivered by means of needle electrodes 

subcutaneously placed overlaying the sensorimotor cortex and applying pulses of 0.1 ms duration and 

supramaximal intensity.  

 

Histological evaluation  

Five (Experiment 1) or eleven (Experiment 2) weeks after the SCI, mice were euthanized with 

pentobarbital (i.p.; 200 mg/kg). Animals were transcardially perfused with cold 4% paraformaldehyde 

in 0.1M phosphate buffer (PB). Then, brains and spinal cords were dissected out and post-fixed in 4% 

paraformaldehyde in PB overnight and 2h, respectively. Tissues were cryoprotected in 30% sucrose 

solution in PB at 4ºC until they sank.  
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For the spinal cord, the lesion site (T11) and the lumbar region (L4-L6) were serially cut on a cryostat 

(15 Pm thick transverse sections) and collected onto gelatin-coated glass slides. Thoracic sections were 

used to evaluate demyelination with Luxol Fast Blue staining (LFB; Sigma-Aldrich) (58). Briefly, after a 

dehydration phase, slides were placed in a 1mg/mL LFB solution in 95% ethanol and 0.05% acetic acid 

at 37ºC overnight. Then, sections were washed in 95% ethanol and distilled water before being placed 

into a 0.05% Li2CO3 solution for 2:30 minutes at room temperature (RT). After another dehydration, 

sections were mounted in DPX mounting medium (Sigma-Aldrich). 

A subset of cord sections was used to recognize the L5 and L6 segments after incubation in a cresyl-

violet acetate solution for 3h at RT. L5 sections were used to analyzed PNN, VGlut1 staining, the 

potassium chloride cotransporter KCC2 and glial reactivity (GFAP and Iba1), while L6 sections were 

used for glial reactivity and IB4 afferences (Figure 1). For glial reactivity, PNN and VGlut1 staining, slides 

were blocked with 10% normal donkey serum (NDS) for 1h. For KCC2, sections were permeabilized 

with PBST-BSA 3% during 45 minutes at RT and then, nonspecific interactions were blocked with PBS-

BSA 3% and 10% normal donkey serum for 1h at RT. In all cases, sections were then incubated 

overnight at 4ºC with the primary antibody (Table 1). After washes, immunoreactive sites were 

revealed using species-specific secondary antibodies (Table 1). After 2h of incubation at RT, FluoroNissl 

Green (1:200) was added diluted in PBS in some immunohistochemical labeling. Sections were 

mounted in Fluoromount-G medium (Southern Biotech).  

To analyze changes in the dorsal column nuclei, 3 mm of brainstem were serially cut on the cryostat 

(20 Pm thick transverse sections). Then, PNN were immunostained using Aggrecan and the VGlut1 

staining was used to identify the cuneatus nucleus (52). Only those sections containing the nuclei 

(Bregma -7.64 to -8.24) were quantified.   

 

Histological analysis 

Myelin sparing was calculated by delineating the spared LFB-stained tissue area as well as the whole 

spinal cord area from images taken at the epicenter of the injury and every 150 Pm rostral and caudal 

to the lesion. Both areas were used to calculate the % of spared white matter. 

For lumbar sections, grayscale microphotographs were captured at 40x in the ventral horn (L5) and at 

20x in the dorsal horn (L6). The background was corrected, and the threshold was defined for all the 

microphotographs of the same marker. For glial reactivity quantification, integrated density of 

immunoreactivity was measured in the full image of the ventral horn, and in a region of interest (ROI) 

of 230 µm2 of the dorsal horn. IB4+ area in laminae I-II was traced to quantify the intensity of labeling. 

KCC2 immunoreactivity was quantified measuring the integrated density of a band of 2 Pm around 

FluoroNissl Green positive neurons in the ventral horn. At least five sections per marker from each 
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animal were used to calculate the mean value. In the KCC2 analysis, a minimum of 25 neurons was 

measured for each animal. Immunolabeled images were acquired with a digital camera Nikon DS-Ri2 

attached to a Nikon Eclipse Ni-E microscope. Image analysis was performed by Fiji software. 

To measure PNN expression and VGlut1 positive fibers on lumbar motoneurons, images were taken 

from four or five cord sections under a confocal laser-scanning microscope (Z stack image of step 0.5; 

Leica TCS SP5) at 40x. To quantify PNN changes, a minimum of 30 motoneurons (identified by 

FluoroNissl Blue labeling, located within the ventral horn and presenting an area >350Pm2 (59) (Suppl 

Figure 1A)) were measured for each animal. After background correction, the maximal projection of 

the different z-stacks was done and then, a band of 4 Pm around PNN was calculated to measure the 

integrated density of that region. For measurements of VGlut1-positive fibers, the VGlut1-positive 

boutons present in a band of 4 Pm around the selected motoneurons were counted. PNN thickness in 

the dorsal column nuclei were determined using the same method used to measure spinal PNN.  

