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Abstract 

Perineuronal nets (PNNs) were first discovered in 1890 by Ramon y Cajal and further studied by 

Camillo Golgi in 1898 who described them as reticular structures that form an interrupted 

envelope which surrounds the cell body of nerve cells and continues along their protoplasmic 

extensions (dendrites) up to the second and third order. We know today that PNNs play 

important roles in neuronal development, protection and plasticity. The formation of these 

molecular structures correlates with the end of critical periods of plasticity as mature synaptic 

contacts form. Their expression is dynamic rather than static and can be up-regulated or down-

regulated depending on normal activities like exercise or pathological processes like spinal cord 

injury. This review focuses on the molecular composition of PNNs, their developmental timing, 

their distribution in the central nervous system (CNS), specifically in the spinal cord (SC), and 

their possible functions in both the healthy and injured spinal cord. 

 

 

Introduction 

The extracellular matrix (ECM) plays a pivotal role in both the development and integrity of the 

central nervous system (CNS). About 2% of this matrix is condensed in lattice-like structures 

around different subclasses of neurons in different parts of the CNS. In spite of their initial 

interest, these nets received little attention during the following years. The interest has been 

growing again since the studies of Brauer who found perineuronal nets (PNNs) originating form 

glial cells (Brauer, Werner, and Leibnitz 1982) and Lafarga who found PNNs extending from the 

protoplasmic astrocytes (Lafarga, Berciano, and Blanco 1984). 

The appearance of perineuronal nets correlates with the end of experience dependent critical 

period of plasticity. An early developmental period in which neuronal circuits form between 

neurons.  The main components of PNNs are chondroitin sulfate proteoglycans (CSPGs) of the 

lectican family, hyaluronan (HA), glycoprotein tenascin of the tenascin family and link proteins. 

PNNs form a continuous envelope that is only interrupted at points of synaptic contact. As 

synaptic contacts between different neurons mature, PNNs surround the neurons and stabilize the 

synapses to limit further neuronal plasticity. PNNs exert their effects through the various 



molecular components, which interact with receptors and other molecular on neuronal and glial 

surfaces. PNNs have been implicated in neuronal development, synaptogenesis and 

neuroprotection. Another important function is their role in limiting functional recovery and 

restriction of plasticity especially after spinal cord injury (SCI). Another less extensively studied 

role is their association with a subclass of highly active and rapid-firing neurons that express 

specific potassium channels. In this context they appear to play a role in maintaining homeostasis 

within the microenvironment of the neuron. Several studies indicate that PNN expression is not 

static in nature and that it increases after CNS injury. This limits axonal sprouting and synaptic 

reorganization, a hindrance that is one of the major factors in the poor outcome of recovery after 

spinal cord injury. As CSPGs constitute the major molecular component of the PNNs, they 

appear to play a major role in regulating plasticity after CNS injury. Several studies have been 

dedicated to the study of PNNs in the visual, motor and somatosensory cortex where they 

associate with certain subclasses of neurons (Pizzorusso et al. 2002; Barritt et al. 2006; Massey 

et al. 2006). Less is known about PNNs in spinal cord and their association with certain types of 

spinal neurons, despite their important role in limiting the functional recovery and plasticity after 

SCI.  

 

 

Methods 

 
PubMed (www.ncbi.nlm.nih.gov/pubmed) was used as the main source of information. The 

combined search term 'perineuronal nets AND spinal cord ' was used. This generated a list of 43 

articles published from 1985 to 2016, all of which were downloaded and reviewed.  

For comparison, the individual search terms 'perineuronal nets ' and 'spinal cord ' generated 

respectively 371 and 186,462 PubMed hits, indicating that research into perineuronal nets 

represents an extremely small fraction of spinal cord research in general, and that perineuronal 

nets are being studied substantially more in other parts of the nervous system than in the spinal 

cord. 

