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During restricted time windows of postnatal life, called critical periods, neural circuits are highly plastic and are shaped by

environmental stimuli. In several mammalian brain areas, from the cerebral cortex to the hippocampus and amygdala, the

closure of the critical period is dependent on the formation of perineuronal nets (PNNs). PNNs are condensed aggregates

of an extracellular matrix (ECM) enwrapping the cell body, dendrites, and axon initial segments of several neurons in the

adult central nervous system (CNS). They represent one form of an ECM in the CNS, together with the ECM that is

loosely distributed in the parenchyma, the ECM that constitutes the basal lamina (which separates the CNS tissue from

meningeal and vascular tissues), and the ECM that is located at the nodes of Ranvier.
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1. Introduction

The PNN coating is interrupted by holes, in which synaptic boutons are contained (see Figure 1A,B for representative

pictures of PNNs in the mouse cerebellar nuclei that enwrap GABAergic terminals).

Figure 1. Structure and composition of the PNN. (A,B) show PNNs around neurons in the mouse cerebellar nuclei,

labelled by Wisteria floribunda agglutinin (WFA; general marker for PNNs), in green. PNNs display their typical holes, in

which pre-synaptic terminals are contained. In (A), GABAergic terminals are shown (in red), labelled by anti-VGAT

antibodies. In (B), post-synaptic clusters of gephyrin, which anchors GABA receptors to the underlying cytoskeleton, are

shown (in red). In (C), the main molecular components of PNNs are depicted. HAS, hyaluronan synthase; HA,

hyaluronan; CSPG, chondroitin sulfate proteoglycan; TN-R, tenascin-R, Otx2, orthodenticle homeobox 2; Sema3A,

Semaphorin 3A. Scale bar: 4 µm in (A,B).

PNN embedded synapses can be viewed as a tetrapartite structure, comprising the presynaptic terminal, the postsynaptic

element, astrocytic processes, and the PNN . PNNs are found around distinct classes of inhibitory and excitatory

neurons throughout the rostrocaudal axis of the CNS of vertebrates, from the cortex to the spinal cord. PNNs are

particularly well developed in birds and mammals. In the latter class, PNNs have been described in several species,

including mice, rats, guinea pigs, gerbils, cats, dogs, sheep, monkeys, and humans. Examples of PNN-bearing neurons in

rodents are GABAergic parvalbumin (PV)+ neurons in the cortex, interneurons, and pyramidal neurons in the

hippocampus; PV-positive and negative neurons in the striatum; excitatory neurons in the cerebellar nuclei; motoneurons

and interneurons in the spinal cord . Notably, species-dependent differences exist

with respect to whether PNNs surround the inhibitory or excitatory neurons. Although in rodents, the majority of PNN-

enwrapped neurons in the cortex are PV+ GABAergic neurons, in primates, a substantial number of pyramidal neurons in

the motor and somatosensory cortex bear a PNN . In the basolateral amygdala of rats, PNNs are found around

PV+ and PV− neurons, while in mice, they are reported only around excitatory neurons . The common denominator

of all different types of PNN-bearing neurons seems to be their fast-spiking neuronal activity. Thus, PNNs are proposed to

serve as extracellular reservoirs for physiologically relevant cations, such as Ca , K , or Na , contributing to fast and

precise neuronal transmission . Indeed, through ionic interactions, polyanionic components of PNNs are able to
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reversibly accumulate cationic molecules at physiological concentrations, potentially contributing to local molecular

gradients of ions . The “anionic shield” made by the PNN may also represent a protective mechanism against toxic

species that are generated by metabolic or oxidative stress.

2. PNNs and Memory-Related Diseases

In the last decade, several studies focused on the relationship between PNNs and memory processes, as well as PNNs

and various brain diseases, including schizophrenia, epilepsy, depression, multiple sclerosis, and Huntington’s disease 

. Here, we address PNN changes and their roles in two widespread memory-related diseases, namely

Alzheimer’s disease (AD), in which memory formation is compromised, and drug addiction, in which maladaptive

memories are present.