 

Statistical analysis  

Data is reported as mean ± standard error of the mean (SEM). Normality was assessed by Shapiro-Wilk 

test that showed that all quantitative data followed a normal distribution. Thus, the functional and 

electrophysiological results including motor and sensory tests were analyzed by two-way repeated-

measures ANOVA with group and time after injury as factors, followed by Bonferroni post-hoc tests. 

Histological results were analyzed by one-way ANOVA with Bonferroni post-hoc test, except for Luxol 

fast blue analysis in which we used a two-way ANOVA (group × distance in the spinal cord). Pearson’s 

correlation and linear regression analysis were used to correlate H-reflex modulation with BMS score 

and the PNN thickness with the distance run/day in the WR group. Statistical analysis was done using 

GraphPad Prism 7 software. A p-value �0.05 was used to indicate significant differences between 

groups.  
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FIGURE LEGENDS 

Figure 1. Schematic representation of the experimental procedure.  (A) Diagram showing the timeline 

of the experiments. (B) Histological analysis from Experiment 1 at the spinal cord (L5 and L6) and the 

dorsal column nuclei. PNN: perineuronal net. Individual images were obtained from Biorender and 

Servier Medical Art.  

 

Figure 2. Functional evaluation after SCI and activity-based therapies. (A) Open field locomotion 

assessed by BMS scale. (B) Neuropathic pain assessment by thermal algesimetry test recorded every 

two weeks. (C) Averaged percentage of the animals that presented hyperalgesia at the end of the 

experiment. (D) Representative recordings displaying MEPs in plantar, tibialis anterior and 

gastrocnemius muscles during the experimental procedure. (E) Quantification of Hmax/Mmax changes 

before initiating the activity-based therapies (6dpi), at 21 dpi and at the end of the experiment (32 

dpi). Representative electromyograms showing an initial M wave, resulting from the direct activation 

of motor axons, and a small wave with longer latency, the H wave, resulting from the monosynaptic 

activation of lumbar motoneurons by Ia afferences at 6 and 32 dpi. (F) Paired-pulse depression profile 

of H wave after 10 consecutive stimulations at 1, 5 and 10 Hz. Increasing the frequency of stimulation 

leads to a dramatic decrease in the H wave amplitude in intact mice compared to injured ones. (G) 

Depression profile of the H wave at 32 dpi. Statistical differences are not shown. (H) Representation 

of the area under the curve of the recorded curve of each animal from figure 2G. (I) Relationship 

between BMS score and H wave recordings in the plantar muscle. *p<0.05, **p<0.01, ***p<0.001 vs 

control; ##p<0.01, ###p<0.001 vs SED; %p<0.05, %%p<0.01 vs WR, and $p<0.05, $$p<0.01, 

$$$p<0.001 vs TR; as calculated by two-way ANOVA followed by Bonferroni correction for the multiple 

comparison. MEP: motor evoked potentials, RDD: rate-dependent depression, BMS: Basso Mouse 

Scale, CTRL: control, SED: sedentary, EE: enriched environment, WR: voluntary wheel, TR: forced 

treadmill.  

 

Figure 3. Histological changes in the lumbar spinal cord after SCI and activity-based therapies. (A) 

Representative images of lumbar ventral horn of different histological parameters after SCI and 

activity-dependent activities. (B) Quantification of PNN labelled with aggrecan (green) around lumbar 

motoneurons, labelled with FluoroNissl (blue). (C) Average distance run per week over the training 

period (4 weeks) of the WR and TR groups. (D) Relationship between PNN intensity and distance run 

per day in the WR group. (E) Quantification of proprioceptive fibers, labelled with VGlut1 (red) in 4µm 

around lumbar motoneurons, labelled with FluoroNissl (blue). (F) Quantification of the potassium-

chloride cotransporter KCC2 (red) around lumbar motoneurons. (G) Relationship between KCC2 and 

PNN expression in the lumbar spinal motoneurons. *p<0.05, ***p<0.001 vs control; ##p<0.01, 
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###p<0.001 vs SED; and $p<0.05, $$p<0.01, $$$p<0.001 vs WR; as calculated by one-way ANOVA with 

Bonferroni multiple comparison. Data are expressed as mean ± SEM normalized to control group. Scale 

bar: 100 µm (PNN), 50 µm (VGlut1 and KCC2). CTRL: control, SED: sedentary, EE: enriched 

environment, WR: voluntary wheel, TR: forced treadmill. 