 

 

 



Results 

 
The molecular composition of PNNs 

 

PNNs are composed of different sets of chondroitin sulfate proteoglycans (GSPGs), which are 

themselves composed of a protein core linked to multiple linear polysaccharide side chains 

known as chondroitin sulfate glycosaminoglycans (CS-GAGs). Several core proteins have been 

described: aggrecan, brevican, neurocan and versican (collectively termed lecticans (Yamaguchi 

2000)) and phosphacan, which is the secreted form of the receptor–type tyrosine phosphatase 

(Maeda et al. 1995). Other important proteins constituting the PNNs are the glycoproteins 

tenascin-C (Celio and Chiquet-Ehrismann 1993) and tenascin-R (Bruckner et al. 2000), a pair of 

so-called link proteins, cartilage link protein (CRTL-1) and brain link protein-2 (BRL-2) 

(Galtrey et al. 2008), and hyaluronic acid (HA) (Bignami, Asher, and Perides 1992)  Figure 1 

(Wikimedia Foundation 2016). 

 



 
Figure 1: A. Perineuronal nets are made of chondroitin sulfate proteoglycans (CSPGs). Here, the 

CSPGs neurocan, versican, brevican, and aggrecan are bound to hyaluronan. Associations occur between 

other CSPGs through tenascin (T, triangles). Tenascin, in turn, binds to CS glycosaminoglycans (red 

lines) as well as cell surface CSPGs. Phosphacan can also bind to cell surface receptors such as 

NCAM. B. Application of chondroitinase ABC (ChABC) degrades all the CS glycosaminoglycans (red 

lines) as well as hyaluronan (pink line), causing major disruptions in the structure of the perineuronal net. 

These disruptions may allow neurites to penetrate the vacated space and permit restoration of neural 

plasticity. 
 

 

 

 

 

 

 

 

 

 

 



 
Figure 2: PNNs in the spinal cord. Blue: Nuclei stained with Hoechst. Red: Perineuronal nets stained by Cy3. 

VH: Ventral horn. DH: Dorsal horn. CC: Central canal,  Jassem & Glover, Unpublished. 

Functions of PNNs  

Studies focused on telencephalon and cerebellum have shown that the perineuronal nets are 

associated with specific types of fast-firing neurons that express the voltage-dependent 

potassium channel, KV3.1b (Hartig et al. 2001). This suggests a possible role of perineuronal 

nets, with their strongly anionic molecular microenvironment, in the maintenance of 

environmental homeostasis around these highly active neurons (Hartig et al. 1999). This 

neuroprotective function can also be seen in their function to exhibit protection against toxic 

agents that affect neurons and to Alzheimer’s disease (Bruckner et al. 1999). Another important 

role that has been widely studied is the stabilization of synapses once these are mature, with 

resultant limitation of neuronal plasticity (Hockfield et al. 1990) (Pizzorusso et al. 2002). This 

function has also been suggested to prevent the formation of inappropriate synaptic connections 

in both the developing and adult CNS (Bandtlow and Zimmermann 2000). 

 

Distribution of PNNs in the spinal cord 

The PNNs surround several subclasses of neurons in the spinal cord. These neurons are separated 

from the ECM in the surrounding tissue by astrocytic processes (Vitellaro-Zuccarello et al. 

2007). The distribution of all PNN molecular constituents appears to be generally the same at 



different levels of the spinal cord. There are however regional differences in dorsoventral 

expression, with three distinct regions that show particular forms of PNN staining. The first 

region encompasses the superficial lamina I and II of the dorsal horn. In these two laminae 

neurons are not surrounded by PNNs and only diffuse ECM can be seen in the gray matter 

(Vitellaro-Zuccarello et al. 2007; Galtrey et al. 2008).  Labeling intensity is high in this region 

for neurocan and versican, moderate for aggrecan, low for brevican, tenascin-R and CS-GAGs, 

and absent for phosphacan. The second region extends from lamina III to the rest of the gray 

matter except the ventral horn. Many PNNs surround neurons in Clarke’s nucleus and in the 

interomediolateral nucleus. The staining intensity in the PNNs in this region is high for 

phosphacan, brevican and GS-GAGs but low for other components. The third region is the 

ventral horn, where many motoneurons exhibit PNNs with high intensity staining for lecticans, 

but variable and sometimes absent staining for CS-GAGs (Vitellaro-Zuccarello et al. 2007).  

A good correlation is found between spinal neurons expressing the Kv 3.1b subunit and the 

expression of PNNs (Vitellaro-Zuccarello et al. 2007; Baranauskas et al. 2003; Rudy and 

McBain 2001). These highly active neurons are absent in the dorsal horn, which is in accord with 

the absence of PNNs in the superficial laminae of the dorsal horn (Galtrey et al. 2008).  