2.1. PNNs in Alzheimer’s Disease

AD is a progressive neurodegenerative disease that affects the neocortex and hippocampus and is characterized by

impaired learning and retrieval of memories. Two hallmarks of AD are extraneuronal deposition of the amyloid-beta protein

in the form of plaques and intraneuronal aggregation of the microtubule-associated protein tau in the form of filaments 

. Some studies document a partial loss of chondroitin sulfate-glycosaminoglycans (CS-GAGs)/CSPGs in the PNNs of

patients and mouse models of AD, particularly in the cingulate, frontal, temporal, and entorhinal cortexes  and

middle frontal gyrus  in humans, and in the hippocampus CA1, CA2, and CA3 , subiculum, and visual cortex  in

mice. However, other studies report no alteration of PNNs in the brains of AD patients or mice in the human insular cortex

and subcortical regions ; human primary sensory, secondary, and associative areas of the temporal and occipital lobe

; mouse parietal cortex . A recent study pointed to an intriguing role of microglia activation, triggered by amyloid

plaques, in mediating extensive PNN loss in a mouse model of AD . While there are no studies reporting a PNN

increase in human AD brains, mice characterized by amyloid-beta plaque production (APP/PS1 mice) show increased

WFA labeling around hippocampal PV neurons and the upregulation of several ECM proteins in hippocampal

synaptosome preparations at early stages (3 months of age), when amyloid-beta plaques are not yet observed, but when

contextual fear memory is impaired and long-term potentiation (LTP) is reduced. These physiological and behavioral

deficits are reversed when the ECM/PNNs are removed by chondroitinase ABC (ChABC), indicating that perisynaptic

ECM accumulation may contribute to early memory and plasticity impairments in AD . Interestingly, PNNs may protect

neurons and synapses from amyloid toxicity, as shown in vitro , and from tau pathology . Direct evidence for a

role of PNN in neuroprotection is shown in the study by Suttkus et al. . When exogenous tau protein is added to brain

organotypic cultures, it is mainly internalized in neurons without a PNN. However, if the PNN is disrupted due to the lack

of aggrecan, link protein 1, or tenascin-R, tau becomes internalized in PNN neurons as well. Membrane-associated

heparan sulfate proteoglycans have been shown to induce the internalization of tau aggregates . PNNs may bind tau

aggregates (possibly through the large polyanionic molecule aggrecan), therefore inhibiting their interaction with the

heparan sulfate proteoglycans and, as a consequence, their internalization.

In order to overcome the progressive loss of functional connections due to neurodegeneration in AD, new connections

may help bypass nonfunctional neurons, leading to functional improvements. To help form new connections, the

degradation of PNNs may be beneficial. In the study by Yang et al. , the digestion of PNNs in the perirhinal cortex of AD

mice with neurodegenerative tauopathy, in which object memory decays rapidly, results in restoration of normal synaptic

transmission and behavioral amelioration. The sulfation pattern of CS-GAGs affects CSPG binding properties and

function, with 4-sulfated CS-GAGs being inhibitory to neurite growth. Interestingly, in tauopathy mice, the administration of

antibodies blocking 4-sulfated CS-GAGs in the perirhinal cortex is sufficient to restore object memory .

Overall, there is some discrepancy between studies investigating PNN changes in AD human tissue, as well as in mouse

models, with some studies reporting no changes and others reporting a PNN reduction. These differences in mice may

depend on the mouse genetic background, and in humans, on the disease stage, the brain area investigated, the age of

the patient, and technical issues. Moreover, AD mouse models do not always match with the human pathology, as PNN

expression is increased in some mouse models of AD, whereas in human AD brains, PNNs are mostly decreased or

unchanged. Given the important role of sulfation patterns in PNN functions, it would be interesting to address whether

PNN sulfation in brain regions affected by AD is different from that of healthy subjects. PNN sulfation pattern can be a

potential therapeutic target for improving AD symptoms.

PNNs are shown to have a neuroprotective role against tau pathology. However, beneficial effects on memory were

obtained by acute PNN disruption in tauopathy mice . Further studies are needed to elucidate the synaptic/anatomical

changes underlying memory restoration, as well as long-term effects, following PNN manipulation in AD mice. Moreover,
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in view of developing therapeutic strategies, the dual role of PNNs in neuroprotection and the restriction of plasticity

should be taken into account.