 

Figure 4. Inflammation and neuropathic pain assessment after SCI and activity-dependent therapies. 

(A) Representative images of lumbar L5 ventral and L6 dorsal horn of different histological markers 

after SCI and activity-based therapies. (B) Quantification of astrocytes and microglia labelled with GFAP 

(green) and Iba1 (red) at the ventral horn of L5 spinal cord. (C) Quantification of the intensity of glial 

markers labelled with GFAP (green) and Iba1 (red) at the dorsal horn of L6 spinal cord. (D) 

Quantification of IB4+ afferences in the dorsal horn of L6 spinal cord. *p<0.05, **p<0.01, ***p<0.001 

vs control; #p<0.05 vs SED; $p<0.05 vs WR; as calculated by two-way ANOVA followed by Bonferroni 

correction for multiple comparisons. Data are expressed as mean ± SEM normalized to control group. 

Scale bar: 100 µm. CTRL: control, SED: sedentary, EE: enriched environment, WR: voluntary wheel, TR: 

forced treadmill. 

 

Figure 5. Modulation of PNN in the dorsal column nuclei after SCI and activity-dependent therapies. 

(A) Confocal images of PNN labelled with aggrecan (red in the gracile nucleus and green in the cuneatus 

nucleus) at 35 dpi. Quantitative analysis of PNN in the gracile (B) and cuneatus nuclei (C) in all groups. 

Quantitative analysis of ***p<0.001 vs control; #p<0.05, ## p<0.01 vs SED, as calculated by one-way 

ANOVA with Bonferroni multiple comparison. Data are expressed as mean ± SEM normalized to control 

group. Scale bar: Scale bar: 50 µm. CTRL: control, SED: sedentary, EE: enriched environment, WR: 

voluntary wheel running, TR: forced treadmill running.  

 

Supplemental Figure 1. Lumbar PNN and VGlut1 modulation 11 weeks after SCI. (A) Representative 

distribution of motoneurons selected to quantify PNN. (B) Confocal images of PNN, labelled with 

aggrecan (green) and proprioceptive contacts, labelled by VGlut1 (red) around lumbar motoneurons, 

labelled with Nissl (yellow) in the lumbar spinal cord at 77 dpi, preceded by the quantitative analyses 

of aggrecan and VGtlu1 immunostaining. No significant differences were found by one-way ANOVA 

with Bonferroni multiple comparison. Data are expressed as mean ± SEM normalized to control group. 

Abbreviations: CTRL: control, SED: sedentary, TR: forced treadmill running. 

 

Supplemental Figure 2. Tissue damage evaluation after SCI and activity-based therapies. (A) 

Quantification of white matter sparing from the injury epicentre to 600 µm rostral and caudal. Total 

white matter sparing in 1.2mm spinal cord samples of different mice groups. (B) Representative 
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micrographs showing white matter sparing at the epicentre of the injury in sections stained against 

LFB from all experimental groups. No significant differences were found as calculated by two-way 

(myelin sparing) and one-way (total area) ANOVA with Bonferroni multiple comparison. SED: 

sedentary, EE: enriched environment, WR: voluntary wheel running, TR: forced treadmill running. 
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TABLE 1. List of antibodies used in the histological analysis 

 

 

*Lectin from Wisteria Floribunda 
 

Primary antibodies Secondary antibodies 

Name Dilution Host Reference Name Dilution Host Reference 

GFAP 1:1000 Rabbit AB5804- 

Millipore 

Alexa 

488 

1:200 Donkey 

x Rabbit 

A21206-

Invitrogen 

Iba1 1:400 Goat AB5076- 

Abcam 

Alexa 

594 

1:200 Donkey 

x Goat 

A11058- 

Invitrogen 

Aggrecan 1:250 Rabbit AB1031- 

Millipore 

Alexa 

488 

1:200 Donkey 

x Rabbit 

A21206-

Invitrogen 

VGlut1 1:300 Guinea 

Pig 

AB5905- 

Millipore 

Cys3 1:200 Donkey 

x 

Guinea 

Pig 

706-165-

148- 

Jackson 

KCC2 1:400 Rabbit 07-432- 

Millipore 

Alexa 

594 

1:200 Donkey 

x Rabbit 

A21207- 

Invitrogen 

GSL-I*; 

Anti-GSL-

I 

10 

µg/ml 

1:500 

- 

Goat 

L-1104- 

Vector 

AS2104-

Vector 

Alexa 

488 

1:200 Donkey 

x Goat 

A 11055-

Invitrogen 
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