Earlier studies by Bodega et al. (1985) showed that the density and thickness of the fibers 

forming the PNNs changes across different zones of the gray matter. Regarding type and 

intensity, three different types of PNNs were observed. The first type is a dense network 

composed of thick fibers (0.7-1.2 µm). These were found only around motoneurons in the ventral 

horn. The second type is composed of dense nets of thinner fibers that are about 0.6 µm thick, 

and was frequent in the ventral and intermediate gray matter. The third type is more loosely 

organized and composed of 0.6 µm thick fibers, and was found in the region extending from the 

intermediate gray to the neck of the dorsal horn below lamina II (Bodega et al. 1985).  

Another study by Galtrey et al 2008 shows that about 30% of all motoneurons in the ventral horn 

are surrounded by PNNs, and that the frequency of PNNs increases in the intermediate gray 

matter where about 50% of large interneurons are surrounded by PNNs. At levels below lamina 

II in the dorsal horn, about 20% of neurons were found to be enveloped by PNNs (Bodega et al 

1985). Thus, the same pattern of regional differences among different laminae was observed as 

indicated above (Galtrey et al. 2008). 

Comparing the types of PNNs that were formed by microglial cells and astrocytes showed that 

microglial cells tend to elaborate thin and long fibers and that astrocytes elaborated rather thick 

and short fibers. There was no evidence that a given PNN is formed by different cell types, but it 

was observed that one fiber could participate in the formation of two or more different PNNs 

(Bodega et al. 1985). 

 



Expression pattern of different molecules indicate their role as a trigger for PNN 

formation in spinal cord 

The study by Galtrey et al. (2008) in the rat reported that PNNs start to appear at postnatal day P7 

and become fully developed at P21 (Galtrey et al. 2008). The time of appearance is confirmed by 

our unpublished results in the mouse where we can detect PNNs at P9 (Figure 3). The two days 

difference can be attributed both to developmental timing differences in the two species (Auclair, 

Marchand, and Glover 1999) and possibly also to differences in staining method, since we 

mainly used biotinylated Wisteria floribunda Agglutinin (bWFA) for fluorescence detection 

whereas Galtrey et al (2008) used, in addition to bWFA, monoclonal antibodies that detect 

different components of the PNNs. These include monoclonal antibodies against GCPGs 

proteins, aggrecan, versican, neurocan and phosphacan. Antibodies against link proteins, 

tenascin-R and hyaloronan receptors were also used. The general developmental timeline is 

supported by another study looking at the postnatal expression of aggrecan mRNA (Matthews et 

al. 2002), which was expressed only in cells located in the gray matter. Aggrecan mRNA 

expression was very low at embryonic day 17 and P3, was first detected at P7 and rose gradually 

to peak at P21. The expression level appeared to be maintained thereafter throughout adulthood.  

 

                  

Figure 3: Two sections from the cervical region of the mouse spinal cord. P9 (left) shows only a 

few cells that are surrounded by PNNs. P25 (right) shows substantially more cells surrounded by 

the PNNs. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Galtrey%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=18364019


 

 

The cartilage link protein– 1 (CRTL-1) and the brain link protein-2 (BRL-2) are expressed by 

neurons that also express hyaluronan synthase, but not in all neuron. Studies show that these link 

proteins are expressed in about 40% of neurons in the ventral horn. As is the case for aggrecan, 

the expression of these link proteins is limited to the gray matter and is also up-regulated after 

birth and just before the histological appearance of the PNNs. This suggests a role, together with 

aggrecan, as a trigger or nucleus for PNN formation. CRTL-1 and BRL-2 mRNA expression is 

very low early in development, begins to increase at P7 and increases further at P14 and P21 

(Galtrey et al. 2008). 

Hyaluronan is present at high levels in the gray matter early in development and starts to 

condensate in PNNs around neurons by P14 with increasing condensed through P21 (Carulli, 

Rhodes, and Fawcett 2007). 

Immunohistochemical characterization shows that the tenascin-R is present in both white and 

gray matter. The level of tenascin-R is high at both P1 and P7, and condensation around neuronal 

cell bodies can be seen at P14 with further condensation to adult levels by P21. Tenascin-R 

mRNA expression increases from P3 to P7 to P14 and starts to decrease at P21 (Carulli, Rhodes, 

and Fawcett 2007; Galtrey et al. 2008). 