2.2. PNNs and Drug Addiction

Drug addiction is considered a chronic relapsing disorder, in which craving and relapse to drug seeking occur even after

prolonged abstinence . This is because addiction involves many of the same brain circuits that govern learning and

memory. Exposure to environmental stimuli that have previously been associated with the effects of self-administered

drugs is often a major contributor to relapse, as it evokes memories of the effects of the drug . Given the role of

PNNs in learning and memory processes, including associative memories, it is not surprising that PNNs are not only

altered following drug consumption or during addiction but also play an active role in the consolidation of addiction

memories . Memories of drug-associated environmental cues are assessed using the conditioned place preference

test, in which animals learn to associate the environment in which they received the drug with the internal positive state

achieved while on the drug, and thus spend more time in the drug-paired compartment, even in the absence of the drug.

In rats that received a ChABC injection in the prelimbic cortex or the anterior dorsal region of the lateral hypothalamus

before conditioning, the development of a cocaine-conditioned place preference is attenuated, indicating that PNNs in

those brain regions are important for memories of drug–environment associations . Moreover, PNNs in the anterior

dorsal region of the lateral hypothalamus are instrumental for the expression of the cue-induced reinstatement of cocaine-

seeking behavior . Interestingly, when ChABC is injected into the prefrontal cortex after extinction, but before the

reactivation of the cocaine memory, the preference for the cocaine-paired chamber is attenuated, suggesting that PNNs

are also important for memory reconsolidation . In accordance with the results shown by Gogolla et al. , in which the

reinstatement of a fear memory is reduced after ChABC injection in the amygdala, PNN digestion in the amygdala

enables extinction training to erase drug memories, attenuating the reinstatement of morphine-induced and cocaine-

induced conditioned-place preference . Together, these observations highlight a crucial role of PNNs in memory of

drug-associated environments and suggest that targeting PNNs might be a therapeutic strategy to suppress these

maladaptive memories and prevent relapse to drug use.

3. Conclusions

Although at the time of their first detection, PNNs did not receive much attention, being considered as mere staining

artifacts, later they were recognized as an integral part of the brain maturation process, especially with the unexpected

discovery of a link between PNNs and brain plasticity . In the adult brain, PNNs turned out to be more dynamic than

initially thought, and they took center stage in what is considered to be one of the great mysteries of neuroscience,

namely, how memories are encoded in the brain .

To get a better understanding of PNN dynamics, however, the production of tools allowing for live PNN imaging would be

required. This way, temporal changes in the structure and expression of PNNs in vivo, for instance, during learning and

memory, might be unveiled. Furthermore, developing molecular tools (vectors, antibodies, peptides, antagonists, etc.) to

specifically interfere with PNN components would be beneficial to further our understanding of PNN functions and, in view

of designing therapeutic tools, to improve certain CNS conditions. Most studies have used ChABC to remove PNN-GAG

chains and increase CNS plasticity. However, in the context of human therapy, this approach is not feasible, as multiple

injections of the enzyme would be needed to target large volumes of the human brain and to ensure a long-term supply of

it. The delivery of ChABC via viral vectors, which can ensure a cell-type-specific and continuous delivery of the enzyme,

may be a promising strategy to overcome those issues . The recent development of an immune-evasive and

time-regulatable ChABC gene therapy system  is a further step in this direction. It has to be noted, though, that ChABC

treatment affects PNNs, as well as diffuse and membrane-bound CS-GAGs, and is therefore not ideal when there is the

need to specifically target PNNs. Even when targeting PNN-CSPGs, ChABC can be considered a crude intervention, as it

affects all CS-GAGs and, in turn, CSPG-binding partners, which may play distinct roles in the control of plasticity.

Therefore, targeting specific components of the PNN seems a better approach. Potentially interesting candidates in this

respect are Sema3A and Otx2. Further studies are needed to unravel their precise role in physiological conditions, such

as during learning and memory or the aging process, as well as in pathological conditions. In addition, given the crucial

role played by specific sulfated CS-GAGs in PNN binding properties and the regulation of plasticity, memory, and aging,

targeting the sulfation pattern of CS-GAGs may be another strategy to delicately manipulate PNNs.
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