In contrast to aggrecan, which appears to be present in all PNNs, the other core proteins 

neurocan, versican and phosphacan are present only in some PNNs. These proteins are 

synthesized by both glia and neurons (Carulli et al. 2006; Carulli, Rhodes, and Fawcett 2007). 

Neurocan is present between P3-P14 at moderate levels in the gray matter and on glial processes 

that extend into the white matter. Neurocan expression increases and at P21 it starts to condense 

in PNNs surrounding neurons. Versican expression is detectable at low levels early and increases 

by P21 as seen for both aggrecan and neurocan.  

Post-mortem assessment of the human spinal cord shows PNN protein expression patterns  

similar to those observed in rodents. Aggrecan, brevican and the link-proteins are all expressed 

in the gray matter exclusively. By contrast, hyaluronan and tenascin-R are present in both white 

and gray matter. Differences in PNN staining pattern are related to different segment-specific 

nuclei but not to different segmental levels per se. The overall distribution of the different PNN 

components is the same as that observed in rodents (Jager et al. 2013). 

 

Dynamic expression of PNNs in the healthy spinal cord 

Studies show that the expression of PNNs after their formation is dynamic rather than static.  

PNN expression is dynamic both following injury and in healthy CNS tissue, depending on the 



level of activity or injury. Smith et al. (2015) examined the effects of exercise training on PNN 

expression in the spinal cord and upper regions of CNS dealing with learning and memory in rat. 

This study demonstrated that exercise up-regulates PNN expression in the lumbar part of the 

spinal cord and down-regulates PNN expression in brain areas associated with learning and 

memory (Smith et al. 2015). 

 

PNNs and their role as a barrier to regeneration after spinal cord injury 

Chondroitin sulfate proteoglycans constitute the essential structural molecules of PNNs. The 

sulfate groups in these molecules entrap fluids around the neurons that are surrounded by PNNs. 

This forms a gel-like perisynaptic barrier that hinders synaptic plasticity (Ohtsuka et al. 2000). It 

is known that the expression of CSPGs is markedly increased after spinal cord injury, and that 

this reduces the plasticity of spinal networks (Rhodes and Fawcett 2004; Smith and Strunz 

2005). The increase in CSPG expression can be seen as early as 24 hours after injury and peaks 

between 8-14 days (Tang, Davies, and Davies 2003). It is due primarily to different chemical 

mediators of gliosis following the inflammatory response but it may also be related to the notion 

that PNNs form a barrier to protect against infection as a natural defense mechanism. The down 

side is that this reduces functional recovery by limiting axonal regeneration and formation of 

new synapses (Fitch and Silver 1997; Galtrey and Fawcett 2007; Jones, Margolis, and Tuszynski 

2003; Tang, Davies, and Davies 2003). Studies show that the increase in CSPG expression is not 

limited to the local area of the injury, but extends away from the injury site to include synaptic 

targets in the brainstem denervated by damage to ascending tracts. This creates additional 

barriers to axonal regeneration (Massey et al. 2008). 

 

Overcoming the barrier 

Degradation of CSPG by chondroitinase ABC (Figure 1B), which targets several disaccharides, 

or by using hyaluronidase, which breaks down HA, removes much of the inhibition to the 

plasticity (Galtrey et al. 2008; Barritt et al. 2006; Bradbury et al. 2002). Such enzymatic 

treatment has been shown to reactivate experience-dependent plasticity in the visual cortex 

(Pizzorusso et al. 2002), and to stimulate axonal sprouting (Barritt et al. 2006) and promote 

functional recovery after spinal cord injury (Rhodes and Fawcett 2004; Bradbury et al. 2002).  

Several studies have concentrated on developing structural degradation of PNNs as a strategy to 

overcome the barrier to spinal cord regeneration. A study by Wakao et al. (2011) has drawn 

attention to the resultant degradation products. This study shows that oligosaccharides that are 

products of hyaluronan degradation, when applied to the lesion site after spinal cord injury, 

improve motor function, enhance axonal regeneration and sprouting, exert neuroprotective 

activity and reduce recruitment of microglia/macrophages to the lesion site (Wakao et al. 2011). 



Another avenue towards reducing PNN-mediated inhibition of regenerative capacity after spinal 

cord injury may be through manipulation of transcription factors that regulate the expression of 

CSPGs. SOX9 is a transcription factor that upregulates different genes associated with glial scar 

formation after injury. Conditional ablation of this transcription factor reduces the expression of 

CSPGs after SCI, increases plasticity and improves locomotor recovery (McKillop et al. 2013). 

Another important molecule that plays an important role after SCI is the glycoprotein tenascin-R. 

Tensacin-R is expressed by motoneurons and interneurons in both intact and injured spinal cord 

and it accumulates in PNNs surrounding these neurons (Apostolova, Irintchev, and Schachner 

2006; Murakami and Ohtsuka 2003). The expression of tenascin-R increases locally after an 

injury. This molecule is also one of the oligodendrocyte-derived proteins that inhibit axonal 

regeneration (Deckner et al. 2000; Sandvig et al. 2004). Tenascin-R-negative mice recover better 

after SCI compared to wild-type controls (Apostolova, Irintchev, and Schachner 2006). 

Tenascin-R-negative mice show at the same time a reduced density of GABAergic perisynaptic 

puncta, representing a reduction in the number of perisomatic inhibitory synapses and thus the 

number of inhibitory inputs to motoneurons (Apostolova, Irintchev, and Schachner 2006; 

Nikonenko et al. 2006). 

 

Summary and discussion 

The perineuronal nets were first discovered by Ramon y Cajal in 1890 and further investigated 

by Camillo Golgi in 1898.  In spite of this early interest, PNNs received little attention for many 

subsequent decades. Interest was renewed and has been growing since the 1980s. Today we 

know that PNNs are a special condensation of the extracellular matrix that forms a lattice-like 

envelope around different types of neurons in different parts of the central nervous system. Their 

appearance correlates with the end of critical periods of plasticity as the the mature pattern of  

synaptic contacts between neurons forms. PNNs have a neuroprotective function that stabilizes 

synaptic contacts and limits neuronal plasticity.  Through their strong anionic nature, they also 

contribute to maintaining environmental homeostasis around highly active neurons (Hartig et al. 

1999). PNNs are composed of several molecular components that have been described in the 

literature, including proteoglycans, several core proteins, hyaluronic acid, glycoproteins and link 

proteins. There is an established correlation between the expression of PNNs and neurons that 

express the calcium-binding protein, parvalbumin, in the brain (Haunso et al. 1999; Vitellaro-

Zuccarello et al. 2007). In contrast this correlation is not seen in the spinal cord, not even in the 

dorsal horn where parvalbumin+ spinal neurons are found in highest numbers. On the other hand, 

a good correlation is found between PNNs and fast firing spinal neurons expressing the Kv3.1b 

subunit of the voltage-dependent potassium channel, as is the case in the brain (Vitellaro-

Zuccarello et al. 2007). Developmentally, PNNs start to appear at the end of the first week and 

become fully mature by the third week (Galtrey et al. 2008). Looking at the correlation between 

the expression of different molecules of PNNs and their time of appearance suggests a possible 



role of aggrecan and cartilage link-1 protein as triggers for PNN formation (Galtrey et al. 2008). 

PNNs are dynamic rather than static structures as the expression of their constituent molecules 

can be up- or down-regulated in different parts of the CNS in response to activity or pathology 

(Smith et al. 2015). In this sense, they form a barrier that limits plasticity, axonal regeneration 

and sprouting of spared axons after spinal cord injury. As a result, functional recovery after SCI 

is limited. Different approaches can be used to overcome this barrier. One of these is to use 

enzymes that break down CSPGs or HA in PNNs (Barritt et al. 2006). It has been shown, 

however, that an increase in the expression of PNN molecules occurs not only locally but also at 

sites distant to the injury site (Massey et al. 2008). This creates an additional challenge in the 

effort to treat SCI through PNN manipulation. Finally, several studies have approached the task 

of identifying the types of neurons that are associated with perineuronal nets in the spinal cord 

(Vitellaro-Zuccarello et al. 2007; Galtrey et al. 2008; Bodega et al. 1985; Morris and Henderson 

2000; Bignami, Asher, and Perides 1992; Rhodes and Fawcett 2004), but a clear overview of the 

specific spinal neuron types that exhibit PNNs is still lacking. 
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